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Introduction

Iron oxide@CoFe-LDH nanocomposites for highly
stable aqueous hybrid supercapacitorsy

Harishchandra S. Nishad, @2 Sagar M. Mane, ©°
Jaewoong Lee @°® and Pravin S. Walke @ *

CoFe-LDH (layered double hydroxide) nanomaterials are widely explored as battery-type electrode
materials owing to their excellent redox activity, layered structure, and fast ion diffusion. However, their
practical application is often hindered by poor cyclic stability. The nanocomposite of CoFe-LDH with iron
oxide has great potential to overcome this limitation. The layered structure of CoFe-LDH facilitates a fast
ion diffusion and realizes synergistic activities of multiple metal elements, while iron oxide prevents the
self-restacking and aggregation of CoFe-LDH layers, which ultimately enhance their structural stability and
electrochemical performance. In this work, we prepared an Fe;gO,0/CoFe-LDH (FO@CoFe-LDH)
nanocomposite via a single-step hydrothermal method. As composition tuning was a major concern to
regulate the electrochemical performance, two samples with different compositions were prepared by
tuning the mole ratios of Co and Fe. Electrochemical investigations of FO@CoFe-LDH1 (3:1 ratio of
Co: Fe) demonstrated a specific capacity of 84 C gt at 1 A g%, while FO@CoFe-LDH2 (3: 2 ratio of Co: Fe)
was limited to 25 C gt at 1 A gt ina 6 M KOH electrolyte solution. Furthermore, an aqueous hybrid
supercapacitor (AHS) fabricated using FO@CoFe-LDH1 as the positive electrode and activated carbon (AC)
as the negative electrode exhibited remarkable cyclic stability, retaining 99.9% after 4000 cycles. This study
demonstrates the potential of FO@CoFe-LDH1 nanocomposites as battery-type electrodes for AHS
devices, paving the way for durable energy storage devices.

and extended energy storage.”® Hybrid supercapacitors
combine the features of electric double-layer capacitors

The intensifying demand for portable electronic devices,
electric vehicles, the internet of things (IoT), and
advancements in industrialization 5.0 has led to a substantial
increase in the global need for energy storage solutions.'™
Electrochemical supercapacitors are a highly promising
technology to fulfil the demand for rapid power delivery in
various applications, including quick power devices,
electronic gadgets, and electric vehicles.*® Unlike traditional
batteries, supercapacitors excel in delivering quick bursts of
energy and exhibit high power density, making them ideal for
applications requiring rapid charge and discharge cycles.
Among the various types of electrochemical
supercapacitors, hybrid supercapacitors are well suited to
meet the demand for higher energy densities, which is
crucial for applications requiring both rapid power delivery
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(EDLCs) and pseudocapacitors or battery types, leveraging
the advantages of both to achieve superior performance.
However, traditional EDLCs are known for their high-power
density and low energy density. Additionally, hybrid
supercapacitors  incorporate additional materials or
mechanisms that enhance the energy storage capabilities.” By
integrating elements, such as battery-type materials or
utilizing different charge storage mechanisms, hybrid
supercapacitors offer a significantly higher capacity. Although
hybrid supercapacitors combine high energy density with fast
charge-discharge capabilities, they have some drawbacks.
They generally show low power density and less cycle stability

compared with conventional EDLCs and
pseudocapacitors.''> To date, various battery-type
nanomaterials have been extensively studied for their

potential to enhance the performance of hybrid
supercapacitors, such as NiOH,"” Co03;04," V,05" and
layered double hydroxide (LDH).'® Among these, nickel
hydroxide (NiOH) stands out owing to its high capacitance
and good conductivity, which contribute to its excellent redox
properties and stability. Cobalt oxide (Co;0,) is another
notable material, offering high energy density and robust

© 2025 The Author(s). Published by the Royal Society of Chemistry
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pseudocapacitive behaviour for high capacity and stability,
which improve energy density. Similarly, vanadium oxide
(V,0s) is renowned for its high energy density and strong
electrochemical performance, making it a promising
candidate for battery-type electrodes. These electrode
materials offer several advantages over other materials;
however, they suffer from low power density and poor cycle
stability.

Therefore, strategically designing effective electrode
materials is essential.'” Recently, there has been significant
interest in battery-type electrode materials for hybrid
supercapacitors. Layered double hydroxides (LDHs) stand out
as a promising choice owing to their flexible chemical
composition, layered structure, bimetallic characteristics,
facile anion exchange capability, high theoretical specific
capacitance, and excellent redox activity."®° LDHs consist of
a Brucite-like host layer with tuneable oxidized metal
components and interlayer water molecules or anions,
represented by the formula [(M*),_(M*"),(OH),], +
(A", yH,0,”*" where M>" denotes divalent metal cations
(e.g., Ni**, Co**, Cu*", and Mg**), M*" represents trivalent
metal cations (e.g., Fe**, AI**, V**, and Cr*"), and x denotes
the ratio of M** to (M*>" + M*"). ‘An™" refers to exchangeable
anions such as CI7, NO;7, CO;*, $0,>7, or [CH;COO].
Despite these advantages, LDHs face several challenges,
including intrinsic poor conductivity, limited lifespan, and
relatively low rate capability, Among the various LDH
materials, cobalt-iron layered double hydroxides (CoFe-
LDHs) are highly favoured for supercapacitor applications
owing to their exceptional electrochemical properties, such
as higher redox reactions involving cobalt and iron ions and
layered facilities ionic  insertion/desertion.
Nevertheless, they struggle with poor cycle stability owing to
the lower conductivity, structural degradation and layer
staking of CoFe-LDH. To this problem,
heterostructure LDH or composite materials with other metal
oxides are the ultimate solution because of the improved
electrical conductivity achieved through the integration of
metal oxides. However, the addition of metal oxides to CoFe-
LDH enhances electrical conductivity, preserves structural
stability, and prevents the stacking of CoFe-LDH layers.>*?*

Several efforts have been made to enhance the
electrochemical performance of CoFe-LDH, Fang et al
prepared CoFe-LDH by applying the reflux method and
achieved a specific capacitance of ~2358 F g™* at 0.5 A g*
and 83% capacitance retention at 1400 cycle.”* Patil et al.
developed CoFe-LDH nanosheets on Ni foam using a one-pot
hydrothermal method and accomplished the specific areal
capacity of 2263 mC cm?* at 5 mV s and achieved 92.6%
capacity retention after 5000 charge-discharge cycles.>> The
Ni;S,/CoFe-LDH/NF was prepared by applying hydrothermal
and electrodeposition methods that demonstrated the cycle
stability of 93.4% after 5000 cycles.”® Liu et al. synthesized
hierarchical MgCo,0,@CoFe by applying the hydrothermal
method and achieved a specific capacitance of 2007 F g™* at 1
A ¢7" and achieved 80.2% cycle stability after 5000 cycles.””

structure

overcome

© 2025 The Author(s). Published by the Royal Society of Chemistry
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In this work, we developed Fe;s0,, (FO) functionalized
CoFe-LDH (FO@CoFe-LDH) using a one-step hydrothermal
method. This synthesis approach provided better structural,
morphological and compositional control in designing
materials than previous studies. This further results in the
effective integration of iron oxide with CoFe-LDH, which
considerably enhances the performance of the hybrid
supercapacitor. FO@CoFe-LDH offers excellent redox
behaviour and conductivity. Further, a substantial
improvement in cycle stability is achieved, addressing one of
the key challenges in hybrid supercapacitors. Therefore, the
heterostructure of FO@CoFe-LDH offers excellent redox
behaviour and conductivity that not only boosts energy
density but also extends the operational lifespan of the
hybrid supercapacitor, making it a promising electrode for
advanced energy storage applications.

Experimental

Materials

Cobaltous nitrate hexahydrate AR (Co (NO;),-6H,0), ferric
chloride (FeCls), urea (NH,CONH,), sodium hydroxide AR
(NaOH), potassium hydroxide LR (KOH), and ethanol
(C,HgO) were obtained from SD Fine-Chem Ltd., India.
Whatman-42 filter paper was procured from Molychem,
India. Activated carbon (AC) with a surface area of 2000
m?® ¢! and an ash content of 0.21% and carbon paper were
purchased from Global Nanotech, India.

Preparation of CoFe-LDH

FO@CoFe-LDH1 was synthesized wusing a one-step
hydrothermal method. To prepare FO@CoFe-LDH1 (3:1), 6
mmol of urea was dissolved in 50 ml of deionized (DI) water.
Subsequently, 3 mmol of cobalt nitrate hexahydrate AR and 1
mmol of ferric chloride were added to the urea solution. The
pH was adjusted to 8-9 by the drop-wise addition of 1 M
NaOH and stirred for 30 minutes at room temperature. The
prepared solution was placed into a Teflon-lined autoclave
and subjected to heating at 180 °C for 12 hours (Fig. 1). After
cooling naturally, the product was washed with ethanol and
DI water until a neutral pH was obtained. Further, it was
dried at 70 °C for 12 hours in an electric oven. Similarly,
FO@CoFe-LDH2 samples were prepared with a mole ratio of
3:2 (Co-Fe). The major advantage of selecting the
hydrothermal method.

Material characterization

The crystal structure properties of FO@CoFe-LDH1 and
FO@CoFe-LDH2 were examined by XRD using CuKa
radiation with a Rigaku MiniFlex, Japan in the 26 range from
10° to 70°. Morphological investigations were performed
using field emission scanning electron microscopy (FE-SEM)
and elemental analysis with FE-SEM-EDS (energy dispersive
spectroscopy) equipped with S-4800, Hitachi, Ibaraki, Japan,
high-resolution transmission electron microscopy (HR-TEM)
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Fig. 1 Schematic representation of preparation of FO@CoFe-LDH1 and FO@CoFe-LDH2.

instrument with selected area electron diffraction (SAED)
using a TECNAI G2-20 TEM-300 kV instrument. Elemental
analysis was performed via XPS using a Versaprobe II,
ULVAC-PHI Inc., Chigasaki, Kanagawa, Japan. The functional
groups were examined using FT-IR (Bruker make IR apha2,
Germany) in the range of 500-4000 cm™', and Raman
spectroscopy (Xplora, Horiba, Japan with a 532 nm) was
measured in the range of 100 cm™-800 cm ™. Additionally,
the optical band gap estimation was carried out through UV-
visible spectroscopy (Thermo Scientific spectrometer,
Multiscan  SkyHigh) in the range of 200-800 nm.
Furthermore, the specific surface area and porosity of both
samples were determined using a Quantachrome
Instruments system, version 5.21.

Working electrode preparation

The active nanomaterials of FO@CoFe-LDH1 and FO@CoFe-
LDH2 were applied onto working electrodes using a simple
drop-casting technique for a three-electrode measurement
setup. Initially, 5 mg of each active material was dispersed in
2 mL of a solution comprising equal parts of ethanol and
water, along with 10 pL of Nafion binder. The mixture was
then sonicated to ensure uniform dispersion. Subsequently,
10 pL of this prepared solution was drop cast onto a glassy
carbon (GC) electrode and dried for 30 minutes under an IR
lamp (200 W).

Electrochemical measurements

The electrochemical properties of FO@CoFe-LDH1 and
FO@CoFe-LDH2 were investigated using a three-electrode
setup with a PGSTAT302N Autolab system. The reference,

810 | RSC Appl. Interfaces, 2025, 2, 808-821

working, and counter electrodes were silver/silver chloride
(Ag/AgCl,), glassy carbon, and platinum wire, respectively. All
measurements were conducted in a 6 M KOH electrolyte
solution. The electrochemical charge kinetics were analysed
using frequency response analysis (FRA) at frequencies
ranging from 0.01 Hz to 100 kHz.

Charge balancing for device fabrication

For the fabrication of an asymmetric supercapacitor, charge
balancing can be done by utilizing the following equations:

AV™

XF’ (1)

M" G
M- Gt

where C," and C, represent the specific capacitance values
and AV' and AV~ represent potential windows of the positive
and negative electrodes, respectively. However, the specific
capacitance, energy density, and power density were
determined using the following equations:

For specific capacity,

XAt
P m

. (cg™) (2)

where C, represent the specific capacity, I is the current (A),
m denotes mass loading on electrode, and A¢ indicates
discharge time (s);
for specific energy density,
CsxV?

_ -1
By = 2600 (Whkg™), (3)

where E, - specific energy densities, C; - specific capacitance
(F g™"), and V - potential window (V);

© 2025 The Author(s). Published by the Royal Society of Chemistry
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for specific power density,
E, x3600
P=—% " (Wkg' 4
o (Wke), @
where E, is the energy density (W h kg ') and At is the charge
time.

Hybrid aqueous supercapacitor (HAS) fabrication

The positive electrode for the hybrid aqueous supercapacitor
(HAS) was prepared as follows: 5 mg of FO@CoFe-LDH1 and
5 uL of Nafion binder were added to 0.5 mL of DI water and
sonicated for 5 minutes to form a homogeneous solution.
From the prepared solution, 0.3 mL was drop-cast onto
carbon paper and left to dry under an infrared (IR) lamp for
10 minutes. Similarly, the negative electrode was prepared by
mixing 5 mg of activated carbon (AC) with 0.5 mL of
deionised water and 5 pL of Nafion binder. After sonication

Electron Image 1

View Article Online
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for 5 minutes, 0.5 mL of the prepared solution was drop-cast
onto carbon paper and dried under an IR lamp for 10
minutes. Both electrodes were then sandwiched with
Whatman-42 filter paper as a separator and assembled in a
Swagelok cell containing a 6 M KOH aqueous electrolyte.

Results and discussion
Morphological analysis

Morphological analysis conducted using FE-SEM at various
scales is depicted in Fig. 2(a-f). Fig. 2(a-d) shows the FE-SEM
images of FO@CoFe-LDH1 at 5 um, 3 um, 2 and 1 pm,
emphasizing a flake-like morphology of FO@CoFe-LDH1.
However, Fig. 2(e and f) show iron oxide nanoparticles spread
on the surface of these CoFe-LDH flakes. Fig. 2(g) shows the
FE-SEM image of FO@CoFe-LDH1 at a 3 um scale, and
Fig. 2(h) shows the EDS spectra of FO@CoFe-LDH1,

Spectrum 1

Fig. 2 FE-SEM images of FO@CoFe-LDH1 at 5 um (a), 3 um (b), 2 um (c) 1 um (d), 0.3 um (e), 200 nm (f), (g) SEM image of FO@CoFe-LDH1 at 3

um and (h) EDS spectra of FE-SEM image of Fig. 2(g).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 TEM images of FO@CoFe-LDH1 at 0.5 um (a) and 60 nm (b), (c) HR-TEM image of the selected red circle of Fig. 3b, (d) HR-TEM image of
the selected region (violet dash rectangle) of Fig. 3b, (e) magnified HR-TEM image at 3 nm, (f) HR-TEM image of the selected region of Fig. 3c, (g)
TEM image of FO@CoFe-LDH1 at 500 nm, (h) EDS spectra of FO@CoFe-LDH1, (i) EDS elemental composition table, (j) TEM image of FO@CoFe-
LDH1 at 500 nm, and (k-m) individual elemental mapping of Co, Fe, and O, respectively.
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confirming the presence of carbon (C), oxygen (O), cobalt
(Co), and iron (Fe). Furthermore, the details morphological
investigation was performed with TEM imaging and HR-TEM
imaging of FO@CoFe-LDH1 samples, as depicted in Fig. 3.
Fig. 3(a) displays the TEM image of FO@CoFe-LDH1 at a
scale of 0.5 um, revealing a flake-like morphology with black
spots that indicate the presence of Fe,s0,, nanoparticles on
the surface of flakes. Fig. 3(b) shows a TEM image at 60 nm,
displaying the Fe;s0,, nanoparticles distribution across the
CoFe-LDH flakes. Fig. 3(c) presents an HR-TEM image of a
selected region (red circle) from Fig. 3(b), highlighting the
Fe,60,0 nanoparticles. Fig. 3(d) displays an HR-TEM image
from a region (violet box) in Fig. 3(b), while Fig. 3(e)
illustrates a closer view from Fig. 3(d). The HR-TEM image in
Fig. 3(e) reveals a d-spacing of 0.25 nm corresponding to the
(012) plane of the CoFe-LDH flakes. Moreover, Fig. 3(f) shows
an HR-TEM image of the region marked by the red dotted
circle in Fig. 3(c), confirming a d-spacing of 0.46 nm
attributed to the (006) planes of Fe;30,, nanoparticles.
Additionally, Fig. Si(a and b)f display a bar graph of the
length and width distribution of the flakes, respectively,
highlighting the average length of 3.61 um and the width of
1.39 um. Fig. S1(c)j illustrates the bar graph of the area
distribution for Fe;s0,, nanoparticles, revealing an average
area of 46.10 nm®. Meanwhile, Fig. S1(d)t shows a bar graph
of the diameter distribution of Fe,,0,, nanoparticles, with an
average diameter of 6.77 nm. Additionally, the elemental
analysis of FO@CoFe-LDH1 was studied at 500 nm with
TEM-EDS spectra, as portrayed in Fig. 3(g). Fig. 3(h) shows
the EDS spectra of FO@CoFe-LDH1, confirming the presence
of oxygen (O), cobalt (Co), and iron (Fe) along with estimated
element weight (%) and atomic (%), as shown in table
(Fig. 3i). Individual elemental mapping was carried out for
detailed visualization, as shown in Fig. 3(j-m). Fig. 3(j)
presents the HRTEM image of FO@CoFe-LDH1 at 500 nm,
while Fig. 3(k-m) depicts the individual elemental mappings
of Co, Fe, and O, respectively, confirming the uniform
distribution of these elements.
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Crystal structural analysis

The crystal structures of FO@CoFe-LDH1 and FO@CoFe-
LDH2 were investigated using XRD, as displayed in Fig. 4(a).
The XRD spectra of FO@CoFe-LDH1 and FO®@CoFe-LDH2
match with standard JCPDS file number 50-235 and
correspond to the Brucite phase of Co (OH), and Fe (OH), in
CoFe-LDH, respectively. Additionally, some extra peaks align
with the standard JCPDS file number 96-901-4244, indicating
the presence of an orthorhombic crystal structure of Fe;60,,.
No additional peaks were observed, but a decrease in peak
intensity of FO@CoFe-LDH2 compared to FO@CoFe-LDH1
was noted, which was attributed to reduced crystallinity via
structural disorder.

Chemical property analysis

Raman spectroscopy was utilized to determine the vibrational
modes of FO@CoFe-LDH1 and FO@CoFe-LDH2, as depicted
in Fig. 4(b). Fig. 4(b) shows the Raman spectra of FO@CoFe-
LDH1 (brown spectra) and FO@CoFe-LDH2 (violet spectra).
The Raman shift peak at 115.21 cm " is assigned to the
lattice vibration mode of the brucite-like layers in CoFe-LDH.
The peaks at 186 cm ' and 253 cm ' correspond to the
symmetric vibration of metal hydroxide (M-OH) in Co-(OH),
and Fe-(OH),, respectively.”® However, the peak at 465 cm™"
is attributed to the stretching vibration OH-O of CoFe-LDH.*’
The peak at 508 cm™ is connected with metal oxygen (M-O)
symmetric stretching vibration.***' Furthermore, the Raman
shift peak at 598 cm™" is associated with the Fe-O linkage
bond of Fe;50,,. Hence, the peak positions in both samples
are identical except for peak intensities, signifying the minor
change in chemical bonding and stretching vibrations.
Furthermore, the inorganic functional groups of
FO@CoFe-LDH1 and FO@CoFe-LDH2 were studied via FT-IR
spectroscopy, as represented in Fig. S2(a)f The peak at
564.21 cm " corresponds to the metal-hydroxide bond (M-
OH) within the layered double hydroxide structure, while the
peaks at 661.21 cm ™' and 806.13 cm ' are associated with

Intensity (a.u.)

(a) — FO@CoFe-LDH1 & CoFe-LDH (JCPDS No. 50-235)
— FO@CoFe-LDH2 I=  ge 0,, (JCPDS No. 96-901-4244)
g . @ ) ) s
S & = s ~ o= - 9
S = = 222 - Y
= S=ES =S

—— FO@CoFe-LDH1
—— FO@CoFe-LDH2

(b)

Intensity (a.u.)
"Lattice Vibrations

10 20 30

40 50 60

20 (degree)
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Raman shift (cm™)

Fig. 4 Combine (a) XRD spectra and (b) Raman spectra of FO@CoFe-LDH1 and FO@CoFe-LDH2.
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metal-oxygen (M-O) bonds.”** A distinct peak at 978.53 cm™
is attributed to the deformation vibrations of water molecules
(H,0) or hydroxyl groups (OH).**** Additionally, a peak at
1322.12 c¢cm™ associated with carbonate anions (CO5*)
present in two brucite-like hydroxide layers and the
deformation vibrations of water (H-O-H) are observed at
1546.72 cm 3% Moreover, peaks at 3374.62 cm™' and
3505.46 cm™* correspond to the O-H stretching vibrations of
water molecules in the interlayered structure of CoFe-LDH.*”
The optical band gap of FO@CoFe-LDH1 and FO@CoFe-
LDH2 was calculated by Tauc plot using the following
equation:

(ahv)n = K(hv — Eg), (5)

where ‘o’ is the absorption coefficient, ‘4v’ is the incident
photon energy, ‘K’ is the energy independent constant, and
‘E,’ is the optical bandgap of materials. In this equation, the
exponent ‘n’ represents the nature of the transition. For the
direct bandgap, n = 2, and for the indirect bandgap, n = 1/2.
Furthermore, FO@CoFe-LDH1 and FO@CoFe-LDH2 show a
direct bandgap. Fig. S3(a) and (b)f show the absorbance
spectra of FO@CoFe-LDH1 and FO@CoFe-LDH2, respectively.
For FO@CoFe-LDH1, the band gap was found to be 1.94 eV
(Fig. S3(b)f), while it increased to 2.0 eV (Fig. S3(c)t) for
FO@CoFe-LDH2, which has a higher iron mole ratio
concentration. The larger band gap of FO@CoFe-LDH2 can
be attributed to quantum confinement effects, enhanced
interactions between Fe;;0,, and CoFe-LDH, and
compositional changes that influence the material's
electronic and structural properties. Therefore, FO@CoFe-
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LDH1, with its lower band gap, is more suitable for
supercapacitor applications.

Surface area analysis

The specific surface areas of FO@CoFe-LDH1 and FO@CoFe-
LDH2 were determined using BET analysis, as illustrated in
Fig. 5. Fig. 5(a) and (b) show the nitrogen adsorption-
desorption isotherms of FO@CoFe-LDH1 and FO@CoFe-
LDH2, respectively, both exhibiting H3 hysteresis, indicating
a mesoporous nature with slit-like or plate-like pores. The
specific surface areas of FO@CoFe-LDH1 and FO@CoFe-
LDH2 are 52 m> g ' and 45 m> g, respectively. These
mesoporous features arise from the LDH structure of CoFe-
LDH, which is integrated with Fe;c0,, nanoparticles.
Fig. 5(c and d) display the pore diameter vs. pore volume plot
of FO@CoFe-LDH1 and FO@CoFe-LDH2, respectively. The
average pore diameters of FO@CoFe-LDH1 and FO®@CoFe-
LDH2 are 8.7 nm and 8.6 nm, respectively, while their
average pore volumes are 3.03 x 10> cm® g™* and 2.60 x 1072
em?® g7, respectively. Furthermore, Fig. 5(e and f) present the
pore diameter versus pore area plots, revealing average pore
surface areas of 21 m* g”* and 18 m> g™' for FO@CoFe-LDH1
and FO@CoFe-LDH2, respectively. Therefore, the reduction
in specific surface area, pore volume and pore surface area is
observed in FO@CoFe-LDH2 because of the incorporation of
excess iron oxide nanoparticles blocking the pores, leading to
a reduction in the porosity. Consequently, the changes in
particle size and structure reduce the available surface area
for adsorption or reaction while decreasing the pore sizes,
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Fig. 5 (a and b) Nitrogen adsorption-desorption isotherm, (c and d) pore diameter vs. pore volume, and (e and f) pore diameter vs. pore surface

area of FO@CoFe-LDH1 and FO@CoFe-LDH?2, respectively.
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leading to a decline in both pore volume and specific surface ~ to the satellite peak of Fe®.*” Fig. 6(c) shows the

area in the FO@CoFe-LDH2.

Elemental analysis

The elemental analysis of FO@CoFe-LDH1 was studied with
XPS spectroscopy, as depicted in Fig. S47 and 6. Fig. S37
shows the XPS survey spectra of FO@CoFe-LDH1 validating
the presence of Co, Fe, C and O. Fig. 6(a) shows the
deconvoluted XPS spectra of Co 2p; peak at binding energy
782.55 eV and 796.59 eV belongs to Co 2p;, and Co 2py,,
respectively. Peaks at binding energies at 780.95 eV and
796.59 eV are associated with Co>'.>® However, peaks at
binding energies of 786.20 eV, 780.45 eV and 802.58 eV are
ascribed to satellite peaks of Co”>'. Fig. 6(b) shows the
deconvoluted XPS spectra of Fe 2p, and peaks at binding
energies of 712.74 eV and 724.64 eV belong to Fe 2p;, and
Fe 2p,, of Fe®', respectively.”®*® Furthermore, peaks at
binding energies of 710.12 eV and 717.64 eV are assigned

© 2025 The Author(s). Published by the Royal Society of Chemistry

deconvoluted XPS spectra of O 1s of FO@CoFe-LDH1. The
peak at a binding energy of 529.48 is assigned to the
presence of metal oxygen (M-O) and the peak at binding
energies of 530.63 eV and 531.1 eV corresponds to
hydroxide groups (OH') or adsorbed water molecules on
the surface.””® For CoFe-LDH, these peaks indicate the
presence of hydroxyl groups that is part of the layered
structure or water molecules adsorbed onto the surface or
within the interlayers of the hydroxide. Moreover, the peak
at 532.16 eV is attributed to the metal hydroxide (M-OH)
groups in CoFe-LDH, reflecting the chemical state of oxygen
in these hydroxide within the layered
structure."® Fig. 6(d) shows the deconvoluted XPS spectra of
C 1s of FO@CoFe-LDH1, and the peak at 284.58 eV
corresponds to carbon atoms in C-C often originating from
hydrocarbons. However, peaks at 285.92 eV and 289.18 eV
are associated with the C-O-C and O=C-O of CoFe-LDH,
respectively.”*

environments
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(a-d) CV and GCD curves at different voltages of FO@CoFe-LDH1 and FO@CoFe-LDH2, (e and f) combined CV and GCD curves of

FO@CoFe-LDH1 and FO@CoFe-LDH2, (g) Combined specific capacity at various scan rates of FO@CoFe-LDH1 and FO@CoFe-LDH2, and (h)
combined Nyquist plots of FO@CoFe-LDH1 and FO@CoFe-LDH2; inset is equivalence circuit diagram, (i) Nyquist plot of selected high frequency

region (black doted circle) of Fig. 7h.

Electrochemical investigations

The electrochemical performance of FO@CoFe-LDH1 and
FO@CoFe-LDH2 was investigated using a three-electrode
system with a 6 M KOH aqueous electrolyte. Fig. 7(a) and (b)
show the CV curves of FO@CoFe-LDH1 and FO@CoFe-LDH2
with respect to different voltages at 30 mV s, respectively.
This confirms that the maximum working potential (0.8 V)
ranges from —0.2 V to 0.6 V. Further, this was confirmed by
performing the GCD curve at different voltages on 1 A g™, as
depicted in Fig. 7(c and d). Moreover, Fig. 7(e) displays the
combined CV curves of FO@CoFe-LDH1 and FO@CoFe-LDH2
at 5 mV s and reveals the better performance of FO@CoFe-
LDH1 (blue colour curve) as the larger area under CV curves.
Nevertheless, FO@CoFe-LDH1 shows a couple of oxidation
peaks at 0.25 V (a peak 1) and 0.58 V (a peak 2), while two
reduction peaks at 0.17 V (c peak 1) and 0.54 V (c peak 2) are
due to the redox reactions of Co and Fe species in the layered
double hydroxide (LDH) structure as per eqn (6).>**°

816 | RSC Appl. Interfaces, 2025, 2, 808-821

Additionally, FO@CoFe-LDH2 shows a decrease in the peak
current of the oxidation and reduction of 0.25 V and 0.17 V,
respectively. The peak current decreases owing to an
excessive amount of Fe, which is attributed to the saturation
of active sites, reducing the efficiency of electrochemical
reactions. In addition, at a higher mole ratio of Fe
concentrations, more defects or impurities are introduced
into the material, which can act as recombination centres
for charge carriers, thereby decreasing the efficiency of
charge storage and transfer. Fig. S5(a) and (b)} show the CV
curves of FO@CoFe-LDH1 and FO@CoFe-LDH2 at various
scan rates. At lower scan rates, the CV curve exhibits
battery-like behaviour, while at higher scan rates, it
transitions to a semi-rectangular shape, indicating an

increased pseudocapacitive contribution due to rapid
surface redox reactions.
Co(OH), + OH « CoOOH + H,0 + e~ (6)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7(f) illustrates the combined GCD curves of FO@CoFe-
LDH1 and FO@CoFe-LDH2 at 0.5 A g '. Both prepared
materials display the charge/discharge plateaus between the
potential windows of 0.1 V and 0.6 V in the GCD curve,
confirming the battery type materials.*® However, FO@CoFe-
LDH1 shows a higher chare-discharge time compared to
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FO@CoFe-LDH2. The decrease in the GCD time with
increasing Fe concentration is evident in the CV data.
Additionally, Fig. S5(c and d)f shows the GCD curves of
FO@CoFe-LDH1 and FO@CoFe-LDH2 at different current
densities. Compared to both GCD curves, the charge/
discharge plateaus diminish at higher current densities. At
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Fig. 8 (a and b) Trasatti methods for FO@CoFe-LDH1 and FO@CoFe-LDHZ2; (c and d) log (scan rates, mV s™) vs. log (cathode current, mA) and log
(scan rates, mV s™) vs. log (anode current, mA) of FO@CoFe-LDH1, and (e and f) log (scan rates, mV s™) vs. log (cathode current, mA) and log (scan

rates, mV s™) vs. log (anode current, mA) of FO@CoFe-LDH2.
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lower current densities (0.5 A g”" and 1 A g "), the system has
sufficient time to achieve equilibrium, allowing for well-
defined plateaus that correspond to redox reactions.
However, at higher current densities (from 2 Ag™' to 5 A g ™),
the electrochemical reactions are forced to occur more
rapidly, leading to kinetic constraints and increased EDLC
contribution.*"*>

Furthermore, the specific capacity of FO@CoFe-LDH1 and
FO@CoFe-LDH2 was calculated from the discharge curve
according to eqn (2). Fig. 7(g) shows the specific capacity at
various current densities, and FO@CoFe-LDH1 achieves a
specific capacity of 84 C g™* at 1 A g*, while FO@CoFe-LDH2
is limited to 25 Cg ' at1 Ag "

Charge storage kinematics

The electrochemical charge kinetics were examined using
frequency response analysis (FRA) at frequencies ranging
from 0.01 Hz to 100 kHz in a 6 M KOH, as shown in
Fig. 7(h and i). Fig. 7(h) shows the combined Nyquist plots
of FO@CoFe-LDH1 and FO®@CoFe-LDH2, and the inset
shows an equivalent circuit diagram featuring the series
resistance (R;), charge transfer resistance (R.), and Warburg
resistance (Zy). Fig. 7(i) shows the Nyquist plot of the
selected high frequency region (black dotted circle) of
Fig. 7(h). The Ry values for FO@CoFe-LDH1 and FO@CoFe-
LDH2 are 5.07 QO and 6.08 Q, respectively, and a lower R
value of FO@CoFe-LDH1 indicates lower internal resistance
and higher conductivity within the electrode.”® The R
values are 66.69 Q for FO@CoFe-LDH1 and 866.95 Q for
FO@CoFe-LDH2. The significantly lower R, value for
FO@CoFe-LDH1 suggests a better interface between the
electrode and the electrolyte compared to FO@CoFe-LDH2.
Furthermore, the Z, values for FO®@CoFe-LDH1 and
FO@CoFe-LDH2 are 66.76 Q and 876 (), respectively. The
lower Zw value for FO@CoFe-LDH1 indicates faster OH™
diffusion within the layered structure of CoFe-LDH.”**
Further, the details of electrochemical output are
summarised in Table S1.}

However, the Trasatti method was utilized to investigate
the inner and outer charges of electrodes by cyclic
voltammetry at different scan rates, as per eqn (7):*’

QT = Qo + Qi- (7)

As the scan rate increases, it becomes difficult for ions to
diffuse into the inner surfaces of the electrode owing to
limited interaction time. However, at very low scan rates, all
the inner surfaces are accessible, and the charge (Q) tends to
approach the total charge (Qr) of the electrode. To determine
Qr, a plot of 1/Q against the square root of the scan rate (v'/%)
is created, as shown in Fig. 8(a). Meanwhile, the outer charge
(Qo) is obtained by plotting Q, against v /%, as depicted in
Fig. 8(b). The Qr values are 86 C g”* and 84 C g, while the
Q, values are 72 C g " and 12 C g™ for FO@CoFe-LDH1 and
FO@CoFe-LDH2, respectively. However, the electrochemical
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charge storage kinetics is also explored with a correlation of
current with respect to the scan rate of cyclic voltammetry as
per eqn (8):°

i=a’, (8)

where i is the current, ‘a’ and ‘b’ are adjustable parameters,
and v represents scan rates. Furthermore, when the ‘b’ value
is less than 0.5, it suggests a diffusion-controlled reaction,
and when the ‘b’ value is 1, it suggests a surface-dominant
mechanism of the electrochemical cell. However, the ‘b’
value can be obtained by obtaining the slope of log (scan
rate) versus log (current) plot of different scan rates. Fig. 8(c)
illustrates ‘b’ values of 0.9 and 1 estimated from the cathode
current peak 1 and peak 2 for FO@CoFe-LDH1, while
Fig. 8(d) illustrates that anode current peak 1 and peak 2 are
0.85 and 1, respectively. The ‘b> values from cathode current
peak 1 and peak 2 are 0.94 and 0.97 and anode current peak
1 and peak 2 are 0.72 and 0.95 of FO@CoFe-LDH2,
respectively (Fig. 8(e and f)). This suggests that FO@CoFe-
LDH1 has a more capacitive contribution.

However, the diffusion coefficient is represented by D,
which demonstrates how fast ions can move through a
solution by a diffusion process. The diffusion coefficient
achieved from cyclic voltammetry helps in understanding the
transport of electroactive species in solution and their
interaction with electrode surfaces. Nevertheless, the
diffusion coefficient (D) was estimated by employing the

Randles-Servcik eqn (9):*

ip = (2.69 x 10°)n*”AD"*C, ">, (9)

where the diffusion coefficient (D) is in square centimetres
per second (cm? s7'), the concentration of the electrolyte (C,)
is in moles per cubic centimetre (mol cm™), the scan rate (v)
is in volts per second (V s'), the number of involved
electrons (n) is 1, and the peak current density per square
centimetre (mA cm?). Fig. S6(a and b)f illustrate the scan
rate vs. anode peak current of peak 1 and peak 2 of
FO@CoFe-LDH1 and FO®@CoFe-LDH2, respectively. The
diffusion coefficients of peak 1 and peak 2 of FO@CoFe-
LDH1 are 1.96 x 10* em? s ' and 2.62 x 10* ecm? s,
respectively. Furthermore, the diffusion coefficients of peak 1
and peak 2 of FO@CoFe-LDH2 are 1.95 x 10 cm? s™* and
1.75 x 10~ em?® s, respectively. The diffusion coefficient of
FO@CoFe-LDH2 decreases owing to the excessive presence of
Fe, which results in the blockage of active sites due to the
decrease in specific surface area, pore volume, and pore
surface area, thereby hindering the effective transport of ions
and reducing overall electrochemical performance.

Aqueous hybrid supercapacitor (AHS)

The three-electrode electrochemical analysis confirmed better
performance of FO®@CoFe-LDH1 than FO®@CoFe-LDH2.
Therefore, it is selected for the fabrication of an aqueous

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) CV curves of AC and of FO@CoFe-LDH1 at 10 m V st AHS characterization: (b and c) CV and GCD curves at various scan rates and
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(9) Nyquist plot of selected high frequency region (red doted circle) of Fig. 9f, (h) capacitance retention percentage at various cycle numbers, and

(i) GCD curves of 1st cycle and 4000th cycle at 3 A gt

hybrid supercapacitor (AHS) using activated carbon (AC) as
the negative electrode and FO@CoFe-LDH1 as the positive
electrode. Fig. 9(a) shows the CV curves of AC and FO@CoFe-
LDH1 at 10 mV s' and confirms the working potential
window of 1.6 V. Fig. 9(b) shows the CV curves of AC//
FO@CoFe-LDH1 at various scan rates. At lower scan rates
(10-30 mV s7'), the CV curves exhibit more pronounced redox
behaviour. Conversely, at higher scan rates (from 50 mv s
to 10 mV s '), the redox peaks tend to fade owing to the rapid
scanning rate that limits the time constraints for the redox
reactions.”®*® Consequently, the system shifts towards
surface charge storage mechanisms rather than relying on
deep, reversible redox processes. The observed charge storage
primarily reflects capacitance from the electrode surface
rather than the faradaic redox activity at higher scan rates.
Fig. 9(c) shows the GCD curves of AC//FO@CoFe-LDH1 at

© 2025 The Author(s). Published by the Royal Society of Chemistry

various current densities. At lower current densities (0.5 and
1 A g), the charge and discharge plateaus on the GCD
curves are well defined, reflecting stable electrochemical
reactions and efficient energy storage mechanisms. However,
at higher current densities, such as 2 to 5 A g™*, the charge
and discharge plateaus tend to fade. This occurs because the
rapid rates of charge and discharge at these higher currents
cause kinetic limitations and increased resistive effects
within the cell.’® Furthermore, the specific capacitance,
specific energy density, and specific power density were
estimated by utilising eqn (3) and (4). Fig. 9(d) illustrates the
specific capacitance of AC//FO@CoFe-LDH1 at various
current densities, highlighting a maximum specific
capacitance of 25 F g™* at 1 A g™'. Fig. 9(e) presents the
Ragone plot for AC//FO@CoFe-LDH1, showing a maximum
specific energy density of 9.2 W h kg™ and a maximum
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power density of 3857 W kg™*. The charge kinematic of AC//
FO@CoFe-LDH1 was studied with EIS, as depicted in Fig. 9(f
and g). Fig. 9(f) shows the Nyquist plot of AC//FO@CoFe-
LDH1, and the inset is the equivalence circuit diagram.
Fig. 9(g) shows the Nyquist plot of the selected high
frequency region (red dotted circle) of Fig. 9(f). The R, value
is 0.055 Q, indicating that the supercapacitor has minimal
internal resistance. However, the R, value of 0.036 Q signifies
an excellent interface between the electrode and electrolyte.
Additionally, the Warbag resistance (Z,) value of 0.091 Q
implies fast OH  diffusion in the layer structure. Fig. 9(h)
illustrates the capacitance retention percentage of AC//
FO@CoFe-LDH1 up to 4000 cycles, demonstrating a retention
rate of 99.9%. In contrast, Fig. 9(i) presents the GCD curves
of AC//[FO@CoFe-LDH1, comparing the 1st cycle and the
4000th cycle at 3 A g™', demonstrating no significant change
in charge/discharge time and maintaining high stability even
at 4000 cycles.

Conclusions

In conclusion, we successfully prepared iron oxide/CoFe-LDH
(FO@CoFe-LDH) by applying one-step hydrothermal
methods. The synergistic combination of iron oxide with
CoFe-LDH's layered structure facilitates fast ion diffusion
and redox activity. Further, iron oxide plays a significant role
in preventing the self-restacking and aggregation of CoFe-
LDH layers, enhancing the structural stability and
electrochemical performance of the composite. The
electrochemical investigation exhibits a specific capacity of
84 Cg'at1Ag ' (FO@CoFe-LDH1), while that of FO@CoFe-
LDH2 is limited to 25 C g™* at 1 A g”". The AHS device using
FO@CoFe-LDH1 as the positive electrode and activated
carbon (AC) as the negative electrode demonstrated
remarkable cyclic stability, retaining 99.9% capacitance after
4000 cycles. This electrode showed comparatively better
stability (Table S2f). These findings highlight the
effectiveness of the iron oxide/CoFe-LDH nanocomposite in
addressing the cyclic stability challenges of CoFe-LDH
materials, paving the way for the development of durable and
efficient energy storage devices.
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