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ARTICLE INFO ABSTRACT

Keywords: For both batteries and supercapacitors, developing electrodes based on Silicon is of enormous interest. The
Supercapacitor purpose of this study was to prepare two nanocomposites, MZ8 (MCM-41/ZIF-8) and MU66 (MCM-41,/Ui0-66),
MCM-41 that have been specifically designed to function as electrode materials. The cyclic voltammograms showed
MOF . . . . L K .

. enlarged potential window and galvanostatic charge-discharge by confirming the samples’ successful synthesis
nanocomposite

process and morphological structure via XRD, FT-IR, TGA, BET, TEM, and FESEM plots gave excellent specific
capacitance.

MUG66 with spherical morphology and average particle size around 50 nm creates more appropriate pores, and
more accessible pathways showed higher capacitance (992 F g ~ ! @ 0.5 Ag™}), while MZ8 (351 F g~ ! @ 0.5
Ag™1) with hexagonal morphology and average particle size around 350 nm stands more durable (100%) after
4000 cycles. MZ8 displayed an EDLC with semi-rectangular CV and symmetric charge-discharge graphs, while
MU66 showed inflation at lower sweep rates and lowered current densities, representing a hybrid charge
mechanism. Based on the EIS test, MZ8 showed lower charge resistance and was more conducive to taking the
barriers of the low capacitance of Si-based electrodes. We believe that the fabrication of Si-containing materials
into MOFs can protect Si from swelling-shrinking and maintain close contact between Si and electrolyte to use
both merits of MOF structures and Si capacity.

Nyquist plots, Silicon

1. Introduction

As society and the economic progress, it is critical to investigate new
and clean energy sources. Supercapacitors (SCs) and lithium-ion batte-
ries (LIBs), which were created as electrochemical energy storage de-
vices, have recently emerged as virtual devices [1-4]. To overcome the
low power density and short cycling life of LIBs and the energy density
limitations of SCs, promising the materials’ electroactivity is a critical
step [5-8]. Despite the vital need for novel active electrodes with
increased capacities and a longer life span [9-11].

Supercapacitors are energy storage devices with a high power den-
sity, a long operational life, a high-rate capability, and a wide operating

* Corresponding authors.

temperature range. Due to the charge storage mechanism, electrode
materials used in supercapacitor applications must have high electrical
conductivity, wide accessible surface area, and tailored pore size
[12-15].

Two major categories of materials have been used in supercapacitor
applications. The first category comprises carbonaceous materials such
as carbon fibers, mesoporous carbons, carbon nanotubes, graphene that
primarily store charges via non-faradaic double-layer charge storage
(EDLC) behavior. The second class of supercapacitor materials consists
of transition-metal hydroxides/oxides (such as conductive polymers, Co
(OH),, CeO,, MnO,, NiO, and RuOy). They store charge via redox re-
actions occurring at the electrode materials’ surfaces, commonly known
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as pseudocapacitors [16-20].

It is critical to create new electrode materials, particularly nano-
structured materials with outstanding rate capability and charge stor-
age. It undoubtedly contributes to improving the performance of
supercapacitors. Among the various electrode materials, metal-organic
frameworks (MOFs) are a novel family of porous materials formed by
the chemical reaction of organic linkers with metal ions or clusters
[21-23]. MOFs have garnered considerable attention over the last two
decades due to their fascinating features like excellent persistent
porosity and high surface area, organized crystalline structures, and
variable pore diameters [24-26]. Zeolitic imidazolate framework (ZIF)
and UiO (Universitetet i Oslo) structures have gained much attention
due to the high thermal and chemical stability among different MOFs.
UiO-66 consists of 12-connected [ZrgO4(OH)4] clusters with 1,4-benzo-
dicarboxylic acid ligand, while ZIF-8 is made up of zinc ions coordinated
by four 2-methylimidazole linkers like Si and Al atoms connected by
bridging oxygen atoms in zeolites.

Additionally, MOFs have been used for drug delivery, chemical
separations, fluorescence, catalysis, and energy storage [27-30]. Due to
the redox behavior of central metal cations and the increased charge
transfer within the MOF structure, these nanostructures have been
successfully used as electrode materials in energy storage devices. Bat-
teries and supercapacitors are among the recently developed areas
[31-33]. However, the as-pioneered MOF-based electrodes still have
inappropriate potentials for fulfilling the energy/power-desired de-
mands since they suffer from undesired Coulombic efficiency, low cycle
stability, and limited capacity.

Silicon is a promising electrode material for LIBs and SCs due to its
high theoretical capacity; nevertheless, Si has the disadvantage of a
significant volume change and rapid capacity fading during continuous
cycling [34-36]. One of the most common Si-based materials is MCM-41
(stands for Mobil Composition of Matter No. 41), with cylindrical pores
making a mesoporous material with a hierarchical structure. The surface
modification, characteristics, synthesis, and electrochemical features of
efficient electroactive Si-based electrodes are fundamentally addressed.
As a result, numerous Si-based electrode morphologies have been
created, including Si nanoparticles, Si-doped materials, Si nanowire, Si
three-dimensional structure, and Si nano-substrates [37-41]. Thus, it is
critical to prevent Si from swelling-shrinking and maintain close contact
between Si and its electrolyte and conductive species [42,43].

While research groups have made significant advances to this sector
by fabricating various types of Si nanostructures [44] and covering Si
surfaces with carbon [45] or metal [46], mass manufacturing is limited
due to the method’s complexity and cost. By incorporating Si nano-
structures into a carbon matrix formed from MOF, the composite’s
performance would be increased. Due to the matrix’s intrinsic open
channels, ions are transported more quickly and at a higher rate [47,48].
By incorporating uniformly dispersed metal centers within the porous
carbon structure, conductivity and storage capacity are further boosted.
A MOF matrix combined with Si nanoparticles can considerably reduce
Si’s volume change, resulting in extremely high capacity.

Numerous MOF-based compounds have been employed to increase
supercapacitor performance, such as Co-Zn/MOF [49], Ni-Co MOF [50],
Co-Mn MOF [51], MOF-derived Co304—C/NiyP20; [52],
Ni—Co—P/PO,/C nanosheets [53], Cu-MOF/rGO [54], MOF-Derived
CoS2@CNTs [55]. Also, MCM-41 and its derivatives have shown high
potential for supercapacitors, such as, template-assisted (MCM-41)
mesoporous Co304 [56], FeySnyMn;_4.y02 deposited on MCM-41 [57],
and Fe@MnO,NPs-MCM-41 [58]. Besides, Feng et al. [59] reported a
composite of (PANI)/graphene/(MCM-41), with different contents of
graphene oxide and porous silica MCM-41, indicated good capacity (405
Fg '@ 0.8 Ag™)) and satisfying capacitance reservation within (91.4%)
within 1000 cycles. Prakash et al. [56] worked on MCM-41-template
assisted of M41/m-Co304 nanobuds as an electrode, with exhibition
capacity of 228.87 F g~ and retained capacity of 87.5% (@1000
periods).
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Here, we worked on preparing two nanocomposites using incorpo-
ration between MCM-41 with ZIF-8 and UiO-66 named as MZ8 (MCM-
41/ZIF-8) and MU66 (MCM-41,/UiO-66), respectively. Then, these two
nanocomposites were employed as a silicone-containing electrode in a
three-electrode system. According to the electrochemical results, these
two substances illustrated the coexistence of typical EDLC and faradaic
battery-type behavior. Based on the issues mentioned earlier, the as-
designed materials are assumed to protect Si in their frameworks
against deforming and assist ion migration by providing proper cavities
and channels during charge-discharge cycles. It clearly shows different
silicon derivatives inserted in the electrode structure, benefiting higher
electrochemical performance and novel electrode design. The MU66
showed higher specific capacity between two MCM-containing MOFs,
while MZ8 owned better cycle stability over 4000 cycles.

2. Experimental section
2.1. Materials and reagents

Chemical materials and reagents for the current study including Zn
(NO3)206H0, 2-methylimidazole (Hmim), Ammonium hydroxide so-
lution (25 wt% in water), ethyl alcohol (99%), methyl alcohol (99%),
Zirconium (IV) chloride, Terephthalic acid, and Dimethylformamide
(DMF) were purchased from Sigma-Aldrich and Merck companies and
were utilized purely without any additional treatment.

2.2. Characterization and instruments

Powder X-ray diffraction (XRD) patterns were recorded using Bruker
D8-Advance X-ray diffractometer with Cu-Ka (A=1.54178A°) radiation.
Textural characterization of each sample like surface area, pore volume,
and pore size distribution was determined from Ny adsorption-
desorption isotherms at 77 K using Micrometrics ASAP 2020 adsorp-
tion instrument. The average particle size and surface morphology of
each sample was investigated by field emission scanning electron mi-
croscopy (FESEM) and Transmission electron microscopy (TEM) ana-
lyses taken by TESCAN electron microscope (Mira III, Czech Republic)
and Leo 912 AB Omega apparatuses, respectively. Thermo-gravimetric
differential scanning calorimetry analysis (TGA-DSC) of the samples
was implemented using by Perkin Elmer, Pyris with a heating rate of 10
°C/min. Finally, Fourier-transform infrared (FTIR) spectroscopy was
recorded on a Thermo Nicolet Avatar 360 (U.S.A) at room temperature
using compacted KBr pellets.

2.3. Electrode preparation and calculating capacity

Here is what was used to prepare the electrode: The active material
(80wt%), polyvinylidene difluoride (PVDF, 5wt%) acetylene black
(15wt%) were dissolved in N-methyl-2-pyrrolidone (NMP, 10 ml). An
electrode was then prepared by spraying a piece of the mixture (10 pL:
0.5mg) ontoa 1 x 1 cm? graphite paper and then dried in an oven for 1
hour (3 mg).

To analyze the electrochemical activity of the as-synthesized sam-
ples, electrochemical measurements, including cyclic voltammetry
(CV), gravimetric charge-discharge (GCD), and electrochemical imped-
ance spectroscopy (EIS) were individually performed in the condition
mentioned above. Using the CV and GCD plots in the potential range of
—0.9 to 0.1 V (AV = 1), the capacitive performance parameters of the
samples in the three-electrode system were determined in specific
capacitance power density, and energy density [60-62].

I(A): current (@ discharge process), m(g): mass of electroactive

C, =
s material, Cs(F g~ 1): the specific capacitance, AV(V): the potential
Ix At window (applied potential range), At (s): discharge period.
mx Av
AQ = Cs x Q(C): the specific capacitance
Av

(continued on next page)
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(continued)
0= 1) % tp () tc (s): the discharging and charging duration, n: the coulombic
tc efficiency.
100

2.4. Preparing and synthesizing procedures

2.4.1. Preparation of UiO-66

UiO-66 was prepared using reported procedures in literature [63,
64]. The synthesis method begins with the addition of 0.125 g ZrCl, into
5 mL DMF and 1 mL HCL Subsequently, the resultant solution was
sonicated for 20 min to achieve a homogeneous mixture. Then, the so-
lution of terephthalic acid, including 0.123 g terephthalic acid and 10
mL DMF, slowly dissolved in Zr** solution and sonicated for another 20
min. And then, the mixture was delivered to a Teflon-lined stainless
autoclave (120 mL) to remain at 120 °C (12 h). A two-step washing
process with DMF and ethanol was conducted on the UiO-66 precipitate
before drying (70 °C, 12 h).

2.4.2. Preparation of MCM-41/UiO-66 (MU66)

To prepare MU66 composite,0.125 g Zirconium (IV) chloride and 3
mL HCl was added into 15 mL DMF and stirred for 30 min. Then 0.01 g
MCM-41 was added to the emulsion and sonicated for 20 min. Simul-
taneously, a terephthalic acid solution was prepared by dispersion ter-
ephthalic acid (TPA, 0.123 g) in DMF (30 ml) for 30 min. Then it was
added into Zr solution and inserted into the autoclave (120 mL) for
further reaction at 140 °C for 12 hr. Resulting solution was twice
centrifuged with DMF and ethanol. The obtained product was dried at
70 °C (12 h).

2.4.3. Preparation of ZIF-8

ZIF-8 synthesis was followed based on our previous article [65].
Briefly, after dissolving 1 g of Hmim in 12 mL of ethanol, it was added
into Zn?*' solution containing 0.8 g Zn(NOs3)2.6 H0, and 15 mL
ammonium hydroxide solution and stirred for 24 hr. White sediment
ZIF-8 was observed after centrifugation and drying at 70 °C. Finally, the
as-synthesized ZIF-8 was added into 30 mL methanol and stirred under
reflux at 70 °C for 24 hr.
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2.4.4. Preparation of MCM-41/ZIF-8 (MZ8)

Fabrication of MZ8 composite was similar to the MU66 synthesis
procedure. Hence, 0.01 g MCM-41 was added into Zn?* solution con-
taining 0.32 g dispersed zinc nitrate in 15 mL ammonium hydroxide and
sonicated for 20 min. Then the solution was dissolved into Hmim solu-
tion containing 0.4 g 2-methylimidazole and 15 mL ethanol. After stir-
ring for 30 min, the combined solution was heated at 140 °C for 12 hr in
120 mL Teflon-lined stainless autoclave. Then, washing and drying were
carried out again (ethanol, 70 °C,12 h). Scheme. 1 shows an illustration
of the preparing procedure of electrode materials.

3. Result and discussion
3.1. Characterization of the samples

Powder X-ray diffraction measurements for pure and composite
samples are revealed in Fig. 1. As it can be observed, segregated peaks at
around 7.28°, 10.24°, 12.74°, and 18.5° in the MZ8 sample confirm the
formation and loading of ZIF-8 in MZ8 composite [65,66]. Also
appeared peaks at 20=7.6°, 8.7°, and 26° indicate the presence of
Ui0-66 in MU66 composite [67]. Although the XRD patterns of both
composites show a slight reduction in the crystallinity of ZIF-8 and
UiO-66 owing to the amorphous characteristic of MCM-41, the forma-
tion of composites with maintaining the inherent properties of each
structure can be approved [68-70].

FTIR analyses of the pure ZIF-8 and UiO-66 and their composites
MZ8 and MU66 have been depicted in Fig. 2. According to Fig. 2, for ZIF-
8 and MZ8, the appeared peaks at 421, and 1586 cm ™! are due to the
stretching vibrations of Zn-N and C-N bonds, respectively. Additionally,
observed peak values around 759, 1145, and 1308 cm~! are associated
with the imidazole ring bending signals. The stretching vibration of the
imidazole ring was also measured at 1422 cm 1. C-H stretching vibra-
tions were also observed at 2930 and 3135 cm™! for aromatic and
aliphatic C—H, confirming the formation of the ZIF-8 structure [65, 71].

Additionally, the FTIR patterns of UiO-66 and MU66 showed mul-
tiple peaks around 1400 cm™! and 1656 cm™}, corresponding to the
stretching vibration on C = O. There are peaks at 661 cm™ ‘corres-
ponding to Zr-O stretching bands and at 2930 cm™! corresponding to
C-H [72]. Also, extra appeared peaks at around 1050, 1700, 2930, and

MZ8

Scheme 1. An illustration of synthesis mechanism.
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Fig. 1. XRD patterns of ZIF-8, MZ8, UiO-66, and MU66.
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Fig. 2. FTIR patterns of ZIF-8, MZ8, UiO-66, and MU66.

3450 cm ! confirm the presence of Si-O-Si, N-H, OH, and CHy vibra-
tions of MCM-41 in the MZ8 and MU66 composites [69,73].

The Ny adsorption-desorption measurements of the ZIF-8, MZ8, UiO-
66, and MU66 samples and MCM-41 structure were performed at 77 K to
find the textural properties of nanocomposites compared to pure MOFs
(Fig. 3 and Table 1). Moreover, the BJH pore size distribution of all
samples is shown in Fig. S1.

The Ny adsorption-desorption isotherms of MOFs (UiO-66 and ZIF-8)
exhibit type IV and type I sorption behavior, illustrating the structures’
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mesoporosity and microporosity characteristics with average pore size
3.04 and 2.14 nm, respectively. Furthermore, after incorporating MCM-
41 with pure ZIF-8 networks, the isotherm of nanocomposite indicated a
hysteresis loop around P/P0 = 0.5 with a combined isotherm behavior of
type I (sharp increase in Ny adsorption) and type IV (hysteresis loop).
The observed hysteresis loop in the MZ8 affirms the MCM-41 mesopore
structure and nanocomposite formation. On the other hand, for MU66
nanocomposite, the type IV behavior of sorption isotherm remains while
its hysteresis loop has become wider. According to the reported data in
Table 1, both MZ8 and MU66 nanocomposites have shown an
enhancement in Ny amount of adsorption (BET surface area) compared
to MCM, suggesting the formation of ZIF-8 and UiO-66 inside the
channels of MCM-41.

Interestingly, the increase in surface area of MZ8 nanocomposite is
much larger than that observed for MU66. It is derived from the
microporosity feature of ZIF-8. While the BET surface area of MCM-41 is
measured at around 224 m? g~!, MZ8 and MU66 nanocomposites
indicate a BET surface area equal to 1575 and 254 m? g}, respectively.
Table 1 illustrates a reduction in the pore volume of MCM-41 in MU66
and MZ8 samples from 1 to 0.49 and 0.76 cc/g. It is evidenced by the
presence of MOFs inside the channels of MCM-41 [69].

FESEM and TEM images and histograms of the particle size distri-
bution of pristine MOFs and their nanocomposites are demonstrated in
Fig. 4, Fig. 5, and Fig. S2, respectively. According to FESEM images
(Fig. 4a and c) and particle size distribution (Fig. S2), ZIF-8 and UiO-66
particles reveal relatively uniform hexagonal and semi-spherical shapes
with average particle sizes around 350 and 50 nm, respectively. After
hybridizing ZIF-8 and UiO-66 with MCM-41, the SEM image of MZ8
nanocomposite (Fig. 4b) shows some hexagonal particles of ZIF-8
alongside spherical particles MCM-41. This observation indicates that
in the prepared MZ8, besides the formation of most ZIF-8 inside the
MCM-41 structure, some MOF particles are formed on the outside sur-
face of MCM-41 [49]. Nonetheless, the SEM image of MU66 (Fig. 4d)
exhibits only spherical particles related to MCM. Furthermore, the TEM
image of MZ8 (Fig. 5b) unveils relatively similar that of the image for
ZIF-8 (Fig. 5a) because of the partial coverage of MCM-41 by ZIF-8
particles, while from the TEM image of MU66 (Fig. 5d), the presence
of Ui0-66 particles inside the MCM structure is evident.

In Fig. 6, the thermal stability of ZIF-8, MZ8, UiO-66, and MU66 are
compared by TGA analysis. Thermogravimetric analysis of ZIF-8 and
MZ8 shows that these materials decomposed around 450 °C and 600 °C,
respectively. Also, for UiO-66 and MU66 samples, thermal de-
compositions fall out 450 °C and 550 °C, respectively. The observed shift
in enhancing the thermal stability of nanocomposites is attributed to the
presence of MCM-41 in the structures [74,75].

4. Electrode preparation

Three electrode set-up was employed in electrochemical analysis to
determine the electrochemical behavior of the MZ8 and MU66 as
working electrodes. All components, including counter (platinum wire),
reference (Ag/AgCl), and working (MZ8 and MU66) electrodes, were
overwhelmed in an alkaline (KOH, 6 M) environment. The active ma-
terial (80wt%), polyvinylidene difluoride (PVDF, 5wt%) acetylene black
(15wt%) were dissolved in N-methyl-2-pyrrolidone (NMP, 10 ml). An
electrode was then prepared by spraying a piece of the mixture (10 pL:
0.5mg) ontoa 1 x 1 cm? graphite paper and then dried in an oven for 1
hour (3 mg).

4.1. Electrochemical measurements (CVs & GCDs)

Fig. 7 illustrates the cyclic voltammograms and GCDs of the MZ8 and
MU66 working electrodes. CV curves for both electrodes were drawn
with counting rates ranging from 10 to 400 mV s ~ ! (Fig. 7a, b), which
exhibit a quasi-rectangular configuration, implying the coexistence of
EDLC and faradaic battery-type activity [76,77]. Figure S3 shows
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Table 1
Structural properties of all synthesized samples.

Samples Spgr (m? Total pore volume Mean pore diameter

g (em® ) (nm)
ZIF-8 1771 0.95 2.14
MZ8 1575 0.76 1.93
Ui0-66 799 0.60 3.04
MU66 254 0.49 7.81
MCM- 224 1.00 4.16
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WD: 5.13 mm BI: 7.00
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three-dimensional (3D) CCVs of MZ8 and MUG66 electrodes, which was
performed during 4000 cycles at the scan rate of 400 mV s ~ !, In these
3D plots, the changes in the CVs over cycle number are more noticeable
and it’s evident that CV curves keep their initial shape even after these
cycles. Compared to the MZ8, the MU66 electrode has a wider CV area,
resulting in a higher specific capacitance (Fig. 7c). Both samples’ GCD
plots (Fig. 8a) were compared (at 1 A g”!) and then plotted indepen-
dently at varied current densities of 0.5, 1, 2, 4, and 8 A g_1 and then
compared at 1 A g~ (Fig. 8b, ¢). They exhibited a modest divergence
from linear behavior, demonstrating the electrode’s characteristic

500 nm
mamprmeRe
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SEM MAG: 330 kx Det: InBeam L1l MIRA3 TESCAN
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Fig. 4. FESEM of a) ZIF-8, b) MZ8, c¢) UiO-66 and d) MU66.
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Fig. 5. TEM images of a) ZIF-8, b) MZ8, c) UiO-66 and d) MU66.
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Fig. 6. TGA curves of synthesized samples.

dominating EDLC and faradaic activity to a lesser extent. By increasing
the current density rate and scan for MU66, the peaks disappeared in
CVs, and inflation was slightly smoothed in GCDs, showing the contri-
bution of simultaneous charge mechanisms. Additionally, a minor
bending in low current density can be attributed to the nitrogen in MOF
structures or metal-centers and their oxidation in alkaline media or to
the surface faradaic reaction that happens in the presence of the
electrolyte.

A significant shortcoming of silicon-based electrodes is their low
capacity and rapidly declining efficiency. For instance, Kumar et al. [78]
worked on the microstructure of the silicon particles in three-electrode
system with 80% retention capacity. It may be resulted from the

instability and volume expansion of silicone particles. Also, the porosity
and effective channels are necessary for delivering ions and diffusion
process. The chip-based etching technique for silicon Silicon produces a
structure with a strong mechanical contact between the active silicon
material and the doped silicon collector material to integrate into
applications.

Mechanically integrated devices with tunable porosity, thickness,
and shape may be incorporated into existing silicon-based technological
platforms to provide effective energy storage. Graphene-coating, metal
oxides, and conductive polymers were interestingly used with Silicon in
SCs [78-81]. The porous and tuned structure of as-designed
MCM-41/ZIF-8 and MCM-41/UiO-66 improves not only electrolyte
penetration/diffusion and the MOF framework efficiently limits the
electrolyte penetration/diffusion expansion difficulties and provides
increased structural stability throughout continuous cycles.

The specific capacitances of the MZ8 and MU66 samples were
determined in response to sweeping rates (Fig. S4-a, b) and current
densities (Fig. S4-c, d). Increased sweep rates resulted in a steady decline
in a specific capacity.

While big pores facilitate electrolyte transport, microscopic pores
maximize the electrochemical surface area accessible for reactions. The
large surface area results from these microscopic holes [82-84]. Slower
sweep rates allow more K™ or H" ions to penetrate holes in electrode
surfaces and channels, increasing the number of accessible surface or
active sites for redox processes. However, their capacities are dramati-
cally reduced at higher scan rates due to occupied active sites that
prevent ions from bonding with the electrode material’s surface. MZ8
and MU66 electrodes had specific capacitances of 351 and 992 F g at
0.5Ag !, and 110 and 286 F g at 1 A g, respectively (Fig. S4-c, and
S4-d).

MZ8 has a lower capacitance while having the most significant sur-
face area. Because only a portion of the pores is successfully employed
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for charge transfer, the surface area is less important than the specific
surface area. Previously published literature validated this observation,
reaching a similar result [85-87]. While MU66 has the smallest specific
area, the increased capacity can be attributed to more accessible active
sites and sufficient ion diffusion channels, advantageous for super-
capacitors’ effective electrochemical charge storage mechanism. At
lower sweep rates and current densities, there are plentiful and highly
accessible active sites combined with physically adsorbed redox-active
contents on the electrode surfaces, resulting in suitable capacitance,
particularly for MU66. The specific capacitances rapidly decreased due
to the occupation of the MOF-adjusted pore size and a lack of active sites
in the electrodes.

A considerable percentage of the rapid capacity degradation of Si-
based electrodes is due to structural instability, in which significant
volumetric changes in Silicon (>300%) significantly reduce the me-
chanical stability of electrodes, hence restricting their electrochemical
performance [88]. Additionally, poor electronic conductivity affects the
rate of electrochemical reactions, reducing Si’s participation [89,90]. As
a result, the MZ8 and MU66 samples have been designed to address
those issues by forming a hybrid structure that facilitates electron/ion
migration and increases the structural stability of Si-based materials.

Both MZ8 and MU66 demonstrated exceptional stability, with MU66
exhibiting roughly 2% capacity loss and MZ8 retaining 100% of initial
capacity after 4000 consecutive charge/discharge cycles (Fig. S5). It
indicates that the chemical or physical structures of the as-synthesized
electrodes are likely to be quite durable throughout charge/discharge
cycles. Whereas Feng et al. recently synthesized polyaniline / MCM-41 /
graphene through a hydrothermal process and investigated its electro-
chemical performance in a three-electrode system, where after 1000
cycles, the specific capacitance of the composite reached to 91.4% of its

initial value [59].

It is also argued that the coexistence of the central metals in the ZIF-8
and UiO-66 and with imidazole framework can also contribute to MCM
(silicon abundance) working. The presence of Cobalt and Zirconium
may contribute to the high initial capacitance, and then MCM/MOF
shows a synergistic effect, intensified by electrolyte ion diffusion.

Also, Fig. 9 provides information on the frequency response of MZ8
and MU66 in EDLCs, taking into consideration the electrochemical
impedance spectra. The Nyquist plots exhibit a semicircle form at higher
domains for MZ8 and MU66 samples, corresponding to the charge
transfer resistance at the interfacial of electrode/electrolyte (Rep) [91,
92]. The results show that MZ8 has a low resistance at interface contact
due to its decorous pore size, facilitating electrolyte ion transport.

When the vertical curve appears at low frequencies, this implies good
capacitive behavior and rapid diffusion of electrolytes (OH™ and K*) in
electrode pores [78,93-95], i.e., a steeper slope intimate ideal capaci-
tance behavior. The Warburg resistance could shift the vertical line
concerning the electrolyte ions. Compared to MU66, the MZ8 shows the
steepest EIS curve, resulting in the slightest Warburg resistance,
revealing more desirable conductivity as an electrode material.
Although MZ8 nanocomposite showed a more conductive nature than
MUG66, the proper pore size of MU66 offers more capacitance due to
efficient pathways for ion transfer. The measured Rs, R, and Z,, are
compared in Table 2 for both MZ8 and MU66 samples. Furthermore,
Table 3 compares the electrochemical performances of the MZ8, the
MU66 with reported electrodes in specific capacitance and retention
capacity within different cycles.
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Table 2
An analysis of EIS results of different electrodes in a three-electrode system.
Electrode Rg CPE Rt Zw
MZ8 3.7 0.103 0.341 3.98
MU66 2.24 0.05 0.402 8.1

5. Conclusion

Two MZ8 and MU66 were considered as electrode materials in a
three-electrode supercapacitor. The structural characterizations proved

the promising approaches of preparing electrodes.

Furthermore, the electrochemical tests were carried out in KOH [6
M] with accessible pathways for ion delivery and electroactive sites. The
BET analysis showed more pore diameter for MU66, while MZ8 had the
highest surface area. MU66 could efficiently decrease resistance and
provide proper Kt and H" diffusion channels based on the EIS mea-
surements. The specific capacitance of MU66 and MZ8 obtained 992 and
351 Fg ! at the current density of 0.5 A g ! due to accessible active sites.
MZ8 showed an EDLC with semi-rectangular CV and symmetric charge-
discharge plots concerning the storing mechanism.

In contrast, MU66 at lower sweep rate and current densities showed
inflation, representing hybrid charge storage behavior. MZ8 showed
more cycling stability after 4000 continuous charge-discharge processes,
where MUG66 lost 2% of initial capacity, meaning excellent cycle stability
of both electrodes. Inserting Si into MOF frameworks can offer desirable
electrochemical outputs, requiring more designing and engineering
electrodes.
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Table. 3
The reported Si-based electrodes in different media for supercapacitors.
Electrode Electrolyte Specific Capacitance (F g ~ D) Current density (A g") Retention capacity% (Cycles) Ref.
graphene/PANI/MCM-41 (50% GO content) ~ KOH [6 M] 405 (Fg™) 08(AghH 91.4% (1000) [59]
SiPDC-2 KOH [6 M] 251 (Fgh) 0.2(Ag™H 94% (2000) [96]
M41/m-Co304 nanobud KOH [1 M] 228.87(F g 1) 5(mVs) 87.5% (1000) [561
RHC (with SiOy) KOH [6 M] 408 (Fg™h 01(Agh - [971
21.6 (Fgh) 0.3((AghH
C-ZIF-8@MWCNTs 259.2 (Fgh) 0.5(Ag™hH 92% (5000) [98]
RHPC (removing SiO5) KOH [6 M] 110.2 (Fg™h) 01Ag™hH 78% (5000) [971
100 (Fg™H) 0.3(AghH
86 (Fg ™) 1(Ag™H
SiOCC-30 (30% Si0,) [TEA] [1 M] 418 (FghH 10 (mA g 1) 92.1% (10,000) [99]
Si@C(3)/MnO, phosphoric acid [3M]  240.1(Fg ) 1ag™h 85.2% (2000) [100]
PEDOT/PSS-SWNT NaNO; [1 M] 104 (Fg™H 1ag™h 90% (1000) [101]
rGO/ZIF-67 KOH [6 M] 210 (Fgh) 1ag™h 80% (1000) [102]
PPy@UIO-66@CT H,S04[1 M] 565 (Fg ") 08(AghH 90% (500) [103]
MWCNT/NPC-L H,S04[1 M] 3022 (Fg™h) 20ag™hH 95.8% (10,000) [104]
PANI/UiO-66 H2S04[1 M] 647 (Fg™h) 1ag™h 91% (5000) [105]
C-ZIF-8@MWCNTs H,S04[1 M] 326 (Fgh) 1ag™h 99.7% (10,000) [106]
MZ8 KOH, [6 M] 351 (Fg™") 05(Ag™"H 100% (4000) This Work
110 (Fg ) 1agM
MU66 KOH, [6 M] 992 (Fg 1) 05(0AghH 98% (4000) This Work
286(F g ") 05(ag™"H
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