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Cobalt-incorporated triclinic sodium
aluminosilicate nanostructures: structural, optical,
magnetic, and electrochemical investigations
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Cobalt-doped sodium aluminosilicate nanostructures were synthesized via a sol-gel method and
investigated for their structural, optical, magnetic, and electrochemical properties. X-ray diffraction
confirmed the formation of a triclinic albite phase (NaAlSizOg) with successful incorporation of Co?* ions
into the aluminosilicate framework. Optical absorption studies revealed new bands associated with
tetrahedral Co?* in ALOs nanocrystals, and a systematic decrease in the optical band gap with increasing
Co content due to the creation of localized states in the band gap. Magnetic measurements
demonstrated a transition from diamagnetic behavior in the undoped sample to ferromagnetic behavior

in Co-doped samples, with enhanced saturation magnetization linked to exchange interactions.
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highest specific capacitance (187 F g~* at 1 A g% and excellent cycling stability, retaining 89.5%

DOI: 10.1039/d5ra06560g capacitance after 8000 cycles. These results highlight the potential of Co-doped sodium aluminosilicate
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1 Introduction

Alumino-silicate nanostructures, remarkable technological
materials in scientific research, have garnered considerable
interest due to their versatility in mechanical, magnetic, optical,
and electrical properties.’” These nanomaterials have gained
significant prominence in both theoretical and experimental
studies, owing to their distinct features at the nanoscale
compared to their bulk counterparts and their potential appli-
cations across various fields. The combination of silica and
aluminum oxides at the nanoscale exhibits unique character-
istics, setting aluminosilicate apart for different applications.**
The intricate interchange of silica and alumina inter-structure
imparts enhanced thermal, structural, catalytic, and electrical
properties to these nanostructures, assembling them as
convenient candidates for advancements in diverse fields.
Aluminosilicate nanostructures can be synthesized through
various methods, including sol-gel, hydrothermal, and
template-assisted techniques.”™ The choice of synthesis
method has a significant influence on the morphology,
porosity, and surface properties of the resulting nanostructures.
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nanostructures as stable electrode materials for energy storage applications.

The sol-gel method involves the hydrolysis and condensa-
tion of precursors, such as tetraethyl orthosilicate (TEOS) and
aluminum alkoxides, in the presence of solvents and catalysts.
This method allows for precise control over the composition,
pore size, pore structure, and morphology of the resulting
aluminosilicate nanostructures."***

Aluminosilicate nanostructures exhibit remarkable proper-
ties, such as high surface area, tunable pore size, thermal
stability, and chemical resistance, making them suitable for
a wide range of applications.">'® The unique combination of
silica, sodium, and alumina at the nanoscale, along with their
tunable morphology and surface properties, makes them suit-
able candidates for advancements in catalysis, energy storage,
environmental remediation, and many other fields."”*®* The
unique pore structure and high thermal stability make alumi-
nosilicate suitable for electrochemical and high-temperature
catalytic processes, such as petrochemical processes,
including fluid catalytic cracking (FCC) and hydrocracking of
heavy oil fractions.*>*

Additionally, the porosity and surface area of these nano-
structures can be optimized for adsorption and energy storage
applications.”® The porous structure and high surface area of
aluminosilicate nanostructures make them excellent adsor-
bents for the removal of pollutants from water and air.>* Their
surface properties can be tailored by incorporating functional
groups or modifying the chemical composition, enhancing
their selectivity and affinity towards specific pollutants.
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Additionally, these nanostructures can be regenerated and
reused, making them cost-effective and environmentally
friendly.”

Aluminosilicate nanoparticles with crystal dimensions below
100 nm and considerable external surface areas provide more
available active sites and short diffusion pathways.>*** Alumi-
nosilicate nanostructures have shown great potential in energy
storage applications, particularly in the development of high-
performance lithium-ion batteries and supercapacitors.””*® In
lithium-ion batteries, aluminosilicate nanostructures have been
explored as anode materials, offering high capacity and
improved cycling stability.* Their porous structure allows for
the accommodation of volume changes during lithium inser-
tion and extraction, mitigating the issue of electrode pulveri-
zation and enhancing the battery's cycle life. Furthermore,
aluminosilicate nanostructures have been used as coating
materials for cathodes, improving their electrochemical
performance and thermal stability.>**® Their high surface area
and electrical conductivity contribute to the high capacitance
and energy density of these devices. Furthermore, their ability
to accommodate various guest species within their pores allows
for the design of novel energy storage systems, such as hybrid
supercapacitors combining electrochemical double-layer
capacitance and pseudocapacitance. The incorporation of
transition metal ions or noble metal nanoparticles into the
aluminosilicate framework can enhance their photocatalytic
performance by promoting charge separation and increasing
the generation of reactive oxygen species.*** In addition, metal
silicates such as (Mn, Co, Ni) silicates with a hollow sphere
structure displayed high performance as electrode materials for
supercapacitors, cobalt silicates gave high stability and theo-
retical capacity.* They are well-thought-out as potential mate-
rials for the electrodes of supercapacitors.’***

Ongoing research efforts continue to explore novel synthesis
strategies, property tuning, and innovative applications of these
extraordinary nanostructures. Magnetic cobalt oxide nano-
composites have been used in magnetic resonance imaging
(MRI), magnetic separation, magnetic drug delivery, and energy
systems.***® The development of scalable and cost-effective
synthesis methods, as well as the integration of aluminosili-
cate nanostructures into practical devices and processes, will be
crucial for realizing their full potential across various indus-
tries. The original nanosize of aluminosilicate and doped
precursor nanoparticles as a clear solution during the sol gel
process was fully conserved during crystallization. Such
controlling synthesis endorses simultaneous reactions,
including hydrolysis and/or condensation of silica, alumina,
dopant species, formation and phase transfer of amorphous
particles, nucleation, and crystal growth.*”®

In this work, the introduction of Co dopants into the sodium
aluminosilicate structure nanocomposites aims to tailor their
magnetic behavior for various applications. The magnetic
properties of nanostructures play a decisive role in numerous
technological fields, including data storage, magnetic sensors,
spintronics, and nanomedicine. Cobalt, known for its magnetic
properties, is introduced to enhance the magnetic behavior and
storage of the nanocomposites. The superexchange interaction
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between Co>" ions through the intermediate ions (O*7) induces
the magnetic coupling between Co>" ions and affects the
magnetic behavior, such as coercivity, exchange bias, and
saturation magnetization. By employing this nanostructure, it is
possible to tailor the magnetic properties to meet the demands
of various applications, such as data storage,* magnetic
sensors,>*® spintronic devices,”*> and nanomedicine for tar-
geted drug delivery and imaging.*>**
provides a comprehensive analysis of the magnetic properties of
sodium  aluminosilicate/silica  cobalt = nanocomposites,
including saturation magnetization, coercivity, and the influ-
ence of cobalt on the magnetic properties.

In summary, this study aims to explore the effects of cobalt
doping on the structural, optical, magnetic, and capacitive
properties of sodium aluminosilicate nanostructures to tailor
these properties for advanced technological applications. By
investigating the behavior of these nanocomposites, we aim to
provide new insights into the design and optimization of
aluminosilicate-based materials for various applications, such
as data storage, magnetic sensors, energy storage, and opto-
electronics. Our findings could pave the way for the develop-
ment of novel materials with enhanced performance and
functionality.

This nanostructure

2 Experimental work

2.1. Synthesis of Al,05:Na,0:Si0,@8Si0,:Co nanocomposites

The sol-gel solution for TEOS was prepared using a TEOS:
H,O0 : HCI molar ratio of 1.3 : 11 : 0.02. This ratio was selected to
provide: (i) excess water to drive complete hydrolysis of TEOS,
(i) a small catalytic amount of HCI to accelerate hydrolysis/
condensation, and (iii) a slight TEOS excess to ensure the
required silica content in the final oxide.

The ethanol/HCI mixture was used to produce systems with
good resistance to calcination and a high surface area.>***

Al,05:Na,0:SiO, sols were obtained by homogenization of
the solution of Si(OC,H;s), in ethanol with the solution of Al,O3
and Na,O in ethanol/H,O, with a precise addition of HCI as
a catalyst for the process. First, TEOS was dissolved in ethanol
and stirred vigorously. Deionized water and HCl were then
added dropwise under continuous stirring at room temperature
to initiate hydrolysis as represented in eqn (1). The acid-
catalyzed hydrolysis step converts TEOS to silanols, while
condensation yields the silica network:

SI(OC2H5)4 + 2H20 - SlOz + 4C2H50H (1)

After mixing the TEOS solution with the Al,O; and Na,O
solutions under stirring for 1 hour at 40 °C, the resulting sols
were dried at 100 °C.

For the Co-doped system, 0.8 mg of the dried Al,0;3:Na,-
0:5i0, powder was dispersed into a mixture consisting of 7 mL
TEOS, cobalt acetate (x = 1-5 mol%), 10 mL distilled water,
5 mL TEOS, 10 mL ethanol, and HCl under stirring. This
produced a homogeneous sol in which different concentrations
of cobalt (1-5 mol%) were introduced. The sols were kept under
stirring and subsequently dried at 100 °C to form gels.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Subsequently, different concentrations (1-5 mol%) of Co NPs,
are synthesized by the same steps. The obtained undoped Al,-
03:Na,0:Si0, (ANS) and Co-doped ANSS(1-5)Co samples were
finally calcined at 700 °C, yielding the desired oxide nano-
structures. The preparation steps are summarized schemati-
cally in Fig. 1.

2.2. Characterization

XRD record of the Al,03:Na,0:Si0,@SiO,:Co nanocrystalline
was collected at ambient conditions and filtered using Cu Ka
radiation; tube operated at 30 mA and 45 kV, with Ni filter to
eliminate KB on Empyrean diffractometer by Panalytical
(Almelo; The Netherlands) in (26) 20-80°. Morphological prop-
erties were determined by using a Transmission Electron
Microscope (TEM 2010, JEOL at 200 kV, Japan). FTIR studies
were carried out with a JASCO 460 PLUS, FTIR spectrometer,
with a range from 400 to 2000 cm ™. Diffuse reflectance was
measured in the wavelength range of 200-2500 nm through
a double-beam spectrophotometer (JASCO: V-570 model).

2.3. Electrochemical measurements

Electrochemical performance was evaluated using a three-
electrode system with the prepared nanostructures as the
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working electrode. The active material (Al,03:Na,0:Si0,:Co)
was coated onto nickel foam/current collector, with a mass
loading of 4.3, 5.4, 7.7, and 8.8 mg for ANS, ANSS1Co, ANSS2Co,
ANSS3Co, and ANSS5Co, respectively. This mass was used for
the calculation of specific capacitance and related electro-
chemical parameters. To investigate the electrochemical
performances, the prepared materials were used as a working
electrode in a three-electrode cell that contained 1.0 M KOH
solution as an electrolyte. The other two electrodes were pure Pt-
wire as a counter electrode and (Ag/AgCl) (E° = 0.203 V versus
SHE) as a reference electrode. To prepare the material of the
working electrode, the specific weight of the prepared material
was mixed with PVDF (polyvinylidene fluoride) and carbon
black by a certain ratio (80:10:10), and DMF (N,N-dimethyl
formamide) was used to make a suspension. Ultra-sonication
for 30 min was applied to the mixture to form a slurry, then
20 pl of the slurry was dropped by micropipette onto the surface
of nickel foam. Then, it dried at 60 °C for 4 h, then at room
temperature overnight. Before using the Ni foam, it was
degreased in acetone and etched for 15 min in 1 M HCI, and
subsequently washed in water and ethanol for 5 min each. The
cyclic voltammetry and charge-discharge were carried out at
room temperature by using Origalys OGS 200 potentiostat/
galvanostat. The samples were measured at different scan

HCI

For doped samples

—_— I
Addition of

Co(CH3CO2),-4 H,0

Stirring

Fig. 1 Schematic illustration of the sol-gel synthesis and calcination process for preparing cobalt-doped sodium aluminosilicate

nanocomposites.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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rates from 0.01-0.3 V s, covering a potential window (—0.6 to
0.8 V) (versus Ag/AgCl).

3 Results and discussion

3.1. Phase purity (XRD)

Fig. 2 displays the XRD pattern of the sodium aluminosilicate
fabricated and calcinated at 700 °C. X-ray diffraction is
primarily utilized to identify the crystal structure of the finely
ground, fabricated sample powders. Fig. 2 shows that the
fabricated samples are well-crystallized and do not exhibit any
hump, indicating the absence of short-range order (amorphous
structure). The samples calcined at 700 °C showed significant
peaks for albite structure at 26 (°) = 21.7°, 23.5°, 28.27°, 30.22°,
31,23°, 35.9°, 48.4°, and 56.9°. The observed peaks are assigned
to the triclinic structure of NaAlSi;Og (JCPDS 96-900-0530),
known as albite.** The XRD chart doesn't show other peaks
besides those of the albite structure (NaAlSizOg), confirming
that the sol-gel method is suitable for fabricating high-purity
sodium aluminosilicate with a higher crystalline structure in
the albite phase.

The XRD of cobalt-doped sodium aluminosilicate samples
shows a uniform structure similar to the structure of sodium
aluminosilicate. They are crystallized in the triclinic phase,
which is matched with the same XRD card as the pure sample.
The XRD patterns of all samples are consistent; therefore, this
indicates that the introduction of Co®>" doesn't alter the crystal
structure of the prepared samples. This behavior confirms that
Co*" is completely dissolved in the structure of the host albite
phase NaAlSi;Og and mostly substitutes the AI>* ions within the
aluminosilicate framework. The only difference is observed in
the 2° range (21° to 30°), where some peaks become more
pronounced, which can be attributed to the Co®>" enhanced
crystal structure of the prepared samples. This structural
assignment is further supported by FTIR spectra (Section 3.2),
where Si-O-Al linkages were detected, consistent with the
aluminosilicate lattice of albite. The coexistence of minor SiO,
and Al,O; reflections suggests partial retention of unreacted
oxides, but the predominant crystalline phase remains albite.

= —— ANSS5Co
e ~_ —— ANSS3Co
- ——ANS
= =
; 5 ~
/ & g
= S
S
2
‘D
=
QL
E
10 20 30 40 50 60 70

20°

Fig. 2 The XRD pattern of ANS doped with (1-5 mol%) Co®*
nanoparticles.
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Table 1 The XRD data of the samples, 26 (°), d-spacing (A), FWHM (°),
and crystallite size (nm)

Sample 26 (°) d-Spacing (A) FWHM (°)  Crystallite size (nm)
S11 21.8482  4.06809 0.1791 34
S12 21.7689  4.07935 0.090 37
S13 21.7785  4.08095 0.1791 38

The crystallite size of the prepared sodium aluminosilicate is
estimated by the Scherrer equation from the most intense peak
(20—1). The Scherrer equation is given by:

0.92

- B cos(f) 2)

G is the average crystallite size, A is the wavelength of the X-rays,
and g is the full width at half maximum (FWHM) of the
diffraction peak. The estimated crystallite size of the samples is
listed in Table 1.

3.2. FTIR results

The functional features of sodium aluminosilicate@Co-SiO,
NPs were examined over FTIR in the range from 400-4000 cm ™"
(Fig. 3). The FTIR-spectroscopy of the aluminum sodium silicate
(ANSS) doped with (1-5 mol%) Co nanocomposites, provided
valuable insights into its molecular structure and bonding
characteristics. The broad absorption bands around 3500 cm™*
are attributed to the (O-H) stretching modes of the hydroxyl
groups, representative of the existence of adsorbed water
molecules on the surface of the nanocomposite.*~** The strong
absorption bands observed around 1093 cm ™" are ascribed to
the asymmetric stretching vibrations of the Si-O-Si bonds, and
their intensity increased with the Co ratio, characteristic of the
silicate structure.>*> The band appearing at 795 cm '
corresponds to the bending vibrations of Na-O-Si, Al-O-Si, and
Na-O-Al links, and their intensity increases with the Co ratio,

1093

463

3500

795

1633

Absorbance %

T 4 T T T T
3000 2000 1500 1000 500

Wavenumber (cm™)

4000 3500

Fig. 3 FTIR spectra of (a) ANS doped with (b) 1, (c) 2, (d) 3, and (e)
5 mol% Co NPs.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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revealing the integration of aluminum into the silicate
structure.>*

The presence of Na-O-Si, Al-O-Si, and Si-O stretching
vibrations is branded by the absorption band at 463 cm
confirming the presence of Na, Al, and Co in the nano-
composite.>**”** The increase in the band's intensity around
400-1100 cm ™" confirms the successful incorporation of Co NPs
into the ANS nanocomposite structure. The grape-like ANS
structure highlights the bonding interactions within the silicate
nanocomposite.

3.3. TEM

The TEM images (Fig. 4) illustrate the nanostructural features of
sodium aluminosilicate doped with 3 and 5 mol% CoO/SiO,.
TEM images enable the visualization of individual sodium
alumino-silicate and doped with Co nanoparticles, providing
insights into their nanosize, nanospherical shape, and internal
structure. The TEM images (Fig. 4a—c) revealed a distinctive
grape-like morphology of the Co-doped sodium aluminosilicate
nanostructures. The images showed well-dispersed nano-
particles with uniform size and shape, forming clusters remi-
niscent of grape bunches. Also, TEM illustrates that numerous
clustering nanospherical nanoparticles are present, supporting
the well formation of complex silicate-based nanoparticles.
TEM (Fig. 4a—c) can identify the distinct features of nanoporous,
agglomeration, and jointed with others in the fabricated
samples.

Particle sizes were determined from TEM images using
statistical analysis of multiple particles, and the results are
presented as histograms (Fig. 4d). The average particle sizes
obtained were ~30 nm (ANS), ~33 nm (ANSS3Co), and ~37 nm
(ANSS5Co0), which are consistent with the crystallite sizes
calculated from XRD (34-38 nm). Although a single particle can
be labeled for illustration, we note that the reported values are
based on statistical distribution for higher accuracy. Herein, the
crystallite diameter calculated from XRD closely matches the
particle diameter observed in TEM, indicating consistency
between the two measurement techniques (XRD and TEM). This
match indicates that the nanoparticles are likely single crys-
tallites instead of agglomerates of smaller crystallites. This is
crucial for considering the structural properties and supporting
its quality for various applications.

3.4. Optical discussions

The fundamental techniques for determining the band struc-
ture of materials primarily involve optical measurements. These
measurements enable the comprehensive exploration of
a material's electrical and atomic properties by analyzing its
optical characteristics. Critical parameters such as the absorp-
tion edge, optical energy band, and optical transitions of solid
materials can be assessed through absorption studies. These
optical transitions may be characterized as either direct or
indirect and may exhibit a nature that is either direct or
forbidden.

The diffuse reflectance (R4) spectra of the prepared samples
at room temperature are illustrated in Fig. 5. Within the

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

100 nm

length, nm

Fig. 4 TEM images of (a) undoped ANS, (b) ANSS3Co, and (c)
ANSS5Co nanostructures showing grape-like morphology. (d) Particle
size distribution histograms derived from TEM analysis of multiple
particles.
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Fig. 5 Room temperature diffuse reflectance spectra of the ANS
coated with SiO,—Co nanocomposites.

wavelength range of 200 nm to 2500 nm, a subtle alteration is
noted in the diffuse reflectance for all samples. By the addition
of Co, the Rd decreases. Notably, interference peaks are di-
scerned at higher wavelengths.”

Fig. 6 presents the absorbance spectra of the prepared
samples. The Al,0;Na,0SiO, sample demonstrates minimal
absorbance. The absorbance increases by increasing the SiO,—
Co coating ratio. The Al,0;Na,0SiO, sample exhibits absorp-
tion bands at 248, 430, 1379, and 2209 nm. The absorption at
248 has resulted from the charge carrier's excitation and tran-
sition from the valence band to the conduction band.*® The
peak at 430 nm may be due to the complexation process, where
oxygen vacancies increase in the composite structure.*® The very
weak peak at 1379 nm was also observed, which means that the
silanol group (Si-OH) was difficult to break in the system.*®

——ANS
0.7 1 ~ —— ANSS1Co
— ANSS2Co
0.6 —— ANSS3Co
——— ANSS4Co
0.5
@
(8]
g '
g 0.4 - / \ /
< 0.3
0.2
0.1
\_N
00 I T T T T T T T
200 500 800 1100 1400 1700 2000 2300
A, NM

Fig. 6 Absorbance the ANS coated with SiO,—Co nanocomposites.
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Finally, the absorption at 2209 nm is due to the presence of
oxygen vacancies or any defects present in these ceramics.*”

The new absorption bands observed upon incorporation of
Co into the SiO,-Al,0; framework can be interpreted as
described by Xiulan Duan et al.>® These absorption bands are
characteristic of tetrahedral Co®" ions in Al,0; nanocrystals,
confirming that Co”" is integrated into the host structure rather
than forming a separate surface coating. Co>" ion has a d’
electronic configuration. The crystal field splitting of the energy
levels of Co®" in a tetrahedral crystal field is similar to that of
a d* electronic configuration in an octahedral field, except for
the value of the crystal field parameter Dy, which is smaller in
the tetrahedral case. The tetrahedral crystal field splits the
ground “F state into *A,, *T,, and “T; levels, of which the A, lies
lowest. The absorption feature demonstrated that the Al,O;
nanocrystals were formed (also confirmed by the XRD pattern).
Si** ion existing in the aluminosilicate glass-ceramics served as
a tetravalent compensating ion. With the increase of Co>" ions
entering into the tetrahedral sites of Al,Oj; crystals, the intensity
of the absorption bands increased. This enhancement is
attributed to the effect of cobalt incorporation, which intro-
duces localized electronic states and induces local structural
distortions in the Si0,-Al,0; framework.*® These changes
strengthen the optical transitions of Co”>" ions, rather than
being related to variations in silicate concentration (which
remained constant during synthesis).*”

One can derive estimates for the band gap and its values
through the application of the Kubelka-Munk relation:***

F(R.) = C(hv — E)'lhv (3)

The Kubelka-Munk formula, denoted as F(R), incorporates
photon energy (hv), optical band gap (Eg), and the nature of
electronic transition (n at 1/2 for direct and 2 for indirect).”®

In Fig. 7(a) and (b) (ahv)"’* and (ahv)? are plotted against (hv)
to determine the type and value of the gap transition. Obser-
vations indicate the presence of two energy transitions (for both
direct and indirect cases) for every concentration. These are
identified as the first and second w—m* excitations, with the first
designated as the optical transition bandgap.®®®* Notably, the
values of both the 1st and 2nd excitation transitions decrease
with the increasing Co content, as illustrated in Fig. 7(c). Both
direct and indirect energy gap transitions are possible, with
indirect transitions having a higher value, as shown in Fig. 7(c).
Consequently, a direct transition is more probable.®** The
decrease in energy transitions in composite samples is due to
CoO creating localized energy states in the band gap, aiding the
movement of charge carriers from the valence to the conduction
band.*>*

3.5. Magnetic properties

Fig. 8 shows the magnetic hysteresis loop for nanostructures of
sodium aluminosilicate doped with (1-5 mol%) cobalt (ANSS/
(1-5)Co) nanostructures in an external applied magnetic field
+20 kG, carried out at room temperature. The inset in Fig. 8
shows M-H loops for the pure sample and x = 4. The pure
sample demonstrates diamagnetic properties while the core-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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shell ANSS/xCo nanocomposites show ferromagnetic charac-
teristics. The magnetic parameters, such as saturation magne-
tization (M), remnant magnetization (M,), coercivity,
squareness, and magnetic exchange, are tabulated in Table 1.
The results in Table 1 show that the M, increases with
increasing Co content, with a huge increase in magnetization
from that of ANS/1Co to that of ANS/2Co (4 times), M, of ANS/
3Co is equal to 2.5 times that of ANS/2Co, M, of ANS/4Co is

more than 8 times ANS/3Co. This huge increase in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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magnetization is due to the exchange interaction between the
core and shell of the nanocomposite.®”*® This interaction leads
to changes in the magnetization behavior of the core and can
affect its overall magnetic properties.®>”® Furthermore, super-
exchange interactions can induce magnetic coupling between
Co”" ions. This exchange interaction induces the magnetization
of the albite nanocomposite and affects the overall magnetic
properties.”* The overall magnetism can be either enhanced or
suppressed, depending on the strength and nature of the
coupling. The magnetization alignment and distribution within
the nanocomposite can be influenced by these interactions.”
The squareness ratio, M,/M;, is equal 0.08 for ANS/1Co and
increases to 0.27 for ANS/3Co and then decreases to 0.21 for
ANS/4Co. These results show that increasing the Co content
enhances the squareness ratio.

The results in Table 2 show that the magnetic coercivity
increases with increasing Co content from 453 G at x = 1 to
reach 543 G at x = 3 and then decreases to 536 G at x = 4. The
coercivity of albite can be modified by manipulating the
composition. By controlling the composition and structure, it is
feasible to customize their coercivity to suit certain applica-
tions, such as permanent magnets, magnetic recording media,
and magnetic sensors.”>”® The (M-H) hysteresis loops were
found to shift in the horizontal direction along the magnetic
field axis. The phenomenon of the magnetization hysteresis
loop shifting is called the exchange bias effect.®>”> The exchange
bias was attributed to the magnetic exchange coupling between
the ferromagnetic (FM), antiferromagnetic (AFM), para-
magnetic, and diamagnetic surfaces.”” The exchange bias in
magnetic nanoparticles is caused by surface effects, which
introduce additional anisotropy and result in a stable magne-
tization.” The ANSSxCo nanocomposites showed exchange bias
Hgp as obtained in Table 2. From the reported values of
exchange bias, all nanocomposites demonstrate a positive value
of exchange bias with values 10.1, 101.2, 42.5, and 2.5 G for
ANSS1Co, ANSS2C0,ANSS3Co, and ANSS3Co, respectively. The
sample ANSS2Co showed the maximum value (101.2 G) and
then ANS/3Co (42.5 G). The observed enhancement in magne-
tization can be attributed to core-shell exchange interactions,
where the ferromagnetic Co-rich core is exchange-coupled with
the surrounding aluminosilicate/SiO, shell. This coupling
stabilizes spin alignment at the interface and suppresses spin
canting, resulting in enhanced saturation magnetization. A
schematic illustration of this mechanism is presented in Fig. 9,
showing how the core-shell architecture promotes exchange
coupling and contributes to high-performance properties rele-
vant to data storage, biomedical imaging, and magnetic
sensing.

3.6. Electrochemical measurements

To show the qualities of prepared materials as an electrode for
capacitors, cyclic voltammetry (CV), and galvanostatic charge-
discharge (GCD) were performed in 1.0 M KOH. The CV curves
of Fig. 10 show that the best potential range for the electro-
chemical performance of these materials was —0.6-0.8 V. To
identify the advantage of doping with Co on the electrochemical

RSC Adv, 2025, 15, 38969-38985 | 38975
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Table 2 The magnetic parameters extracted from the magnetic
hysteresis loops of the field sweeping within £20 kOe at room
temperature

M (emug’) M (emug’) H.(G) Sq  Hg
ANSS1Co 0.111 0.009 453.4 0.08 10.1
ANSS2CO 0.456 0.111 540.1 0.24 101.2
ANSS3Co 1.027 0.275 543.8 0.27 42.5
ANSS4Co 8.4 1.74 536 0.21 2.5

Aluminosilicate/SiO,

Exchange Coupling Exchange Shell
Interface Coupling
Co-rich
Ferromagnetic T

Core

Spin Alignment

Enhanced Magnetization
Data Storage - Biomedical Imaging
Magnetic Sensing

Fig.9 Schematic representation of core—shell exchange interactions.
Ferromagnetic Co-rich cores are surrounded by an aluminosilicate/
SiO; shell.

behavior of ANS, CV curves for nickel foam (NF), the undoped
ANS, and the doped ANS with different Co concentration
(ANSS1Co, ANSS2Co, ANSS3Co, and ANSS5Co) at scan rate 0.1V
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s ' were investigated in Fig. 10(a), where the area under the
curve increases by doping with Co NPs indicating large specific
capacitance, this increase is due to the decrease in energy
transitions in ANS with doping of CoO which facilitate the
charge transfer as mentioned in the optical discussion
section.” The CV shape shows a pair of redox peaks in the
potential range from 0.1 to 0.7 V, which indicates pseudo-
capacitance behavior and a battery-like performance. The
redox peaks that appear in the CV curves are due to the transfer
of the hydroxyl ions from the solution to be adsorbed on the Si-
O on the ANS surface, resulting in the release of electrons from
the surface. After doping with Co, the probability of OH shut-
tling increases; therefore, the capacity increases, as shown in
the following equation:*°

CoOOH + OH™ < CoO + H,O + e~ (4)

Fig. 10(b)-(f) depict the CV curves of ANS, ANSS1Co,
ANSS2Co, ANSS3Co, and ANSS5Co at various scan rates from
0.01 Vs 'to 0.3 Vs ' There is a shift in the peak potential with
increasing the scan rate, indicating a quasi-reversible charac-
teristic of the peak. In addition to an upsurge in the peak
current upon rising the scan rate was observed, which indicated
high capacitive behavior.

To investigate the kinetics of the storage process, the relation
between i, and v was determined according to the following
equation:**

logi, =loga + blogv (5)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Cyclic voltammetry for (a) NF, ANS, ANSS1Co, ANSS2Co, ANSS3Co, and ANSS4Co in 1.0 M KOH aqueous solution at scan rate 0.1V s™2,
(b) ANS, (c) ANSS1Co, (d) ANSS2Co, (e) ANSS3Co, (f) ANSS4Co at different scan rates (0.01-0.3 V s74).

The slope of this linear relation is b, as observed from
Fig. 11(a), the value of b tends to be 0.5, suggesting that the
charging reaction is controlled by the diffusion of the ions to the
electrode surface.®** The specific capacitance Cs of the samples
can be calculated by using the area under the voltammogram

(J1dVv) according to the following formula:
_ Jrdv
S 2mvAV (6)

where m is the active mass of the sample, AV is the potential
window, and » is the scan rate. The specific capacitance and the

scan rate relationship are shown in Fig. 11(b). The relation
shows a decrease in the specific capacitance with increasing the
scan rate. As the number of active sites decreases at high scan
rates because of the ions' insufficient time to interact with the
electrode material, which lowers the specific capacitance.?* As
noticeable from Fig. 11(b), ANSS1Co shows the largest specific
capacitance value, and the specific capacitance decreases with
doping but is still higher than the undoped one, except
ANSS5Co, which indicates the crucial of the amount of Co on
the electrochemical behavior. A greater rise in the amount of
doped Co can increase the particle size as mentioned in the
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Fig. 11 (a) The relation between log» and log current of the peak (i), (b) specific capacitance as a function of the scan rate for the samples.
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XRD and TEM characterization, which influences the nano-
structure integrity, that leads to a decrease in the specific
capacitance.®

A greater rise in the amount of doped Co can increase the
particle size as mentioned in the XRD and TEM characteriza-
tion, which influences the nanostructure integrity, leading to
a decrease in the specific capacitance, where a small particle
size can increase the energy density and the kinetic properties
of the materials.***

Fig. 12(a) represents the discharging curves for ANS,
ANSS1Co, ANSS2Co, ANSS3Co, and ANSS5Co at 1.0 Ag™ ', where
the discharge curves show a steady plateau that deviates from
the linear behavior, which confirms the pseudocapacitive
behavior.*®®* The time of discharge increases by doping with Co;
however, ANS/1Co represents the longest time, indicating that it
is the most capacitive material. More doping of Co leads to
a decrease in the discharge time, which represents similar
results to the CV results.

The effect of the applied current on the charge-discharge
behaviour was studied for the five samples as shown in
Fig. 12(b)-(f), and the curves showed a decrease in the discharge
time with rising applied current. The following equation was
used to calculate the specific capacitances (C;) at different
current densities:****

C — I[V(t)de

T om(Av) @)

where [V(¢)dt is the integration of the area under the discharge
curve, AV is the potential window (—0.3 to 0.5 V), I give the
current (A), and m is the active mass of the material (g).
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The calculated specific capacitance was inversely related to
the applied current densities as shown in Fig. 13(a), where at
high current, there is not enough time for the diffusion of the
ions from the solution to spread on the electrode active area.”
The highest specific capacitance value approaching 187.6 F g~
was for ANSS1Co which contains the lowest content of Co.

The stability of cycling for the ANSS1Co electrode was per-
formed by repeating the charge-discharge test at 10 A g~ for
8000 cycles, and the relation between the capacitance retention
and the coulombic efficiency with the number of cycles for
ANSS1Co was plotted as shown in Fig. 13(b), the first ten cycles
are illustrated in the inset Fig. 13(b). The specific capacitance of
the first cycle at 10 Ag~ ' was 11.6 F g~ " decayed to 9.6 F g~ ! after
10 cycles maintaining 83.4% of its initial value, then increased
to 12.51 F g~ through the 1200 cycles and decreased again to
reach a constant value of 10.3 F g~ after 8000 cycles main-
taining 89.48% of its initial value, and the coulombic efficiency
of nearly 100% was observed. This behavior suggests good long-
term charge-discharge cycling stability for ANSS1Co. The
decrease in the specific capacitance through the first 10 cycles
may be due to the degradation of part of the materials to the
solution; however, the increase in the solution temperature
during the long-term cycling results in an increase in the
specific capacitance.®***

To investigate any structural change for the material through
cycling, the electrode after cycling was analyzed by XRD, FTIR,
SEM, and EDX.

The X-ray diffraction pattern of the cycled sample (Fig. 14) is
dominated by the characteristic reflections of face-centred
cubic nickel attributable to the Ni foam substrate, with the
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Fig. 14 X-ray diffraction (XRD) pattern of Ni foam loaded with cobalt-
doped sodium aluminosilicate after electrochemical cycling.

three strong peaks at =43.9°, =51.3° and =75.8° assigned to
the (111), (200) and (220) lattice planes of fcc Ni, respectively;
these intense nickel lines account for the vast majority of di-
ffracted intensity and therefore mask weaker contributions
from low-loading or poorly crystalline surface phases.*

A much weaker diffraction feature is observed at low angle
(~21.8°), which corresponds to a triclinic NaAlSi;Oz (albite/
alkali feldspar type) phase in accordance with JCPDS 96-900-
0530. The low intensity of this peak relative to the nickel
reflections indicates a small mass fraction and/or a low crys-
tallinity of the sodium aluminosilicate after cycling.

The FTIR in Fig. 15 shows the characteristic silicate finger-
prints (asymmetric Si-O-Si stretch near ~1093 cm ™', and the
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Fig. 15 FTIR spectra of the ANS/S5Co electrode after cycles for the
sample 3 mol% Co NPs.

bending band near ~795 ecm ', 670 cm ™', and 463 cm )
remain in the spectrum of the electrode after cycling, showing
that the bulk aluminosilicate framework is largely preserved
after electrochemical cycling.*®*”

The increase in the O-H stretching band (~3430 cm ™) after
cycling indicates water adsorption, hydroxyl species formation
from KOH, and/or Co-OH surface formation, reflecting elec-
trode hydroxylation during long-term cycling in alkaline elec-
trolyte. Also, the electrode after cycles shows slight changes in
the lower-wavenumber region (400-900 cm™'). These changes
are related to various vibrations (surface oxidation/
hydroxylation of cobalt/sodium aluminosilicate species) result-
ing from exposure to KOH and the redox processes during
charge/discharge. This indicates surface chemical modification
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Table 3 Comparative analysis of Co-based silicates for their use in a supercapacitor®

Sample ID Cs(Fg ™) AE (V) Cycle retention Electrolyte Ref.
CoSi0, (CoSi) 193, 1.0 Ag* —0.1t0 0.55 — 3 M KOH 17

PCoSi 256, 1.0 Ag™" 84%, 10 000 cycles

CoSi 214,1.0 A g71 0-0.5 83%, 10 000 cycles 6 M KOH 18
(Ni,C0);8i,05(0H), 144,1.0 A g" 0-0.5 99%, 10 000 cycles 1M NaOH 19
CoSi@MnO, 490,1.0 A g71 —0.5to 0.6 45%, 5000 cycles 3 M KOH 20

e-CoSi 267,1.0 A gf1 0-0.5 90%, 10 000 cycles 6 M KOH 21
C05(Si,05),(0H), 237,57 A" 0.1-0.55 95%, 150 cycles 6 M KOH 22
CoSi/GO 511, 0.5 A g_1 —0.1 to 0.55 84%, 10 000 cycles 3 M KOH 23
ANSS1Co 187.6,1.0 A g*l —0.3to 0.5 89.4%, 8000 cycles 1M KOH This work

% GO: graphene oxide, P: phosphorus-doped, e-CoSi: etched cobalt silicate.

of the Co-containing sites. Overall, the comparison of FTIR
before and after cycling demonstrates that while the bulk
framework remains intact, surface chemistry is modified during
cycling, consistent with the observed electrochemical behavior.
The change appears in the FTIR spectrum at 400-1200 cm '
after cycling, the vibration of the Si-O-Ni bonds.***® These
surface changes are consistent with (and help explain) the
electrode’s electrochemical behavior and the SEM/EDX obser-
vation that the coating remains adherent but is hydroxylated/
modified after long cycling in KOH.

38980 | RSC Adv, 2025, 15, 38969-38985

The morphology of the electrode after cycling was investi-
gated by using scanning electron microscopy (Fig. 16). The film
of the material coated on the nickel foam skeleton and the pores
are kept open (Fig. 16(a)-(c)), allowing the diffusion of ions.***
Furthermore, the coat is still adherent to the foam after long-
term cycling in KOH. The high-magnification SEM image
shows spherical crystals that reveal a grape-like structure, as
mentioned also in the TEM results. The materials on the nickel
foam were also confirmed by using an energy-dispersive X-ray
spectrometer (EDX) as shown in Fig. 16(d), which indicates

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the presence of elements Ni, Co, Al, Na, Si, F, and O on the
nickel foam surface, confirming the presence of sodium
aluminosilicate incorporated with Co.

The observed high cycling stability (89.5% retention after
8000 cycles) together with SEM/EDX characterization demon-
strates the robustness of the electrode material.

The comparison of the current results with the published
data in the literature is illustrated in Table 3. It was found that
the studied materials are consistent with the published and, in
some cases, better than those previously obtained for Co-based
silicate compounds, despite the difference in morphology,
crystallography, and the doping or combination of other
materials.

4 Conclusions

Sodium aluminosilicate nanostructure has been successfully
formed by the sol-gel method and sintered at 700 °C. Detailed
spectroscopic characterizations (XRD, FTIR, optical) clearly
confirmed that there exist excellent interactions between ANS/
SCo in the formed nanocomposites. The high-resolution TEM
images provided a clear visualization of the crystallographic
planes, indicating high crystallinity of the synthesized ANS/
SCo. Analyzing absorption reveals key parameters, including
the absorption edge, optical energy band, and transitions. The
incorporation of Co into the SiO,-Al,0; nanostructure induces
additional absorption bands connected to tetrahedral Co>*
ions in Al,O; nanocrystals. The nanocomposites exhibit
significant changes in magnetic properties with increasing Co
ratio, transitioning from diamagnetic to ferromagnetic
behavior. A higher Co ratio enhances M and impacts exchange
interactions, including dipolar interactions and exchange
coupling, which affect the nanocomposite magnetization. The
exchange bias effect observed in these ANSSxCo materials is
promising for applications in spintronics, nanomedicine, and
data storage. The calculated specific capacitance values from
both the cyclic voltammetry and charge-discharge techniques
showed higher values of the coated samples with SiO,-Co,
however, ANSS1Co represented the highest one due to the
increase in the particle size of the samples with increasing Co
content. In addition, good long-term charge-discharge cycling
stability for ANSS1Co was maintained at high current density,
which suggested the practical application of the prepared
materials as electrodes for energy storage capacitors. This
work focused on intrinsic material properties using a three-
electrode system. Future studies will extend to two-electrode
device configurations to further assess practical application
potential.
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