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Abstract

The research focuses on enhancing the energy storage capabilities of mesoporous silica (MCM-41) for supercapacitor appli-
cations. Electrodes made solely from MCM-41 do not possess the desired energy density required for electronic devices.
To address this, combining ferrites with MCM-41 has been proposed as a means to enhance the electrochemical behavior.
In this study, various contents of COF were loaded on MCM-41. Different characterization methods were used to study
the physical and surface properties of the as synthesized materials like XRD, FTIR, SEM, TEM, EDX and SEM-mapping.
TEM images confirmed that all the as-synthesized composites retained the mesoporous structure, and the particle size of
ferrites ranged from 8 to 14 nm. The cyclic voltammetry (CV) and galvanostatic charge—discharge (GCD) techniques were
employed to investigate the electrochemical characteristics of the composite materials in H,SO, electrolyte solution (1.0 M)
and a potential window ranging from 0.0 to 0.8 V. The results demonstrated that the incorporation of ferrites onto MCM-
41 led to an elevation in specific capacitance, with the highest value (746 F.g~!) observed at 35 COF-MCM-41 composite.
However, further increasing the content of ferrites resulted in a decrease in specific capacitance. Furthermore, the prepared
composites exhibited excellent cycling stability even after 5000 cycles, with MCM-41, COF, and 35 COF-MCM-41 retain-
ing 84.4%, 89.4%, and 94.8% of their initial specific capacitance, respectively. These findings highlight the significant role
played by the dispersion of cobalt ferrite nanoparticles in enhancing pseudocapacitance behavior, thus improving the overall
electrochemical performance of the composites.
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1 Introduction

In recent years, the remarkable growth in various energy
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and solar energy, has addressed the constraints of traditional
batteries and fuel cells, offering superior power density, sta-
bility, and extended cycle life in electrical and electronic
circuits[1]. Supercapacitors can be categorized into two
primary mechanisms. The first mechanism involves electri-
cal double layer capacitors (EDLCs), which offer numerous
benefits like high porosity, extensive surface area, excellent

Basic Science Department, Faculty of Engineering, Delta
University for Science and Technology, Gamasa, Egypt

Department of Chemistry, College of Science, King Saud
University, 11451 Riyadh, Saudi Arabia

State Key Laboratory of Chemical Resource Engineering
School of Chemistry, Beijing Advanced Innovation Center
for Soft Matter Science and Engineering, Beijing 100029,

People’s Republic of China electrical conductivity, and affordability. Nonetheless, they
4 Chemistry Department, Faculty of Science, Mansoura are accompanied by drawbacks like low energy density and
University, Mansoura 35516, Egypt specific capacitance. EDLCs primarily rely on non-faradaic
5 Department of Chemistry, Faculty of Science, New reactions occurring between two electrodes and are typi-
Mansoura University, New Mansoura City, Egypt cally fabricated using carbon-based materials like graphene

Published online: 23 January 2024 @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10904-023-02974-5&domain=pdf

Journal of Inorganic and Organometallic Polymers and Materials

[2], activated carbon (AC) [3], carbon nanotubes [4], etc.
Otherwise, pseudocapacitors exhibit remarkable energy den-
sity and specific capacitance due to redox reactions taking
place at the surface of electrode materials. These materi-
als can be metal oxides such as FeO [5], NiO [6], Al,O;
[7], SiO, [8].etc. or including conducting polymers (CPs)
like polyaniline (PANI) [9], polypyrrole (PPy) [10], etc.,
but, these materials suffer from stability issues and tend to
degrade after a limited cycles of charging and discharging
process. Considering these two aspects of supercapacitor
mechanisms, it is evident that the preparation of compos-
ite materials is necessary to overcome these limitations and
improve the electrochemical activities of supercapacitor
electrodes [11].

To align with the goal seven of sustainable development,
particularly by utilizing cost-effective materials and environ-
mentally friendly energy storage devices [12]. The utiliza-
tion mesoporous silica (MCM-41) has emerged as a crucial
precursor for silicon-based substances. MCM-41 be made up
of a well-organized arrangement of cylindrical mesoporous
structures with a hierarchical architecture, facilitating the
efficient diffusion of electrolyte ions to electrode materi-
als. Additionally, MCM-41 possesses various other benefi-
cial characteristics such as hydrophilicity and the ability to
support the reducibility of metal materials [13, 14]. Con-
sequently, the incorporation of metal oxides materials into
MCM-41 has shown promise in enhancing electrochemical
performance, as indicated by previous research [15].

In recent times, Mesoporous silica is often employed as
a supporting material in the synthesis of various nanocom-
posites due to its unique properties. When combined with
cobalt ferrite in the context of supercapacitors, the choice
is likely driven by several factors including high surface
area, that providing more active sites for electrochemical
reactions. This is crucial for enhancing the performance of
supercapacitors as it allows for more charge storage. As well
as, the porous structure of mesoporous silica facilitates faster
ion diffusion within the material. This property is advanta-
geous for supercapacitors, where rapid charge and discharge
rates are desirable [16]. On the other hand, cobalt ferrite
itself may not be highly conductive, but by incorporating
mesoporous silica, which can act as a conductive scaffold,
the overall electrical conductivity of the composite may be
improved. This is important for efficient electron transport
during the charge and discharge cycles of supercapacitors.
Mesoporous silica can also help prevent the aggregation or
agglomeration of cobalt ferrite nanoparticles, ensuring a
more homogeneous distribution [17, 18]. This is essential for
maintaining the integrity of the composite material and opti-
mizing its electrochemical performance. Many researchers
have verified that the introduction of ferrite or oxide surface
matrices can lead to a significant enhancement in electro-
chemical storage performance, creating more active sites and
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extrinsic defects. Researchers have shown interest in spinal
ferrites (MFe,O,), where "M" represents divalent metal ions
like Zn, Mn, Co, Cu, Ni, Mg, and others, because of their
affordability, excellent catalytic activity, abundance, electro-
conductivity, and high stability[19-22]. Moreover, the mag-
neto strictive features of ferrites enable their rapid and easy
separation in the reaction medium [23]. These characteristics
collectively make ferrites well-suited for oxidation—reduc-
tion reactions, resulting in increased pseudocapacitance and
enhanced electrochemical performance of supercapacitor
electrodes [24].

Minakshi et al. reported on the utilization of various
binary metal oxides, including MgMoO, [25], CaMoO4
[26], and NiMoO, [27], as exceptional electrode materials
for pseudocapacitors. These metal oxides have demonstrated
notable performance in supercapacitor applications, show-
casing their potential as effective contributors to the devel-
opment of high-performance energy storage systems.

In this research, varying weight ratios of nanoscale cobalt
ferrite (CoFe,0,) were effectively deposited onto MCM-41,
which was prepared using cetyltrimethylammonium bromide
(CTAB) as a template and tetraethyl orthosilicate (TEOS)
as a silicon precursor. The characteristics, surface modifica-
tions, and synthesis of the prepared nanocomposites were
analyzed using different methods like XRD, FTIR, SEM,
TEM, EDX and SEM-mapping. Additionally, the electro-
chemical activities of the nanocomposites was investigated
using different measurements like CV, GCD, and EIS.

2 Materials and Methods
2.1 Materials

The chemical materials and reagents utilized in this study
were sourced from multiple suppliers. Cobalt nitrate hex-
ahydrate (Co(NO;),. 6 H,O,>99%) and hydrated iron
nitrate Fe(NO;);-9H,0, > 99) were purchased from Merck.
CTAB and TEOS were obtained from Sigma-Aldrich.
While, ammonia solution (33%), NaOH, KOH, HCI and
N-methyl-2-pyrrolidone (NMP, 98%) and polyvinylidene
fluoride (PVDF) was obtained from Loba Chemie. Besides,
ethanol (99.8%) and graphite sheet were purchased from
Fisher Chemical Companies and from XRD Carbon, China,
respectively.

2.2 Composites Preparation
2.2.1 Preparation Mesoporous Silica (MCM-41)
MCM-41 was successfully synthesized following the previ-

ously reported procedure with some modifications [28, 29].
Typically, a clear aqueous solution of 100 ml containing 2.0
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g CTAB was vigorously stirred and mixed with 12.5 ml of
33 wt% ammonia solution for 30 min. This led to the forma-
tion of an adequately alkaline solution with a pH spanning
from 13.0 to 14.0. After the stirring, 10.0 ml of TEOS were
gradually introduced into the solution's center. Manual stir-
ring was employed to guarantee the thorough blending of
the dense white mixture. The resultant white substance was
later filtered, rinsed with deionized water, and then dried for
a duration of one night at 120 °C within an electric oven.

2.2.2 Preparation of Pure and Supported Cobalt Ferrites

To prepare cobalt ferrites nanoparticles, a solution compris-
ing 25 ml and containing 4.04 g of iron nitrate nonahydrate
was combined with a solution of 25 ml containing 1.455
g of cobalt nitrate hexahydrate. The mixture was vigor-
ously stirred for a duration of 2 h at a temperature of 60
°C. After two hours, a solution of 25 ml of 3.0 M NaOH
was synthesized and slowly poured on the previous solu-
tion dropwise until the pH of the solution was reached to
11-12. Following the precipitation at the intended pH, the
mixture was subjected to filtration and underwent three
rounds of washing using distilled water. Subsequently, the
filtrate was dried overnight at 80 °C and subsequently cal-
cined in an open-air atmosphere at 550 °C for a duration of
3 h. As well as, cobalt ferrites@MCM-41 composites were
prepared by the same methods with some modification. A
mixture comprising a specific quantity of cobalt and iron
nitrate was introduced to 2.0 g of calcined MCM-41 that was
dispersed in 50 ml of distilled water. This process resulted in
the creation of CoFe,0, supported on MCM-41, with con-
centrations of 15.0, 35.0, and 55.0 wt.% respectively. The
resulting pure and modified ferrites were labeled as COF,
15COF-MCM-41, 35COF-MCM-41, and 55COF-MCM-41
for cobalt ferrite, 15.0, 35 and 55.0 wt% CoFe,0,@MCM-
41, respectively.

2.3 The Electrode Fabrication

To create a working electrode, a mixture was formed by
combining 10.0% PVDF as a binder, 10.0% acetylene black
and 80.0% of the prepared nanocomposites as the active
material, with NMP to create a slurry. The graphite sheets,
serving as the current collector, were treated to remove any
remaining residues by rinsing them with 0.1 M HCl and then
cleansing them with ethanol. The working electrode was cre-
ated by delicately applying the nanocomposite mixture onto
graphite sheets using small droplets, followed by thorough
drying at a temperature of 60°C. The mass loading of active
material on MCM-41, COF, 15COF-MCM-41, 35COF-
MCM-41, and S5COF-MCM-41 as a working electrode were
found to be 914, 1014, 937, 979, and 1014, respectively.

2.4 Characterization Techniques

The prepared nanocomposites were subjected to various
characterization techniques. X-ray diffraction patterns
(XRD) were acquired using the XRD-7000 Shimadzu-
Japan instrument, operating at 40 kV and 30 mA with Cu-K
radiation (A=1.5 10%). This facilitated the assessment of
crystallinity and crystallite size using the Scherrer equa-
tion (D =(0.890)/(BcosO)) [30-32]. Furthermore, Fourier
Transform Infrared (FTIR) spectrophotometer (PerkinElmer-
Spectrum 2B, USA), were applied from 400 to 4000 cm™".
Additionally, the surface morphology and topography were
analyzed using JEOL JSM-IT200 equipment (SEM), while
transmission electron microscopy (TEM) was performed
using the TEM-JEOL JEM-2100 LaB6 instrument. The
chemical composition was determined through energy dis-
persive X-ray spectroscopy (EDX). Finally, pore size distri-
butions and specific surface areas were determined using a
BELSORP-mini IT instrument at — 196 °C.

2.5 Electrochemical Measurements

In this study, Metrohm Auto lab Instruments Potentiostat
and Galvanostat were used to assess electrochemical per-
formance by configuring three-electrode systems. The setup
consisted of a working electrode, a reference electrode (Ag/
AgCl), and a counter electrode (platinum foil electrode). The
test was examined in a 1.0 M H,SO, aqueous electrolyte.
To assess the electrochemical performance, specific capaci-
tance (Cs) in F. g7! was determined from cyclic voltammetry
curves (CV) using Eq. (1). Galvanostatic charge—discharge
(GCD) curves were also employed, and specific capacitance
was calculated using Eq. (2). [3].

I(Vydv

C(F/g) = S XmAV’ )]
Ixt

C,(F/g)= AV )

where m is represents the mass of the active material loaded
onto the working electrode in grams, S is the scan rate, meas-
ured in millivolts per second, AV is represents the potential
window range, measured in volts, t represents the duration
of the discharge current in seconds, and I is the magnitude
of the discharge current, measured in amperes.

The preparation of the dual-electrode system can be con-
figured as previously mentioned by Toyoko Imae et al. [33].
The working-electrode sensing (WE sense) and working-
electrode power (WE power) connections from the electro-
chemical workstation were attached to one side of the cell.
On the other side, the counter electrode (CE) and reference
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electrode (RE) connections from the electrochemical work-
station were combined. The two-electrode setup included
two composite electrodes, either identical or dissimilar, fully
enclosed within filter paper soaked in an electrolyte. The
filter paper had dual roles: it absorbed and stored the elec-
trolyte for the electrochemical reaction of the two-electrode
system, while also functioning as a separator between the
two composite electrodes. Once the electrodes were assem-
bled, CV and GCD analysis was performed to calculate spe-
cific capacitance, power density, and energy density from
Egs. (3) and (4) as the following [34, 35]:

Cs.V2 1000
E(Wh/Kg) = 5 X 3600 (3)
E
P(W/Kg) = T X 3600 )

3 Results and Discussion
3.1 XRD Measurements

XRD patterns of mesoporous silica, and x COF-MCM-41
composites were displayed in Fig. 1 and the figure showed
that MCM-41 has a very broad band that is characteristics
to amorphous silica as approved in the previously litera-
ture [36, 37]. Though, the amorphous peak of mesoporous
silica became weaker, and the peaks related to cobalt fer-
rites appeared when the COFe,O, NPs are presented into
MCM-41 [38]. The peaks with 26 values of 30.1, 35.7,
42.9, 56.9 and 63.1 correspond to the (220), (311), (400),
(511) and (440) planes, respectively [39]. Crystallite size of

(a) —— Pure MCM-41

(b) —— 15 COF-MCM-41
(c) —— 35 COF-MCM-41
(d) —— 55 COF-MCM-41
(e)

Pure COF

(d)
(c)
(b)

Intensity (a.u.)

T T T T T T T

10 20 30 40 50 60 70 80
20 (deg.)

Fig. 1 XRD patterns of MCM-41, COF, 15COF-MCM-41, 35COF-
MCM-41, and 55COF-MCM-41
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CoFe,O, NPs was calculated using Scherrer equation and
was found to be 12.47, 7.87, 8.74, and 9.57 nm for COF,
15COF-MCM-41, 35COF-MCM-41, and 55COF-MCM-41,
respectively. The results display that the ferrites nanoparti-
cle sizes over MCM-41 are less than 10 nm compared with
pure ferrites, which could be related to the good dispersion
of ferrites on the MCM-41 surface that leads to decrease in
the crystallite size.

3.1.1 FTIR Spectroscopy

FT-IR spectra were applied to identify the chemical bond-
ing and functional groups of the prepared samples and
presented in Fig. 2. Figure 2a displays the FTIR spectrum
of MCM-41 which displayed that there were some bands
that characteristics to mesoporous silica. Firstly, the band
at wavenumber 1091 cm™! is attributed to the asymmetric
stretching vibration of the Si—O-Si group [40]. Addition-
ally, the bands observed in the regions ranged from 800 to
970 cm™! were attributed to the symmetrical vibration of
Si—O-Si groups [41]. While, the bending vibration peaks of
Si—O-Si was observed at wavelength of 462 cm~! [42]. As
well as, there was a broad band at wavenumber of 3445 cm™!
that related to the stretching vibration of silanol group peak
at MCM-41 or the hydroxyl group of adsorbed water mole-
cules [29]. While, the bending vibration of this silanol group
was observed at wavenumber of 1639 cm™' [43]. Otherwise,
FTIR spectra of COF and X COF-MCM-41 were displayed
in Fig. 2b—e. The spectra revealed that there are two main
obvious bands were appeared at 583 and 462 cm™!, which
considered as a finger print for the ferrites NPs. These wave-
numbers were related to higher (v1) and lower frequency
band (v2) for cobalt ferrites that attributed to the tetrahedral
and octahedral sites, respectively [44]. The main difference
between them is the difference in the intensities of the main

1
e 462Cm’

>
- — —(-E& - ~- 58cm’

Transmittance (a.u)
G

Pure MCM-41
Pure COF 1

(a)
(b)

(c) =15 COF-MCM-41
(d) =—— 35 COF-MCM-41
(e) 55 COF-MCM-41 '

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (ecm™)

Fig.2 FTIR spectra of a MCM-41, b COF, ¢ 15COF-MCM-41,
d 35COF-MCM-41, and e 55COF-MCM-41
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two peaks of ferrites. The intensity of these two bands were
increased with increasing the ferrites content until reached
to the highest value at 55COF-MCM-41.

3.1.2 SEM, EDS and Elemental Mapping Analysis

Figure 3a—e demonstrated the SEM images of all the pre-
pared samples. The figure displayed that mesoporous MCM-
41 has spherical particles formation, and this spherical struc-
ture was preserved even after modification with different
contents of CoFe,0,. As well as, the figure revealed that
there is no clear ferrites accumulation were displayed and
this indicates that ferrites nanoparticles were well dispersed
on the surface of MCM-41 materials providing a very high
surface area spherical MCM-41 material was achieved.
Electron dispersive spectroscopy (EDS) was performed to
display the elemental composition of MCM-41 and 35COF-
MCM-41 as displayed in Fig. 3f, g. Figure 3f displays that
only two metals existed in the sample which is Si and O

Pure MCM-41
Element
Silicon (S0

Oxygen (0)

which approved that there are no impurities in MCM-41
samples. While, Fig. 3g spectrum of 35COF-MCM-41 dis-
played the existence of Co, Fe, O, and Si elements with rela-
tive percentage of 7.57, 14.83, 41.85 and 35.75%, respec-
tively. As well as, there are no other peaks were appeared
in the spectrum, which approved that 35COF-MCM-41 was
successfully prepared without any impurities. Additionally,
the findings of elemental composition from EDS analysis
were confirmed using EDS elemental mapping image as dis-
played in Fig. 3h, that evidently displayed a homogeneous
distribution of cobalt and iron elements in the structure of
35COF-MCM-41 sample.

3.1.3 TEM and Particle Size Distribution Analysis

The morphology and the crystallite size of all the prepared
samples were presented in Fig. 4. Figure 4a displays the
TEM image mesoporous MCM-41, which reveals that it
has a honeycomb-like shape structure with the cylindrical

4 6
Energy, KeV

4 6
Energy, KeV

Fig.3 a—eSEM images of MCM-41, COF, 15COF-MCM-41, 35COF-MCM-41, and 55COF-MCM-41; f, g EDS analysis of MCM-41 and

35COF-MCM-41; h EDS elemental mapping images of 35COF-MCM-41
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Fig.4 a—e TEM images of MCM-41, COF, 15COF-MCM-41, 35COF-MCM-41, and 55COF-MCM-41; f-i nanoparticles size histograms of

COF, 15COF-MCM-41, 35COF-MCM-41, and 55COF-MCM-41

hexagonal pores. On the other hand, TEM image of
pure COF was displayed in Fig. 4b, which reveals that
CoFe,0, has a sphere like structure [45, 46]. TEM images
of x COF-MCM-41 nano-composites have been displayed
in Fig. 4c—e that displayed COF NPs were successfully
well dispersed on MCM-41 as a dark spot spherical NPs
and its count increased with increase the contents of fer-
rites until reached a maximum at 55COF-MCM-41. Addi-
tionally, the nanoparticle size histogram of COF, 15COF-
MCM-41, 35COF-MCM-41, and 55COF-MCM-41 were
studied by image J software and displayed in Fig. 4f-i.
From these figures, the average particle sizes of COF,
15COF-MCM-41, 35COF-MCM-41, and 55COF-MCM-
41NPs were found to be 13.26, 8.31, 8.19, and 9.18 nm,
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respectively. These results were well fitted with the find-
ings gained from XRD results.

3.1.4 Nitrogen Sorption Measurements

The porosity and textural properties of MCM-41, COF,
15COF-MCM-41, 35COF-MCM-41, and 55COF-MCM-41
were studied through nitrogen sorption isotherms and
Brunauer—-Emmett—Teller (BET) plots and displayed in
Figs. 5 and 6. According to the classification provided by
the International Union of Pure and Applied Chemistry
(IUPAC), both pure and modified MCM-41 samples exhibit
a type IV isotherm. This is characterized by a distinct cap-
illary condensation step, which is considered a unique
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a —=— Pure MCM-41

b —e— Pure COF
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Ny adsorbed (Cm3/g)

Fig.5 Nitrogen sorption isotherms of a MCM-41, b COF, ¢ 15COF-
MCM-41, d 35COF-MCM-41, and e 55COF-MCM-41
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Fig.6 pore size distribution curves of a MCM-41, b COF, ¢ 15COF-
MCM-41, d 35COF-MCM-41, and e 55COF-MCM-41

characteristic of mesoporous materials, as shown in Fig. 5.
As well as, there are three well distinguished regions were
observed in all curves that approved the successful prepa-
ration of MCM-41: (i) monolayer—multilayer adsorption,
(i) capillary condensation, and (iii) multilayer adsorption
on the outer particle surfaces. Nitrogen sorption isotherms
of pure and modified MCM-41 show clear hysteresis loop
with type H1 at P/P° ranged from 0.24 and 0.41, which is
an evident for the existence of highly ordered mesoporous
channels even after deposition of ferrites on MCM-41 sur-
faces as previously proved in TEM images. As well as, the
surface area (Sggy) for all the prepared samples was cal-
culated at a P/P° ranged from 0.01 to 0.35 using nitrogen
adsorption data. The results displayed that Sggy of MCM-
41, COF, 15COF-MCM-41, 35COF-MCM-41, and 55COF-
MCM-41 were equal 1441, 117, 1127, 924, and 586 m?2. g’l,
respectively as displayed in Table 1. These decrease in the
surface area could be attributed to the deposition of cobalt
ferrites nanoparticles on the surface and inside the pores of
MCM-41 that can cause blockage and decrease the surface
area [47]. The prepared samples exhibit narrow pore size

Table 1 Porosity and texture properties of pure and modified MCM-
41

Sample SgET (m?. Vp (cm’. g‘l) Dp (nm) Crystal size
Name g’l) (nm)
XRD TEM
MCM-41 1441 0.978 4.62 - -
CoFe,0, 117 0.345 1.51 12.47 13.26
15COF- 1127 0.871 3.67 7.87 831
MCM-41
35COF- 924 0.741 2.94 8.74 8.19
MCM-41
55COF- 586 0.585 2.71 9.57 9.18
MCM-41

distribution, which calculated from the desorption branch of
the corresponding isotherm and displayed in Fig. 6. Accord-
ing to the data obtained in Table 1, it can be concluded that
MCM-41 has the highest Sy, pore size and the total pore
volume, and decrease with increasing the contents of cobalt
ferrites that could be due to accumulation of CoFe,O, on the
pores of MCM-41 [48].

3.1.5 Electrochemical Performance

The excellent capacitive properties of the as-synthesized
electrodes were evaluated using a three-electrode system. To
determine the optimal electrolyte for the electrode that was
prepared, a selection process was carried out by perform-
ing cyclic voltammetry (CV) measurements with various
electrolyte solutions. The electrochemical performances of
35COF-MCM-41 composite were investigated using differ-
ent electrolyte solutions (H,SO,, KOH, and Na,SO,) at a
concentration of 1.0 M, and the results were displayed in
Fig. 7a at a scan rate of 30 mV/sec. H,SO, solution has a
greater electrochemical active region, and thus, H,SO, was
considered the most suitable electrolyte, which has the high-
est intensity compared with other electrolytes. Furthermore,
the galvanostatic charging and discharging (GCD) behavior
of the 35COF-MCM-41 nanocomposite was analyzed using
the same electrolytes and the results were shown in Fig. 7b.
The curves displayed that the prepared electrode has a quasi-
triangular shape, indicating the reduction — oxidation behav-
ior of spinal ferrites on MCM-41. The specific capacitances
of 35COF-MCM-41 in different electrolyte were calculated
using Eq. (2) and was equaled 345, 574, and 768 F. g~! at
1.0 A. g7! in Na,SO, KOH, and H,SO, solutions, respec-
tively. According to these results, H,SO, is the most suitable
electrolyte as confirmed by CV and GCD measurements.
The cyclic voltammograms of MCM-41, COF, 15COF-
MCM-41, 35COF-MCM-41, and 55COF-MCM-41 were
performed at different scan rates ranged from 5 to 100 mV
sec”!. The findings reveal that the specific capacitance is
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Fig.7 a Cyclic voltammograms (CV) and b GCD curves of 35COF-MCM-41 in different electrolyte solution

inversely proportional to the scan rates attributed to elec-
trolyte ions that take adequate time to intercalate the elec-
trode surface. The first electrode is MCM.41, which shows
peaks demonstrating redox reactions at a potential win-
dow ranging from 0.0 to 0.8V, as shown in Fig. 8a. While,
the CV of the COF electrode (Fig. 8b) shows that the
enhancement of pseudocapacitance at the same potential
window range lead to higher peak intensity than MCM.41.
Additionally, after adding spinal ferrites on mesoporous

(a)

—— 5.0 mV/Sec
——10.0 mV/Sec
——20.0 mV/Sec
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silica, the CV measurements of 15COF-MCM-41, 35COF-
MCM-41, and 55COF-MCM-41 electrodes show enhanced
pseudocapacitance due to maxima of oxidation and reduc-
tion peaks at various scan rates of 100, 50, 30, 20, 10, and
5 mV/sec, as shown in their curves in Fig. 8c—e. All the
prepared electrodes show faradic-type capacitive charac-
teristics resulting from the oxidation or reduction of active
materials at the electrode. The CV curves show two peaks:
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Fig.8 CV voltammograms at different scan rates of a Pure MCM-41, b pure COF, ¢ 15 COF-MCM-41, d 35 COF-MCM-41, and e 55 COF-

MCM-41
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the oxidation peak in positive currents and the reduction
peak in negative currents.

The galvanic charge and discharge curves were inves-
tigated at different current densities of 1.0, 1.5, 2.0, 2.5,
3.0, 4.0 A. g~! for all the prepared electrodes at potential
windows of 0.0 to 0.8V, and displayed in Fig. 9. Based on
the information presented in the figures, it can be observed
that when the electrode material operates at a higher current
density, the discharge time is shorter. This is because there
is insufficient time for the aqueous electrolyte ions to diffuse
into the inner pores of the electrode and establish proper
contact, resulting in reduced capacitive [49-52]. MCM.41
electrode in Fig. 9a shows pseudocapacitive performance,
which approves the redox reaction throughout the charge
discharge processes and affirms the outcomes obtained from
CV curves. While, GCD of COF nanocomposite (Fig. 9b)
verifies the outcomes of CV curves that obtain enhanced

capacitive performance in comparison to MCM.41 that show
specific capacitance higher than MCM-41 as displayed in
Table 2. When cobalt ferrites and MCM-41 were mixed
together, the specific capacitances of 15COF-MCM-41,
35COF-MCM-41, and 55COF-MCM-41 electrodes were
doubled which may be due to the synergetic effect between
the spinal ferrites and MCM-41. The capacitive perfor-
mance at different current densities were calculated from
Eq. (2) and its values were displayed in Table 2. In addi-
tion, each GCD curve exhibits a discharge platform due to
Faraday redox reactions, which confirms the pseudocapaci-
tance property of the electrode material. This property is
also confirmed by the presence of redox peaks in the CV
curves. Furthermore, the GCD curves of pure and modi-
fied MCM-41 were conducted at a current density of 1.0
A. g1 and presented in Fig. 9f. The figure shows that all
the samples exhibit a quasi-triangular shaped GCD curve,
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Fig.9 GCD curves at different current density of a Pure MCM-41, b pure COF, ¢ 15 COF-MCM-41, d 35 COF-MCM-41, e 55 COF-MCM-41
and f GCD curves for all the prepared electrodes at current density of 1.0 A- g~!

Table 2 specific capacitances
of the prepared electrodes
at different current densities

using GCD curves and its EIS
measurements

Sample name Specific capacitance (F. g™) at different current densities EIS Meas-
urement
10A. ¢! 15A gt 20A. ¢! 25A.¢71 30A. ¢! 40A. ¢! RQ R, Q
Pure MCM.41 156 151 145 137 127 115 225 21.8
Pure COF 286 245 223 181 154 100 20.2 19.5
15 COF-MCM-41 458 407 372 319 251 160 17.7 17.1
35 COF-MCM-41 746 616 557 462 382 370 123 112
55 COF-MCM-41 532 467 332 222 154 135 152 149
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representing the redox behavior of the prepared electrodes.
Higher loading (35 and 55%) could influence the kinetics
of ion diffusion within the electrode material. A discharge
plateau might indicate that at higher current densities, the
kinetics of ion diffusion become more significant, leading
to a plateau-like shape rather than a quasi-triangular one.
As well as, the different loading percentages may affect the
filling of mesopores within the MCM-41 structure. Higher
loading could result in more complete pore filling, influ-
encing ion accessibility and contributing to a plateau-like
discharge shape [53]. The specific capacitances were found
to be 156, 286, 458, 746, and 532 F.g~! for MCM-41, COF,
15COF-MCM-41, 35COF-MCM-41, and 55COF-MCM-41,
respectively at a current density of 1.0 A. g~!. The specific
capacitance was raised with increasing the ferrites content
until reached a maximum value at 35COF-MCM-41. After-
ward, it decreased again. The main reason for this high spe-
cific surface area could be related to the good dispersion of
cobalt ferrites on the surface of MCM-41 and the small par-
ticle size as confirmed by TEM and XRD patterns. While,
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Fig.10 a Cyclic voltammograms of asymmetric 35COF-MCM-41
electrode at different scan rates and b GCD curves of asymmetric
35COF-MCM-41 electrode at different current density, ¢ Ragone plot
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the reduction if specific capacitance after 35 wt.% of ferrites
may be related to the aggregation of COF nanoparticles on
MCM-41 surface, which blocking the mesoporous structure
of MCM-41 and hindering the diffusion of electrolyte ions
within the electrode.

To assess the electrode's performance in real-world
applications, the electrochemical properties of an asym-
metric supercapacitor (ASC) using 35COF-MCM-41 were
tested. ASC typically consist of two electrodes with different
properties, such as one electrode activated carbon and the
other electrode with high pseudocapacitance. In this study,
the 35COF-MCM-41 electrode was used as the pseudoca-
pacitive electrode, and its electrochemical performance was
evaluated in an ASC configuration. The cyclic voltamme-
try (CV) analysis of the electrode was conducted at differ-
ent scan rates (Fig. 10a) and a potential window of 0.0 to
1.0 mV, which showed significant Faradaic redox reaction
effects on capacitance and pseudocapacitive properties due
to its almost distorted rectangular shape. The cobalt ferri-
tes exhibit favorable electrochemical behavior due to the

10{(b)

——4.0A/g
——3.0A/g

T T T T T T T
o 100 200 300 400 500 600 700 800

Time (Sec)

100 -+

(d)

bl ]
4 "y
20 '*t,t L LT TS
*x

= "l!;;-. T
*

KX AR et

80

capacitance retention (%)

70 4
*  Pure MCM-41

= Pure COF
& +— 35 COF-MCM-41
0 1000 2000 3000 4000 5000

Cycle number

of asymmetric 35COF-MCM-41 electrode, and d cyclic stability of
MCM-41, COF, and 35COF-MCM-41 electrodes



Journal of Inorganic and Organometallic Polymers and Materials

presence of cobalt and iron ions. These ions play a crucial
role in the redox reactions that occur during the charging
and discharging processes of the supercapacitor. During
the charging process, the cobalt ions (Co*") are oxidized
to cobalt oxyhydroxides (CoOOH) or cobalt hydroxides
(Co(OH),), while the iron ions (Fe**) are reduced to iron
oxyhydroxides (FeOOH) or iron hydroxides (Fe(OH);). This
oxidation—reduction reaction allows for the storage of elec-
trical energy within the supercapacitor. On the other hand,
during the discharging process, the cobalt oxyhydroxides or
cobalt hydroxides are reduced back to cobalt ions, while the
iron hydroxides are oxidized back to iron ions. This reversal
of the redox reactions releases the stored electrical energy,
which can be utilized for various applications [54].

Furthermore, the galvanostatic charge—discharge
(GCD) curves were measured at different current densities
(Fig. 10b), which allowed the calculation of the asymmet-
ric specific capacitances of 35COF-MCM-41. The specific
capacitance of 35COF-MCM-41 at current density of 1.0,
1.5, 2.0, 2.5, 3.0 and 4.0 A. g_l was found to be 204, 231,
257,304, 388, and 424 F. g”!, respectively. Also, the energy
and power densities of 35COF-MCM-41 were determined
from Egs. (3) and (4), and a Ragone plot was constructed
to compare its performance with other reported asymmetric
devices as displayed in Fig. 10c. The energy and power den-
sity of 35COF-MCM-41 were evaluated at various current
densities, and the highest values were obtained at a current
density of 1.0 A-g~!. The maximum energy density reached
58.89 W-h-kg-1, while the power density reached 500
W-kg™!. These energy density results were comparable to,
or even superior to, those reported for asymmetric devices
in previous studies [55-57]. The cycle stability of the elec-
trodes was evaluated by measuring the capacitance retention
of MCM-41, COF, and 35COF-MCM-41 electrodes over
5000 cycles at a current density of 3.0 A. g~! and displayed
in Fig. 10d. The findings demonstrated that among the tested
electrodes, 35COF-MCM-41 exhibited the most superior
electrochemical performance and cycle stability. After 5000
cycles, it retained 94.8% of its capacitance. In comparison,
MCM-41 and COF showed capacitance retentions of 84.4%
and 89.4%, respectively.

Electrochemical impedance spectroscopy (EIS) was con-
ducted on the prepared electrodes within a frequency range
of 100 mHz to 100 kHz while maintaining an open circuit
potential. The EIS results, displayed in Fig. 11, exhibit a
depressed semi-circle in the middle frequencies, indicating
the porosity of the electrode. At low frequencies, a steep
linear curve suggests the diffusion of ions. The charge trans-
fer resistance (R,), obtained from the semicircle diameter,
represents the interface resistance between the electrolyte
and electrode. The capacitive component of the prepared
electrodes is also considered in this calculation [58, 59]. The
ohmic series resistance (R,), determined from the intercept
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Fig. 11 Nyquist plots as a function of frequency of MCM-41, COF,
15COF-MCM-41, 35COF-MCM-41, and 55COF-MCM-41 elec-
trodes, Inset displays the results in high-frequency region

of the (Z'-axis), reflects the combined intrinsic resistance of
the active materials, ionic resistance of the electrolyte, and
contact resistance with the current collector. Using NOVA
2.1.4 software, the R, and R values were calculated and
are presented in Table 2. The results demonstrate that the
35COF-MCM-41 electrode exhibits the lowest charge trans-
fer resistance (R, and ohmic series resistance (R,) among
the other electrodes. This is attributed to the superior homo-
geneous distribution of nanoparticles within the 35COF-
MCM-41 electrode, affirming its excellent electrochemical
performance.

4 Conclusion

In this work, MCM.41 was prepared from cetyltrimethylam-
monium bromide (CTAB) as a template and tetraethyl ortho-
silicate (TEOS), then different weight ratios of cobalt ferrites
CoFe,0, (15, 35, and 55 wt.%) were loaded to MCM.41.
The XRD analysis showed that the nanoparticles were
ranged from 8 — 14 nm, which align with the TEM Images.
As well as, SEM and TEM images reveals that the num-
ber of nanoparticles deposited on the surface of MCM.41
were increased with increasing the contents of ferrites until
aggregation occurred at the maximum weight ratios, which
decrease the electrochemical performance. These results fit
in with the electrochemical performance, which reveals that
the specific capacitance went through a dramatic increase
until the weight ratio of the 35COF-MCM-41 electrode
equaled 746.0 F. g~'. Moreover, the 35COF-MCM-41 elec-
trode showed superior cyclic performance after 5000 cycles
with cyclic retention equal to 94.8% in comparison to the
MCM-41 electrode and the COF electrode, which showed
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capacitance retention of 84.4 and 89.4%, respectively. Fur-
thermore, asymmetric supercapacitor (ASC) using 35COF-
MCM-41 displayed that the energy and power density of
35COF-MCM-41 was calculated at different current den-
sity and reached a maximum values of energy density 58.89
W.h.kg™! and power density 500 W kg~! at current den-
sity of 1.0 A. g7,
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