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ABSTRACT: The rational design of porous materials with high electrical conductivity is
critical for optimizing their performance in energy-storage applications. In this study, we
synthesize a partially reduced graphene oxide-encapsulated metal—organic framework
(MOF) by following a facile self-assembly strategy to ensure intimate contact between the
graphene oxide layer and the MOF while preserving the intrinsic porosity of the latter.
Surface functionalization of the MOF with 3-aminopropyltriethoxysilane facilitates the
controlled deposition of graphene oxide layers, preventing pore blockage and allowing
uniform encapsulation. Unlike conventional MOF-based composites that suffer from pore
blockage or agglomeration, this approach preserves open ion-diffusion pathways while
enabling efficient charge transport. The encapsulated graphene layers exhibit a reduced
number of oxygen functional groups and increased Csp” content, enhancing electron
conductivity and structural stability. Characterization results confirm that partially reduced
graphene oxide encapsulation preserves the microporous framework of the MOF,
considerably enhancing its electrical conductivity while preserving its porosity.
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1. INTRODUCTION

Metal—organic frameworks (MOFs) intrinsically possess large
surface areas and customizable pore architectures, and
therefore, MOFs are highly attractive as electrode materials
for electrochemical devices." Despite these benefits, the poor

MOFs adhere weakly to conductive additives, thereby limiting
the effectiveness of such composites.

To address these limitations, recent studies have explored
strategies to integrate MOFs with conductive materials to
enhance charge transport and overcome their intrinsic

electrical conductivities of MOFs limit their electrochemical
application.” Various strategies have been explored to over-
come this limitation, including the development of highly
electrically conductive MOFs,”* postsynthetic modifications to
MOF structures,” and the synthesis of MOF composites by
using alternative materials.® However, these strategies encoun-
ter certain problems. Conductive MOFs are limited by the
availability of suitable metal species and ligands, whereas
postsynthetic modifications involve complex processes.
Although MOF composites also face challenges such as
phase separation or agglomeration of the individual compo-
nents, they are considered promising candidates because they
can broaden the range of MOFs available. Yet, conventional
mixing-based MOF composites rarely achieve uniform,
particle-by-particle encapsulation; instead, they often result in
partial coverage or stacked carbon shells around agglomerated
MOFs, which can block pore windows and hinder electron
transport. This limitation is further exacerbated by the
intrinsically poor interfacial affinity of MOFs for other
materials, arising from saturated coordination bonds and the
typically hydrophobic nature of MOF surfaces. As a result,
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conductivity issues. For instance, creating intimate interfaces
between MOFs and carbon networks can reduce charge
transfer barriers while preserving porosity, and interfacial
coupling between conducting polymers and MOFs has been
shown to significantly improve electrochemical performance by
mitigating the inherent conductivity limitations.”” In this
study, we improve the affinity of MOFs by introducing amine
functional groups. Specifically, 3-aminopropyltriethoxysilane
(APTES) is used to generate a chemically bonded interface
between graphene oxide and the zeolitic imidazolate frame-
work-8 (ZIF-8) (GIZIF-8). This APTES-enabled self-assembly
affords individual, particle-by-particle encapsulation of ZIF-8
by GO, a configuration that is rarely attainable with
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Figure 1. Schematic illustration depicting the synthesis processes of APTESIZIF-8 and GIZIF-8 on ZIF-8. Note: the sizes of APTES and graphene

are enlarged for clarity.

conventional composites. This treatment maintains the
integrity of the pore structure and enhances the electrical
conductivity of GIZIF-8. The propyl spacer in APTES helps
minimize pore blockage and ensures robust GO—-ZIF-8
interactions. Therefore, this approach preserves the large
surface area and high porosity of ZIF-8. The resulting
composite exhibits superior electrical conductivity and
capacitance, demonstrating its potential for use as an advanced
electrode material in energy storage applications. Our results
highlight the potential of individual encapsulation strategies to
overcome the limitations of MOFs, such as weak conductivity
and poor material integration, by leveraging the surface
functionalization and unique properties of graphene oxide.

2. RESULTS AND DISCUSSION

We selected ZIF-8 owing to its high microporosity, which
increases its surface area substantially.” To impart ZIF-8 with
conducting properties, we encapsulated it in graphene oxide
while maintaining high microporosity. The encapsulation
process followed to obtain GIZIF-8 is illustrated in Figure 1.
The self-assembly process was initiated by modifying the ZIF-8
surface with APTES (to obtain APTESIZIE-8), which consists
of an amino group (—NH,), a propyl chain (—C;Hs—), and a
silane group (—Si(OC,H;);) (Figure S1). During the reflux
step at 90 °C, hydroxyl groups (—OH) formed on the outer

surface of ZIF-8, and APTES underwent hydrolysis (—Si-
(OC,H;); — Si—OH).'"® The resulting silanols (Si—OH)
condensed with newly generated surface — OH groups,
forming surface anchored siloxane linkages (Si—O—Zn) that
grafted APTES onto ZIF-8."'~"* Subsequently, APTESIZIF-8
was transferred to a graphene oxide (GO) solution. Such
dispersions are typically mildly acidic to near-neutral (ca. pH
4—6). Under this condition, the terminal amines (—NH,) on
APTES are predominantly protonated (—NH;") while GO
carries a net negative surface charge. These complementary
charges drive electrostatic self-assembly and conformal
encapsulation, yielding GIZIF-8. This process also prevents
GO aggregation and preserves the intrinsic microporosity of
ZIF-8.

The individually encapsulated GIZIF-8 structure was
observed using a scanning electron microscope (SEM) (Figure
2a). The SEM image of ZIF-8 revealed a smooth surface,
whereas that of APTESIZIF-8 exhibited a rough surface owing
to the presence of APTES. Energy-dispersive X-ray spectros-
copy (EDS) conducted on APTESIZIF-8 confirmed the
coordination of APTES to the ZIF-8 surface, as indicated by
the presence of Si in the EDS maps (Figure S2). The SEM
images of GIZIF-8 revealed a wrinkled surface, indicating the
attachment of the graphene layer to ZIF-8. In contrast, a
physical mixture of GO and ZIF-8 prepared without APTES
did not form a conformal coating and showed separate
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Figure 2. (a) SEM images revealing the processes followed for
preparing GIZIF-8; (b) zeta potential values; and (c) FTIR spectra of
GO, ZIF-8, APTESIZIF-8, and GIZIF-8.

aggregates (Figure S3), indicating that APTES is essential for
individual encapsulation.

Zeta potential measurements and Fourier-transform infrared
(FTIR) spectroscopy revealed the encapsulation mechanism
(Figures 2b and 2c). The measured zeta potential of pristine
ZIF-8 was — 10.7 mV, consistent with an imidazolate-
terminated surface, which generated a small negative charge.
The zeta potential of APTESIZIF-8 shifted to +1.4 mV,
reflecting the surface grafting of APTES and the presence of —
NH;". This positive shift originates from the APTES hydrolysis
and condensation with surface — OH groups, forming Si—O—
Zn on APTESIZIF-8. The FTIR spectrum of ZIF-8 indicated
the presence of a secondary amine group, which possibly
originated from the uncoordinated N in 2-mim (Figure S1).
The FTIR spectrum of APTESIZIF-8 contained three
prominent peaks between 3300—3600 cm™' and a strong
absorption peak corresponding to the N—H bending mode at
1619 cm™!, indicating the presence of a positively charged
protonated amine group (—NH;*) on the surface. Additionally,
a distinct peak was observed at 474 cm ™!, corresponding to the
scissoring absorption mode of Si—O—Si, further verifying the
successful attachment of APTES to the ZIF-8 surface. Upon
encapsulation with GO, the zeta potential shifted back to a
negative value of — 2.9 mV, confirming successful interaction
between positively charged APTESIZIF-8 and negatively
charged GO."*

Transmission electron microscopy (TEM) imaging of Gl
ZIF-8 revealed wrinkled regions on the graphene layer
encapsulating ZIF-8 (Figures 3a, S4, and SS) with a lattice
fringe of approximately 0.25 nm and a hexagonal selected area
electron diffraction pattern (Figure 3b). The lattice spacing of
0.25 nm is indexed to the in-plane {100} family of graphitic
planes, and the hexagonal symmetry confirms the graphitic
ordering in the encapsulating layer. This wrinkled morphology
indicated that the GO sheets adhered conformally to the ZIF-8
surface, following the ZIF-8 structure rather than forming
restacked GO aggregates. GO, which contains various
functional groups such as carboxylic, hydroxyl, and epoxy,'
can interact strongly with the — NH;" groups on APTES-
modified ZIF-8. These electrostatic interactions facilitate the
close attachment of the GO sheets to the ZIF-8 surface.'”"”
However, complete surface sealing was prevented owing to the
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Figure 3. (a—b) Transmission electron microscopy (TEM) and high-
resolution TEM images of GIZIF-8; (c) comparison between the
FTIR spectra of GO and GIZIF-8; and (d) C 1s core level X-ray
photoelectron spectra of GO and GIZIE-8.

carbon chain length of APTES (—C;H,—), which introduced
nanoscale interstitial voids between the GO layers and the
MOF surface. These voids served as open ion-diffusion
pathways, enabling electrolyte ions to access the internal
pores of ZIF-8 despite the encapsulation.'®'® The FT-IR
spectra further demonstrated the structural changes caused by
the attachment of the wrinkled graphene to GIZIF-8 (Figure
3c). The spectrum of GO contained prominent peaks at 3418,
1630, and 1047 cm™}, corresponding to the — OH, C = C, and
C—O functional groups, respectively.”” However, these peak
intensities decreased substantially in the spectrum of GIZIF-8,
suggesting that the functional groups on GO were attenuated
owing to strong interactions with the ZIF-8 surface during
encapsulation. The results obtained from analyzing the C 1s
XPS spectra further support the differences between the
surface characteristics of GO and GIZIF-8, as illustrated in
Figures 3¢, S6, and §7.2'7** The spectrum of GO contained
prominent peaks corresponding to epoxy or hydroxyl groups
(286.82 eV) and carbonyl groups (288.48 V). By contrast, the
intensities of these peaks in the spectrum of GIZIF-8 were
weak. These reductions in peak intensities indicated a change
in the surface chemical properties, that is, the characteristics of
GIZIF-8 were more similar to those of the reduced graphene
oxide layers than those of the isolated GO sheets.””

The Raman spectra of GO and GIZIF-8 are depicted in
Figure S8. The spectra of GO and GIZIF-8 contained peaks
corresponding to the D (~1356 cm™) and G (~1598 cm™)
bands, respectively. The relative intensity ratios (I/I;) of the
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D and G bands were calculated to estimate the degree of
graphitization of the carbonaceous materials.”® For GO and Gl
ZIF-8, these ratios were 0.968 and 0.925, respectively,
indicating that the ratio obtained for GIZIF-8 was 0.043
lower than that obtained for GO. This decrease may be
attributed to a reduction in structural defects due to increased
G-band intensity. However, the introduction of sp’-type
defects via reactions between APTES amine groups and
oxygen-containing functional groups on GO cannot be ruled
out. These opposing effects—partial restoration of sp> domains
and concurrent sp* defect formation—Ilikely coexist in GIZIF-
8, resulting in a slight change in the observed I,/ ratio.””**
Furthermore, the (I,/I;)y values were calculated by fitting a
pseudo-Voigt function to assess the Csp? degree of GO.”” The
ratios for GO and GIZIF-8 were 0.948 and 0.883, respectively,
indicating that the ratio for GIZIF-8 was lower than that for
GO.

X-ray diffraction (XRD) patterns (Figure 4a) demonstrated
the structural stability of GIZIF-8 after encapsulation. The
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Figure 4. (a) Powder XRD patterns; (b) N, adsorption—desorption
isotherms plotted on a logarithmic P/P, axis; inset: linear-scale view
(P/P, = 0—1) (c) HK micropore size distribution plot; the x-axis
major tick interval is set to 0.05 nm and (d) BJH pore size
distribution curves of GO, ZIF-8, and GIZIF-8.

peaks observed in the spectrum of GIZIF-8 matched well with
those in the spectrum of pristine ZIF-8,%° indicating that the
crystalline structure of ZIF-8 was preserved even after
encapsulation. The absence of additional peaks or significant
shifts suggested that the graphene layers interacted primarily
with the surface rather than being integrated into the ZIF-8
crystal structure. The N, physisorption isotherms on a
logarithmic P/P, axis are depicted in Figure 4b; this
representation highlights the ultralow-pressure region, and
the inset provides the conventional linear-scale view P/ P, =
0—1). Both ZIF-8 and GIZIF-8 yielded type-l isotherms
characterized by a steep adsorption region owing to strong
adsorption, indicating the presence of a microporous
structure.”’ By contrast, GO yielded a type-IV isotherm with
a negligible hysteresis loop at high relative pressure, indicating
the presence of slit-shaped pores formed by loose assemblies of
plate-like particles.”* The corresponding Brunauer—Emmett—
Teller (BET) surface areas of ZIF-8, GO, and GIZIF-8 were
1405, S, and 1364 m* g, respectively. Despite the addition of
GO with extremely small surface area, the surface area of Gl
ZIF-8 was only 3% less than that of ZIF-8, indicating that

APTES treatment and graphene encapsulation preserved the
integrity of the pore structure without causing pore blockages.
The similarity between the FTIR spectra of ZIF-8 and GIZIF-8
in the low-wavenumber region suggested that the ZIF-8
structure was preserved in GIZIF-8. Micropore-size distribu-
tions were obtained by the HK method for ZIF-8 and GIZIF-8
(Figure 4c; D < 1.5 nm), and mesopore-size distributions by
the BJH method for ZIF-8, GIZIF-8, and GO (Figure 4d; D >
2 nm). In the micropore range, the HK peak of GIZIF-8 (0.755
nm) was slightly smaller than that of ZIF-8 (0.769 nm). This
slight decrease in micropore size suggested that the micro-
porous structure remained largely intact after APTES treat-
ment. This result confirmed that GIZIF-8 retained the original
microporous characteristics of ZIF-8 without significant
structural alterations.

The pseudocapacitive behaviors of ZIF-8, GO, and GIZIF-8
were assessed via cyclic voltammetry (CV), galvanostatic
charge—discharge (GCD), and electrochemical impedance
spectroscopy (EIS) by using a three-electrode cell in 1 M
KOH electrolyte. The CV curves of ZIF-8 and GIZIF-8
exhibited similar shapes (Figure Sa), indicating that graphene
encapsulation did not substantially alter the intrinsic electro-
chemical characteristics of ZIF-8. However, the CV curve of
GO exhibited distinct redox peak positions, suggesting that the
electrochemical characteristics of GO were different from
those of ZIF-8 and GIZIF-8. Pairs of oxidation/reduction peak
potentials were observed at 0.496 V/0.448 V for GO, 0.506 V/
0.430 V for GIZIF-8, and 0.519 V/0.448 V for ZIF-8.
Comparing the intermediate values of GIZIF-8 (0.506 V/
0.430 V) with those of ZIF-8 (0.519 V/0.452 V) indicates that
graphene enhances electron transport while maintaining the
intrinsic electrochemical properties of ZIF-8. This slight shift
suggests that partially reduced graphene decreased interfacial
resistance, facilitating charge transfer without disrupting the
fundamental redox behavior of ZIF-8. The GCD curves (
Figure Sb) further support these observations. The GCD
curves exhibited a nonlinear plateau structure, indicating
pseudocapacitive electrochemical behavior.”> At a current
density of 1 A g™/, the specific capacitances of GO, ZIF-8, and
GIZIF-8 were 33, 61, and 212 F g™, respectively (Table S1).
The specific capacitance of GIZIF-8 was 347% higher than that
of ZIF-8. Moreover, GIZIF-8 maintained high specific
capacitance even at high current densities (Figures $10—12).

To further verify whether the enhanced electron transport in
GIZIF-8 increased the capacitance observed in the CV and
GCD curves, the charge storage mechanism was quantified by
separating the capacitive- and diffusion-controlled contribu-
tions (Figures 5¢, 5d, S13, and S14).*** In the case of GIZIF-
8, the capacitive contribution was considerably greater than
that in the case of ZIF-8, whereas the diffusion-controlled
contribution was similar. At each potential V and scan rate v,
the CV currents were deconvoluted using i(V)=k,v+k,0'"? to
separate surface-controlled (capacitive, k;v) and diffusion-
controlled (k,v'/?) contributions; the coefficients k,(V) and
k,(V) were obtained by linear regression at every V over
multiple v and then integrated over the potential window to
yield the fractions at each scan rate, following established
practice for pseudocapacitive systems.*® This potentialresolved
mapping avoids assuming a constant ratio and follows standard
practice. Consistent with general pseudocapacitive trends, the
capacitive fraction increases with v. Distinctly, GIZIF-8 exhibits
a larger capacitive share than ZIF-8 across all v while retaining
a comparable diffusion-controlled component, which is
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Figure 5. (a) Cyclic voltammetry curves of GIZIF-8, ZIF-8, and GO at 1 mV s™". (b) Galvanostatic charge—discharge curves of GIZIF-8, ZIF-8, and
GO at 1 A g7 (¢, d) Capacitive—diffusion contribution, obtained from the CV curves using i(v)=k,v + k"%, of GIZIF-8 and ZIF-8 at 1 mV s
(e) Nyquist plots of the GO, ZIF-8, and GIZIF-8 electrodes; and (f) specific capacitance retention rates of GO, ZIF-8, and GIZIF-8 over 10,000

-1

cycles at 50 mV s

attributed to preserved ion-accessible microporosity.”” For
completeness, the deconvolution of GO is shown in Figure
S15, where diffusion-controlled contributions (~38% at 1 mV
s') diminish rapidly at higher scan rates, reflecting sluggish
ion transport through stacked GO sheets. This behavior
contrasts with GIZIF-8, where diffusion contributions are
preserved despite enhanced capacitive storage.

EIS was used to assess electrical and ionic conductivities.
The Nyquist plots of GO, ZIF-8, and GIZIF-8 contained
semicircles and straight lines in the high- and low-frequency
regions, respectively (Figure 5¢).%® The diameters of these
semicircles represent the charge-transfer resistance, R, which
indicates the ease of electron and ion transport within the
electrode.”” The R, values of GO, ZIF-8, and GIZIF-8 were
104, 89, and 40 m{2, respectively, indicating that the electrode
resistance of GIZIF-8 was considerably lower than those of GO
and ZIF-8. In the low-frequency region, the slope of the
straight line represents ion-diffusion behavior, which is
associated with Warburg diffusion resistance. The nearly

identical slopes of GIZIF-8 and ZIF-8 suggest that partially
reduced GO encapsulation did not impede ion mobility but
rather maintained the open ion-accessible pathways.*’ This
trend is consistent with the capacitive-dominated charge
storage observed in Figure 5S¢, in which GIZIF-8 exhibits a
significantly higher capacitive contribution while retaining a
similar diffusion-controlled contribution. The preservation of
diftusion-controlled behavior alongside increased capacitive
storage further supported the role of graphene in optimizing
electron transport without blocking the micropores in GIZIF-8.
Furthermore, the Nyquist plot of GO contained two distinct
semicircles, indicating the presence of additional interfacial
resistance. This could be attributed to a stacking structure,
which introduces charge-transfer barriers between the GO
layers. By contrast, the Nyquist plot of GIZIF-8 exhibited a
single semicircle similar to that of ZIF-8, implying that
graphene did not add to the interfacial resistance of GIZIF-8.
This suggests that the graphene in GIZIF-8 was well integrated
with the ZIF-8 structure, maintaining an efficient charge-
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transport pathway without adding interfacial barriers. Addi-
tionally, the Bode plot confirms these results (Figure S16). At
low frequencies, the phase angle of GIZIF-8 is the smallest,
indicating a high capacitive contribution. In addition, the
frequency at a phase angle of — 45° of GIZIF-8 is 2.22 Hz,
which is higher than those of ZIF-8 (1.49 Hz) and GO (0.39
Hz), suggesting that the porous structure of GIZIF-8 was not
blocked by GO layer. This indicates that GIZIF-8 maintained
the intrinsic porosity of ZIF-8 and was optimized for ion
diffusion.”""** Consequently, graphene encapsulation preserved
the intrinsic microporosity of ZIF-8, while the defects in the
GO layer, which served as ion diffusion pathways, were
partially reconstructed into sp2 carbon structures, thereby
enhancing ionic conductivity and charge transfer efficiency,
and ultimately improving capacitive performance.

The long-term cycling stabilities of GO, ZIF-8, and GIZIF-8
were evaluated over 10,000 cycles at S0 mV s™' (Figure 5f).
After cycling, the capacitance retention levels were 31% for
GO, 37% for ZIF-8, and 49% for GIZIF-8, respectively,
demonstrating the enhanced durability of GIZIF-8. The CV
curves recorded at different cycles (Figures S17—19) exhibited
minimal peak shifts, indicating excellent electrochemical
stability and consistent charge storage behavior over prolonged
cycling.

3. CONCLUSION

We developed a self-assembly strategy for integrating GO with
ZIF-8 to achieve uniform encapsulation while preserving the
intrinsic microporous structure of ZIF-8. Unlike the conven-
tional MOF-graphene composites that exhibit pore blockage or
structural instability, GO adhered to the MOF surface without
obstructing the ion-transport pathways in the composite
prepared using the proposed strategy. The resulting GIZIF-8
composite retained the high surface area and porosity of ZIF-8
while exhibiting substantially improved electron transport
through enhanced interfacial interactions. Electrochemical
characterization demonstrated that the specific capacitance of
GIZIF-8 was 347% higher than that of ZIF-8, charge-transfer
resistance (40 m€2) was considerably lower, and cycling
stability was superior (49% capacitance retention after 10,000
cycles). These trends are consistent with the potential-resolved
CV deconvolution, which shows an enhanced capacitive share
while retaining a comparable diffusion-controlled component.
These findings suggest that partially reduced GO encapsulation
not only enhanced charge transport and cycling durability but
also optimized the utilization of ZIF-8’s microporous structure
in energy-storage applications. Owing to its scalability and
simplicity, the proposed approach can serve as a versatile
platform for designing next-generation porous nanomaterials
for supercapacitors, electrocatalysis, and gas separation.

4. EXPERIMENTAL METHODS

4.1. Materials. Ethyl alcohol (anhydrous, Deajung), methyl
alcohol (anhydrous, Deajung), zinc nitrate hexahydrate (98%,
Sigma-Aldrich), 2-methylimidazole (99%, Sigma-Aldrich), APTES
(99%, Sigma-Aldrich), N-methylpyrrolidone (99.5%, Samchun),
single-layered GO powder (H method; ACS Material), Super P
(Beyond Battery), and polyvinylidene fluoride binder (HSC900, MTI
Corp) were used.

4.2. Synthesis of ZIF-8. To obtain ZIF-8, 2.97 g of zinc nitrate
hexahydrate and 0.82 g of 2-methylimidazole were dissolved
separately in 200 mL of methanol. Subsequently, the two solutions
were mixed, and the mixture was stirred for 24 h. Then, the product

was washed in methanol and dried in a vacuum oven at 75 °C
overnight to obtain a powder.

4.3. Synthesis of GIZIF-8. To coat ZIF-§ (APTESIZIF-8) with
APTES, 100 mL of ethanol was added to 200 mg of ZIF-8 under
sonication. Subsequently, 1 mL of APTES was added to the dispersed
solution and refluxed at 90 °C for 4 h, followed by washing the
product thrice with ethanol. Next, the material was dried in a vacuum
oven at 75 °C overnight to obtain a powder, and S mL of the GO
solution (0.2 mg/mL) was added to 20 mg of APTESIZIF-8 and
stirred for 30 min. After washing with deionized water, the samples
were dried in an oven.

4.4. Electrode Preparation. The catalyst inks were prepared as
follows. Three types of electrodes were fabricated using GO, ZIF-8,
and GIZIF-8 as the active materials, respectively. For each electrode,
the active material, Super P conductive additive, and polyvinylidene
fluoride (PVDF) binder were mixed in a weight ratio of 7:2:1 to form
the electrode slurry. N-methylpyrrolidone (NMP) was used as the
solvent for mixing, and the resulting slurry was uniformly coated onto
Ni foam substrates. The electrodes were then dried in a vacuum oven
at 100 °C for 4 h.

4.5. Structural Characterization. XRD patterns were obtained
using a D8 Advance (Bruker) X-ray diffractometer operated at 40 kV
and 40 mA along with Cu Ka radiation. TEM images were obtained
using a JEM-ARM200F (JEOL) transmission electron microscope
operated at an acceleration voltage of 200 kV. Field-emission SEM
(FE-SEM) images were obtained using a JSM-7600F microscope
(JEOL). FTIR spectroscopy was performed using a Nicolet 1SS0
FTIR spectrometer (Thermo Fisher Scientific) with powder-pressed
KBr pellets and a wavenumber range of 4000—400 cm™'. The BET
specific surface areas and pore-size distributions were measured using
a Belsorp MINI X (MicrotracBEL). XPS measurements were
performed with Al Ka radiation (1486.6 eV) using a Nexsa X-ray
photoelectron spectrometer (Thermo Fisher Scientific). The zeta
potential values were measured using an SZ-100 particle size analyzer
(Horiba).

4.6. Electrochemical Characterization. CV, GCD, and EIS
tests were conducted in a three-electrode cell configuration using a
potentiostat (VSP, Bio-Logic) to evaluate the supercapacitor
characteristics of the prepared electrodes. The fabricated electrodes
were used as the working electrodes. A Pt wire, Hg/HgO 1M
KOH), and 1 M KOH were used as the counter electrode, reference
electrode, and electrolyte, respectively. The CV and GCD experi-
ments were conducted within a voltage window of 0—0.6 V. The CV
tests were conducted at scan rates between 0.5—50 mV s™'. The GCD
tests were conducted at current densities between 1.0—20 A g~'. The
EIS measurements were conducted in the frequency range of 100
kHz—0.1 Hz at an amplitude of 0.5 V.

The specific capacitance (F g™') was calculated from the GCD
curves using Equation 1.8

2i,, [Vat
|V
v

%
(1)

Here, i,, = I/m (A g”") is the current density, where I is the current, m
is the mass of the active material, and / Vdt is the integral current
area. Moreover, V denotes the potential, and its initial and final values
are V; and Vj, respectively.
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