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ABSTRACT: Metal—organic frameworks (MOFs) are of great interest for energy 3
applications due to their high porosity, high charge storage capacity, and large number ~ 6001 T
of active redox sites. It is important to enhance the performance of metal—organic
frameworks through modification in order to increase their potential applications.
Unique Fe nanoparticle (NP) in the Materials of Institute Lavoisier (MIL) series
embedded in the carbon nanotube (CNT), FeNP@MIL-101(Fe)/CNT-based,
nanocomposites have been synthesized using suitable hierarchical micromesoporous
structures. These were fabricated by simple and straightforward solvothermal
methods, and their electrochemical charge storage performance was investigated.
The energy storage application using the FeNP@MIL —101(Fe)/CNT composite as 6007
a supercapacitor electrode was implemented for the first time. Various techniques
were used to characterize this composite. It has excellent electrochemical properties
when used as electrode material in 1 M KOH solution, including a high capacitance of
up to 1305 F g' at 1 A g™" and a long cycling stability of 95.7% capacitance retention
after 10,000 cycles. Moreover, symmetric two-electrode electrochemical experiments showed that the composite achieved an energy
density of 98.65 Wh kg™! and a power density of 9000 W kg™, The combination of microporous and mesoporous structures,
increased surface area, and higher electrical conductivity are the main reasons for the high performance. The integration of FeNP@
MIL-101(Fe) with the CNT creates new ion diffusion pathways, improves the hierarchical pore properties, and exposes the FeNP@
MIL-101(Fe) cluster to more redox active sites, which improves the charge storage performance.
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Bl INTRODUCTION

Global energy consumption is rising, which has significantly
increased the output of fossil fuels as the primary energy
source. In parallel with the incessant effort made by the

carbon (AC) have been investigated for use in EDLC.
Pseudocapacitors are a different type of supercapacitors that
may store charges by oxidizing and reducing both organic
materials such as conducting polymers, inorganic materials,

conventional electronic circuit-level approaches,’ electro-
chemical energy storage (EES) has advanced considerably as
the result of its great energy effectiveness, sustainability, and
environmental sustainability.”* EES devices contain capacitors,
supercapacitors, batteries, and fuel cells since they have many
ways to store charge. Supercapacitors have emerged as one of
the most significant EES devices due to their great energy and
power density, extended cycle constancy, and rapid charging
process.” As per the International Energy Agency, super-
capacitors are currently one of these leading possibilities for
storing energy. Currently, three key applications for super-
capacitors include vehicles, immobile energy storage, and
portable power source.’ Electrical double-layer capacitors
(EDLC) and pseudocapacitors are the two primary types of
supercapacitors based on how they store charge.” Whereas
storing charge in pseudocapacitors uses the redox response of
the synthesized material through the Faradaic method. On the
other hand, charge storage in EDLC is accomplished through a
high surface area of the active material and a slight charge
separation. Various other kinds of carbon-based materials,
including carbon nanotubes (CNTs), graphene, and activated
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and transition metal oxides (TMOs) and metal—organic
framework (MOFs).'""? Because of their high specific surface
areas and controllable pore, metal—organic frameworks
(MOFs) and their composites have recently been employed
as precursors to produce porous carbon materials.'”'* Metal—
organic frameworks (MOFs), a novel type of energy storage
materials, have shown a great deal of interest in the area of
supercapacitors, which was primarily characterized by Yaghi et
al. in 1995."° Inorganic components such as metal ions and
multidentate organic linkers can be used to synthesize MOFs,
which are porous and crystalline 3D materials."® The synthesis
of Fe-MIL-101 was reported by Ferey and his group as one of
the most significant discoveries in MOF-based chemistry.'’
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Figure 1. Schematic of the formation of the FeNP@MIL-101(Fe)/CNT composite supercapacitor.

Owing to their tunable shape, multifunctionality, great surface
area, and abundance of pores, MOFs composed of metal
centers and organic linkers with constant porosity are unique
and interesting developments in current materials."® Energy
storage, gas storage, and catalysis are just a few of the
applications for which MOFs become promising materials.'”*
The issue on nonconductivity of these materials has not yet
been resolved. Scientists have concentrated on heating MOFs
to transform them into useful materials as a means of
overcoming this obstacle.”’ A single source for the synthesis
of carbon-based materials, electroactive species, and transition
metal oxides can be provided by heating the MOFs. Despite
having a high capacitance, pseudocapacitors often have low
cycle stability and limited rate capabilities.”> The formation of
a porous assembly and improvement of electrical conductivity
associated with the active materials is then vital: these
objectives can be accomplished by using electronically
conductive elements like CNTs.”* Because of its outstanding
conductivity, mechanical properties, and ideally ultrahigh
surface area, CNT got extensive attraction as a candidate for
EDLC.***® Researchers frequently investigate composites
based on CNTs, during which some additional useful materials
are included in demand to improve and utilize the appealing
features of CNTs. Through a single step of MIL-101(Cr) and
alcohol mix, Ullah et al. created Cr,0;-carbon nanocomposites
that controlled graphite and pseudo-crystalline Cr,O; nano-
ribbons.””*” They achieved a capacitance of 300 and 291 F g™!
at 0.25 F g™' along with a capacitance retention of 90.5% over
a period of 3000 cycles. The final electrode material (Cr,0;/
C) similarly had a maximum Brunauer—Emmett—Teller
(BET) surface area of 438 m® g '. Wang and co-workers
described a straightforward mixture of Fe;0,-doped porous
carbon nanorods.”**’

This study focuses on the demonstration of performance
improvements expected by introducing FeNP@MIL-101(Fe)
in the CNT matrix by preparing, characterizing, and electro-
chemically analyzing the FeNP@MIL-101(Fe)/CNT compo-
site. The insertion of FeNP@MIL-101 inside the CNTs has
the effect of preventing agglomeration of the nanoparticles,
leading to better dispersion and stability of the material. This
results in performance improvements and the durability of the
composite material. Also, the encapsulation of FeNP@MIL-
101 within the CNTs can provide benefits including an
increase in effective surface area, improvement in electrical
conductivity, enhanced stability, and higher charge storage
capability. All of these contribute to better performances of the
supercapacitor. This approach aims to enhance the electro-
chemical properties and performances of the nanocomposite-

embedded electrode such as large specific capacitance (SC)
and cyclic operation stability. Motivated by the primary studies
in composing MOFs with carbon-based materials for super-
capacitor application, herein we have aimed to prepare,
characterize, and electrochemically analyze the FeNP@MIL-
101(Fe)/CNT composite, to overcome the low conductivity of
FeNP@MIL-101(Fe). The porous nature of MIL-101 provides
a suitable environment for the formation and stabilization of Fe
nanoparticles. The large effective surface area and pore volume
of MIL-101 facilitate the nucleation and growth of Fe
nanoparticles, resulting in the formation of the structure of
the MOF. Here, the coordinatively unsaturated metal sites
existing in MIL-101 act as the nucleation centers in forming
the Fe nanoparticles. In this study, the electrochemical
properties of the FeNP@MIL-101(Fe)/CNT composite
electrode and bare FeNP@MIL-101 (Fe), and the CNT
electrode material have been studied. The FeNP@MIL-
101(Fe)/CNT nanocrystal assembly might bring higher
performances in terms of high SC (1305 F ¢! at A g),
high-rate capability, and excellent cycling stability (capacitance
retention of 95.7% after 10,000 cycles).

B RESULTS AND DISCUSSION

The preparation of the FeNP@MIL-101(Fe)/CNT electrode
material is schematically illustrated in Figure 1. MOFs
represent a relatively new class of porous materials assembled
from two main components: inorganic secondary building
units (SBU) and organic linkers.”” FeNP@MIL-101(Fe) SBU
is composed of a carboxylate-bridged (H,BDC), oxo-centered,
trinuclear Fe** complex, and dimethylformamide (DMF). This
specific SBU complex is a well-known topic in inorganic
chemistry, and its electron density distribution and electro-
chemical properties have been previously reported.*”*” During
the synthesis of FeNP@MIL-101(Fe), H,BDC as an organic
linker, FeCl;-6H,0, and N, N-DMF as a solvent was used. The
chemical reaction occurs using a metal-based precursor and
organic linker, N, N-dimethylformamide (DMF), forming a
self-assembled FeNP@MIL-101(Fe) crystal structure.

Herein, DMF acts as a reducing agent of Fe’* metal centers
to Fe’ DMF plays an important role in MOF synthesis;
thermally decomposing to release a base (dimethylamine) that
can deprotonate the linker, consuming water (a source of O,
and OH ligands found in SBUs) to produce a potential
modulator (formic acid) and also potentially acting as a
structure directing agent.33’3’4 FeNP@MIL-101(Fe) crystals
were incorporated into the CNT wusing a solvothermal
technique. Although the CNT plays a major role in
determining the characteristics of the composite material, the
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Figure 2. (a—d) Transmission electron microscopy (TEM) images. (e—h) High-resolution TEM (HR-TEM) images and lattice fringes. (i—1)
Selected-area electron diffraction (SAED) patterns of MIL-101(Fe), CNT, FeNP@MIL-101(Fe), and FeNP@MIL-101(Fe)/CNT composites.

presence of FeNP@MIL-101 has several effects of further
enhancing its electrochemical performances. First, the insertion
of FeNP@MIL-101 in the CNT matrix provides additional
active sites for electrochemical reactions. The existence of Fe
nanoparticles allows for redox reactions to take place on the
surface, accelerating electron transfer and enhancing the
electrochemical activity of the system. Second, the FeNP@
MIL-101 particles in the CNTs can improve the reaction
stability to the electrode material. The nanoparticle-associated
CNTs offer protection to the Fe nanoparticles, preventing
either agglomeration or detachment of the nanoparticles
during electrochemical reactions. This stability ensures the
long-term performance and durability of the electrode material.

MIL-101 series MOFs have similar zeolite topology but
different surface morphology, density, and pore sizes. Most of
the MIL series materials are composed of Cr(III), Fe(IIl) and
AI(IIT) metal ion clusters. The inorganic building unit of MIL-
101(Fe) is a secondary building unit (SBU) composed of a
carboxylate-bridged (H,BDC), oxo-centered, trinuclear Fe®"
complex and DMF. This specific SBU complex is a well-known
topic in inorganic chemistry.”’ The main difference between
MIL-101(Fe) and MIL-101 is the type of metal centers present
in the metal organic framework. MIL-101 is a type of metal—
organic framework (MOF) that consists of metal oxide clusters
as the inorganic building unit, specifically octahedral {M¢Og}
clusters. These clusters are connected by organic linkers to
form a 3D porous framework structure. MIL-101(Fe) is a
variant of MIL-101 that is specifically constructed using Fe
(11I) ions as the metal ions in the building units. The inorganic
building unit of MIL-101 is [Fe;0(0,C—CsH,—CO,),]. This
unit is connected by organic linkers to form the overall
structure of the MOF. During the synthesis of MIL-101(Fe),
Fe nanoparticles are formed through a process called
“autoreduction”. This process involves the reduction of Fe(III)
to Fe(II) by organic ligands in MIL-101(Fe). As a result,
Fe(Il) ions are released and they cluster together to form Fe
nanoparticles. These nanoparticles are then encapsulated
within the MIL-101(Fe) framework, resulting in the final
product.'!

In the composite structure, carbon nanotubes are used as a
strong anchor, whose surface can be simply altered via carboxyl
functionality, easing the completion of the homogeneous
evolution of FeNP@MIL-101(Fe) and enhancing the con-
ductivity, which can supply a small ionic diffusion impedance.
CNTs can be a current-collecting source to reduce the route
distance of electron collection/transport and the interaction of
CNTs and the FeNP@MIL-101(Fe) MOF. This can also
buffer the massive volume shift of the active sites during long-
term cycling. As the electrode material, the composite of the
FeNP@MIL-101(Fe)/CNT matrix coupled with the CNT, in
which CNTs act as an extremely conductive medium for quick
electron transfer, behaves as a collecting current source.
However, FeNP@MIL-101(Fe) adheres to the surface of
CNTs and cannot control the aggregation of CNTs to deliver
an electrochemically dynamic surface, which significantly
expands the wettability of electrolytes because of the many
functional groups.” Lab-synthesized CNTs are still hydro-
phobic, so to make CNTs hydrophilic, the surface of CNTs
needs functionalization by hydrophilization using nitric acid
during the synthesis of CN'Ts.*>*” The nitric acid used for the
hydrophilization process can reduce impurities on the CNTs
and improve the wettability. In that way, the ions contained in
the electrolyte easily enter the CNT pore and stick to the inner
surface, so that it can increase the capacitance.

Characterization of Materials. The surface morphologies
of MIL-101(Fe), CNT, FeNP@MIL-101(Fe), and FeNP@
MIL-101(Fe)/CNT composites were examined by trans-
mission electron microscopy (TEM), the results of which are
shown in Figure 2a—I. Figure 2a shows the low magnification
of TEM images revealing that MIL-101(Fe) is an octahedral
nanocrystal consisting of an average edge length of ~20—30
nm. The surface of MIL-101(Fe) was smooth and showed
similar morphology to previously reported literature.”® Mean-
while, the morphology of carbon nanotubes with dense tube-
like shapes with a diameter of 0.8 to 1.8 nm is shown in Figure
2b.

Likewise, the FeNP@MIL-101(Fe) crystals had concave
regular octahedron morphology with an average diameter of
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Figure 3. X-ray photoelectron spectra from (a) full survey, (b) C 1s, (c) O 1s, and (d) Fe 2p of the FeNP@MIL-101(Fe)/CNT composite.

100 nm which corresponds with the MOFs matrix. The surface
was smooth and uniformly embedded with Fe particles
encapsulated therein (black in color in Figure 2c) and the
size and morphology did not change, which is consistent with
MIL-101(Fe) nanocrystals. It can be observed that the Fe
decoration of not only the outermost surface of the MOF
particles with a mean size of several hundred nanometers but
also a substantially large portion of their internal pores.
Moreover, the assembly of the FeNP@MIL-101(Fe)/CNT
composite introduces a mixed characteristic of FeNP@MIL-
101(Fe) crystal winding inside the tube-like structure. The
FeNP@MIL-101(Fe)/CNT composite in Figure 2d is clearly
smaller, with a typical size of 10 nm compared to FeNP@MIL-
101(Fe) owing to the strengthening and implantation of CNT.
The high-resolution morphology in Figure 2e reveals that the
lattice fringes of MIL-101(Fe) are 0.22 nm, representing the
(111) plane. Moreover, the crystallinity of CNTs with lattice
fringes is 0.40 nm, which corresponds to the (002) plane, as
shown in Figure 2f. The embedded Fe particles in FeNP@
MIL-101(Fe) indicate high crystallinity with an interplanar
spacing of 0.3 nm corresponding to the (113) planes of Fe
particles (Figure 2g). Figure 2h clearly illustrates the open-
ended features of the CNT and the FeNP@MIL-101(Fe)
crystal encapsulated within these nanotubes. Here, the growth
of the FeNP@MIL-101(Fe) MOF is restricted by the
dimensions of the CNTs, affording a crystal size of 2.2 + 0.2
nm. Additionally, the encapsulated FeNP@MIL-101(Fe)
crystals were uniformly distributed in the CNTs without
severe aggregation. The highly crystalline nature of the FeNP@
MIL-101(Fe) crystal is manifested by the lattice spacing
corresponding to the (111) plane. The morphology was
unaffected, even after encapsulation of the CNTs. MOFs have
a self-assembling process and porous TMOs because of the

24549

oxidation of the metal ions because they consist of metal
centers coordinated with organic linkers. The selected-area
electron diffraction (SAED) pattern confirmed the crystal
configuration of the as-synthesized materials (Figure 2i-1).
The selected-area electron diffraction (SAED) pattern with
Debye—Scherrer rings was observed in the (113), (111), (133)
planes for FeNP@MIL-101(Fe) which shows the highly
crystalline structure (Figure 2k) whereas (113), (111),
(133), and (002) crystal planes of the FeNP@MIL-101(Fe)/
CNT composite (Figure 2I), representing polycrystalline
properties, which matches the X-ray diffraction (XRD)
result.’” The elemental analysis results in comparison between
FeNP@MIL-101(Fe) and FeNP@MIL-101(Fe)/CNT com-
pounds from energy-dispersive X-ray spectra (EDS) are
presented in Figure Slab in the Supporting Information
(SI). These analyses indicate that the main elements C, O, and
Fe were properly and homogeneously spread throughout the
composite (Figure S1b), where C was derived from the CNT
precursor and Fe and O were derived from the MIL-101(Fe)
precursors and organic linkers used to synthesize the
composite. Fe in the particles was mainly in the form of
atoms, and most of the Fe atoms were concentrated on the
confined particles. Results in the EDS also show that the
carbon element (weight percentage) in the case of composite is
much higher than FeNP@MIL-101(Fe) which clearly shows
that the carbon elements are from CNT. Furthermore,
elemental mapping images were used to confirm the metallic
nanoparticles in the FeNP@MIL-101(Fe)/CNT composite as
shown in Figure S2 in SI. The use of elemental mapping
images can provide additional information on the distribution
of elements within the material, which can help confirm the
presence of specific elements and their relative concentration.
Figure S2 in SI shows the elemental mapping images obtained
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from the Fe@MIL-101(Fe)/CNT composite, which can be
used to confirm the distribution of Fe, C, and other elements
in the composite.

The results show that we successfully synthesized a FeNP@
MIL-101(Fe)/CNT composite with a porous assembly and
homogeneous structure. CNT and FeNP@MIL-101(Fe)
synergistically interacted to enhance the electrochemical
characteristics. Also, it is explicitly revealed that FeNPs are
necessary for electrochemical measurements for their con-
tributions in several aspects: The Fe NPs act as conductive
additives, improving the electrical conductivity of the electro-
des. This facilitates the efficient transfer of charges during the
charging and discharging processes. Given that the number of
charges that can be stored in a capacitor is fixed, how fast
charging and discharging can be allowed in the unit time
provides a larger capacitance of the structure by the
mathematical definition of capacitance. The catalytic role of
Fe NPs, particularly concerning redox activities, has an effect of
enhancing the electron transfer kinetics during the redox
reactions within the battery system. It practically helps improve
the overall system stability and charging/discharging rates of
the battery. More specifically, the Fe NPs act as catalysts by
facilitating the redox reactions at the electrode—electrolyte
interface, promoting faster electron transfer and reducing
energy loss during the process. The accelerated redox
reactions, based on the faster charge storage and release
processes, are closely correlated with the obtainment of a larger
capacitance. Also, Fe NPs provide an enlarged effective surface
area, by which a larger number of active sites for ion
adsorption and desorption are formed. The large effective
surface area and unique electronic properties of the Fe NPs
make them effective catalysts in the redox reactions and
eventually lead to improvement in the battery performances.
Recalling the simple relation between area and capacitance, it
is assured that a larger energy storage capacity can be acquired
by the effective area enlarged in a given volume. Fe NPs can
enhance the stability and durability of the electrode material.
Along with the surveyed enhancements in the electrochemical
performances, Fe NPs themselves can play a role as a physical
passivation layer that minimizes electrode corrosion.

In order to analyze the surface chemistry of FeNP@MIL-
101(Fe)/CNT composite, XPS was conducted as shown in
Figure 3a,b.*>*" In the full spectrum of FeNP@MIL-101(Fe)/
CNT composite, peaks representing C, O, and Fe elements
were illustrated in Figure 3a. As shown in Figure 3b, the C 1s
peak can be divided into three peaks at 284.8 285.8, and 288.8
€V which represent the carbon atoms bond (C—C) and carbon
organic linkers (C—O and O—C=O0) of FeNP@MIL-
101(Fe). The O 1s peaks can be convoluted into three
peaks of 531.2, 531.9, and 533.2 eV, which are related to the
oxygen atoms in Fe—O bonds, C—O linkers, and C=0O
linkers, as shown in Figure 3c. For the Fe 2p spectrum, four
peaks were observed among them, and peaks at 711.6 and
724.8 eV were characteristic peaks of Fe 2p;/, and Fe 2p,,,
respectively, proving the existence of F—O bonds in the
FeNP@MIL-101(Fe)/CNT composite as depicted in Figure
3d.

The FT-IR pattern (Figure S3a) of FeNP@MIL-101(Fe)
presented distinct peaks at 752, 1022, 1398, 1580, and 1682
cm™, indicating the C—H bond in benzene.*' Peaks 1398 and
1580 cm™! suggested the existence of a carboxyl (—COO-)
peak. Peak 1682 cm™ originated from C=O bonds of
carboxyl. These peaks indicated the existence of ligand

dicarboxylate linkers in FeNP@MIL-101(Fe). However, in
the case of CNT, the peak at 1600 cm ™" originated from C=C
which is the strong carbon bonding present in the CNT.
Moreover, the aliphatic compounds, sp® hybridized carbon
absorption normally occurs at a wavenumber lower than 3000
cm™!, which is the stretching vibration of the C—H group that
has given rise to the appearance of peaks at the wavenumber
around 2890 cm ™. After the addition of CNT, no evidence of
shifting of the characteristic peak was observed. The XRD
spectra of FeNP@MIL-101(Fe) and FeNP@MIL-101(Fe)/
CNT composite are illustrated in Figure S3b. Reported
literature shows the simulated XRD pattern of MIL-101(Fe)
has characteristic peaks at 260 = 8.4°, 9.7°, 16.4°,**" whereas
our sample FeNP@MIL-101(Fe) has four characteristic peaks
at 20 = 8.4°, 9.7°, 19.7°, and 21.6°, respectively, hence it is
clearly showing Fe particles are encapsulated in the crystal of
MIL-101(Fe). Whereas FeNP@ MIL-101(Fe)/CNT compo-
site contained similar patterns, indicating that the addition of
CNT (25.5° and 42.2°) did not obstruct the generation of the
MIL-101(Fe) crystal. However, the intensities of these peaks
gradually decreased when CNT was added, which may be due
to the partial distortion of the FeNP@MIL-101(Fe) frame-
work and the winding of CNT. Figure S3c shows the Raman
spectra of the CNT and FeNP@MIL-101(Fe)/CNT compo-
site. Typical Raman bands of carbon nanotubes are radial
breathing mode (RBM)," D band, and G band. The RBM
peak appears in the range from 100 to 300 cm™" as shown in
Figure S3c. There were several RBM peaks in the spectrum,
indicating the different distributions of diameters. As a result,
the CNT diameters ranged from 0.8 to 1.8 nm. In particular,
distinct peaks appear at 264.9, and 298.3 cm™" as confirmed by
the diameter corresponding to 1.24 and 0.8 nm of CNTs. The
G band peak around 1590 cm™" is derived from the in-plane
vibration of the six-membered ring carbon structure. Defects
and sp® hybridized carbon atoms give rise to a “D” band
centered at 1345 cm™, the height of which is inversely related
to the nanotube quality. These results show a higher graphitic
degree, which improves the electrical conductivity and
therefore induces charge transfer. In contrast, the spectra of
the FeNP@MIL-101(Fe) crystals correspond to those of the
organic ligands. The peak at 1178 cm™ is attributed to the
C=0 moiety in the carboxylic bond and the C—C bond in the
benzene ring. Additionally, the peak at 861 cm™" is attributed
to vibrations of the H—C bonds and the benzene ring,
indicating that the CNTs were successfully tailored in the
FeNP@MIL-101(Fe)/CNT compounds. The intensity of the
characterization Raman peaks of MOF and CNT can be used
to estimate their respective amounts in the composite as shown
in Figure S3c. The previous difficulty in distinguishing the
FeNP@MIL-101(Fe) from the CNT walls by TEM can be
relieved by these characterization techniques, XRD (Figure
S3b) and Raman spectroscopy (Figure S3c), which were
utilized to confirm the presence of the nanoparticles inside the
CNTs. In the FeNP@MIL-101(Fe)/CNT composite, the
characterization peak for CNT is typically overserved at
around 1580 nm™, while the characterization peaks of FeNP@
MIL-101(Fe) are typically observed at around 800 nm™" and
1625 nm™. To estimate the relative amount of MOF and
CNT, in the composite, the intensities of the characteristic
peaks can be compared. The ratio of the peak heights can be
used to estimate the relative amount of MOF and CNT in the
composite. If the intensity of the Raman peak at 1625 nm™" for
FeNP@MIL-101(Fe) is twice that of Raman peaks at 1580
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Figure 4. Electrochemical characterization: (a—c) cyclic voltammetry curves obtained at different scan speeds (20—100 mV s™') and (d—f)
galvanostatic charge—discharge curves of FeNP@MIL-101(Fe), CNT, and FeNP@MIL-101(Fe)/CNT electrodes at different current densities.

nm™' for CNT then the ratio of MOF to CNT in the
composite would be approximately 2:1. Thus, Raman spec-
troscopy techniques have been used to obtain an estimation of
the amount of MOF present in the composite. Thermogravi-
metric analysis (TGA) was used to determine the stability of
the FeNP@MIL-101(Fe) crystals and FeNP@MIL-101(Fe)/
CNT composites, the results of which are shown in Figure S3d.
FeNP@MIL-101(Fe) crystals have initial weight loss between
50 to 440 °C as a result of moisture evaporating from the pores
and free terephthalates being eliminated (Fe). Then, the large
weight loss in the temperature range of 440 to 750 °C, is due
to the breakdown of interconnected organic ligands. Finally,
the framework collapses at about 800 °C. In comparison to
pure FeNP@MIL-101(Fe), the FeNP@MIL-101(Fe)/CNT
composite generally demonstrated the same thermal deterio-
ration mechanism (Fe). Owing to the presence of CNT,
FeNP@MIL-101(Fe)/CNT did, however, exhibit a minor
weight loss at temperatures around 750 °C.**

Figure S4 illustrates the surface area of FeNP@MIL-
101(Fe), CNT, and FeNP@MIL-101(Fe)/CNT composites
measured by using the BET method. The FeNP@MIL-
101(Fe) crystal exhibits high nitrogen-saturated adsorption,
presenting a type-I adsorption—desorption isotherm. They
typically possess a microporous assembly. The adsorption—
desorption characteristics changed after encapsulation, and the
FeNP@MIL-101(Fe)/CNT composite exhibited a typical
type-IV adsorption—desorption isotherm that displayed a
mesoporous structure 3% Reported MIL-101(Fe) at ambient
conditions is approximately adsorbed 2.15 cm?/g of N, and
our sample shows the N, adsorbing capacity at 0.6 cm®/g as
shown in Figure S4,45’46 which shows iron incorporated, thus
altering porosity. MIL-101(Fe) is less mesoporous, hence to
increase its porosity and surface, CNT was used. In
comparison to FeNP@MIL-101(Fe) (76.7 m* g~') and
CNTs (287.5 m* g7'), the surface area of the FeNP@MIL-

101(Fe)/CNT composite is extremely high (1488.580 m?
g™'), as shown in Figure S4 with the legends (i—iii). The
incorporation of CNT into the composite material and
FeNP@MIL-101(Fe) structure, which reduced the number
of pores per unit mass, contributed to the increase in the
surface area. Additionally, the presence of CNT makes it
simple for organic ligands to interact with Fe®" ions, and
substantially increases the surface area of FeNP@MIL-
101(Fe)/CNT composites.

B ELECTROCHEMICAL PERFORMANCE

Cyclic voltammetry (CV) and galvanostatic charge—discharge
(GCD) were employed to measure the supercapacitor
characteristics of FeNP@MIL-101(Fe), CNT, and FeNP@
MIL-101(Fe)/CNT composite electrodes, in 1-M KOH
solution. For the electrodes, the prepared Nickel form was
used as a substrate and was applied for a binder-free electrode
for the supercapacitors. All of the electrochemical properties
were measured in the two-electrode cell using a 1-M KOH
aqueous electrolyte medium. Although KOH is not the only
aqueous electrolyte solution that can be prepared for the
experimental evaluation, it is widely accepted as one of the
most appropriate platforms for supercapacitor operations
owing to its cost-effectiveness, high conductivity, relatively
wide operating voltage window, and higher energy density.
Also, instead of using an arbitrary concentration of KOH, 1-M
KOH was used to make it easier to quantify a series of
performance indices in a normalized manner. While using
nickel form, KOH is used as an electrolyte because of its great
ionic conductivity and great mobility of the OH™ anion in
H,O, for one of the reasons addressed above.

Figure 4a—c presents the CV curves of the FeNP@MIL-
101(Fe), CNT, and FeNP@MIL-101(Fe)/CNT composite
electrodes, measured at multiple scan speeds ranging from 20
to 100 mV s™" and the potential window ranging from —0.1 to
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+0.6 V. For more details, CV characteristics of CNT remained
ideal and rectangular in shape even at a higher scan speed of
100 mV/s, demonstrating CNT electrodes show double-layer
capacitor performance and serve as good current collectors to
provide conductive paths. However, the FeNP@MIL-101(Fe)
and FeNP@MIL-101(Fe)/CNT composites have redox peaks
that correspond to the surface redox reaction between Fe’* and
Fe’* indicating its faradic behavior for the charge storage
mechanism. Moreover, the CV curve of the FeNP@MIL-
101(Fe)/CNT composite shows peak current is higher than
the FeNP@MIL-101(Fe) and CNT electrodes. It is evident
that the charge storage behavior of FeNP@MIL-101(Fe)/
CNT composite results from the synergistic effects between
the two components and the increased surface area of the
composite provides more accessible sites for the intercalation
and/or absorption of electrons and ions in the electrolytes. An
increase in scan speed resulted in a significant decrease in
charge transfer resistance between OH™ and the electrode;
cathodic and anodic peaks shifted in the negative and positive
directions. The peak current increased suggesting a rapid redox
reaction, especially anions diffusion and charge transfer of the
composite. The FeNP@MIL-101(Fe) has the valency Fe (I1I),
and Fe (III) transforms to Fe (II) in the KOH medium.
Therefore, it can store the charge as follows:

Fe(IlI) + OH™ = Fe(II)

From the CV measurement of FeNP@MIL-101(Fe)/CNT,
the faradaic reaction on the Fe’* sites may take place as
follows:

MIL — FeOOH + H,0 + ¢~ < MIL — Fe(OH), + OH

MIL — Fe’* + OH™ 4+ ¢~ < OH™ — (MIL — Fe**)

Figure SS shows that the FeNP@MIL-101(Fe)/CNT
electrodes are responsible for their remarkable performance
of supercapacitors because of the following: (1) the chemical
stability of CNT, which can help as stable support and provide
an active site for FENP@MIL-101(Fe). (2) The mesoporous
structure of FeNP@MIL-101(Fe)/CNT composite ensures to
provide sufficient interaction with the electrodes and the
electrolyte which improves the performance of the super-
capacitors. (3) It can be seen that the redox peak has occurred
and shows faradic behavior due to the standard reduction of Fe
ions in an aqueous medium along with the redox reaction of
Fe’* to Fe?* which is the reaction of active materials.”’ >’
GCD curves at different current densities (1-10 A g™') are
shown in Figure 4d—f to determine the charge capacity of the
electrode materials FeNP@MIL-101(Fe), CNT, and FeNP@
MIL-101(Fe)/CNT. The good reversible and capacity
performance of the CNT electrode is indicated by the
straight-line and triangular forms of the charge—discharge
characteristics. Based on the CV curves, the charge—discharge
curves of the FeNP@MIL-101(Fe) and FeNP@MIL-101(Fe)/
CNT electrodes displayed well-marked voltage plateaus, which
suggests the nature of the redox reaction within the electrode
and electrolyte.”" The charge—discharge period of the FeNP@
MIL-101(Fe)/CNT composite was longer than those of the
CNT and FeNP@MIL-101(Fe) electrodes, indicating the high
SC. One possible reason for the high capacitance is that a large
effective surface area works in favor of ion and electron transfer
in the anode and cathode. Another important reason is the fast
ion-electron transfer in the FeNP@MIL-101 (Fe)/CNT

composite. SC,** as obtained from the discharge curve, is
based on eq 1.

C = IAt/mAV (1)

where C is the measured SC, I is the discharge current, At is
the discharge time, m is the active mass, and AV is the
potential change in the discharge.

The energy and power densities were further calculated from
the following equations: The energy density of a super-
capacitor is the amount of energy per mass that can be
obtained from a charged supercapacitor in units of Wh/kg.
The higher the energy density becomes, the longer electrical
power can be supplied for the same mass.

e s

E= o )

Here, E is energy density, V is the rated voltage in volts, C is
the actual measured capacitance in farads, and m is the mass of
the electrode.

The power density of a supercapacitor is the maximum
electrical power per unit mass that can be obtained from a
charged supercapacitor in units of W/kg. It is normally
calculated from the internal resistance and rated voltage. The
higher the power density becomes, the larger the instantaneous
current can be efliciently obtained.

_1v
T 2RXm 3)

P is power density, V is the rated voltage in the unit of volts,
R is the actual measured internal resistance in the unit of ohms,
and m is the mass of the electrode.

EDLC behavior refers to the energy storage mechanism
based on electrostatic charge separation at the interface
between the electrode and the electrolyte. In this mechanism,
the electric double layers are formed at the electrode—
electrolyte interface, where the charge is stored through the ion
adsorption and desorption processes. This mechanism
provides fast charging and discharging capabilities with a
high power density. The faradic redox reaction involves the
reversible transfer of electrons between the electrodes and the
redox-active species in the electrolyte. In this mechanism, the
redox-active species undergoes a chemical reaction, resulting in
the storage of charge. This mechanism allows a higher energy
density compared to the EDLC behavior but usually shows
slower kinetics. In this sense, the FeNP@MIL-101(Fe)/CNT
composite combines EDLC behavior and a faradic redox
reaction, and achieves a synergistic effect in storing energy.
The FeNP embedded in the MIL-101(Fe) MOF provides
redox-active sites for the faradic redox reaction. The CNT
framework serves as a conductive network, facilitating electron
transport and enhancing the overall conductivity of the
composite. The synergistic effects arise from the combination
of these mechanisms. The EDLC behavior provides rapid
charge and discharge rates (faster kinetics), contributing to the
high power density of the composite. At the same time, the
faradic redox reaction involving the FeNP enables a higher
energy density and improves the overall energy storage
capacity. The presence of FeNP@MIL-101(Fe) and CNT in
the composite enhances the electrochemical performance by
increasing the effective active surface area, promoting electron
transfer, and improving the stability of the electrode material.
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The mass of both electrodes in the supercapacitor cell was
used for calculating the current density and SC values. The
mass loading of the FeNP@MIL-101(Fe)/CNT composite has
been calculated at around 4.0 mg for a 1-cm? electrode area.
The SC of FeNP@MIL-101(Fe), CNT, and FeNP@MIL-
101(Fe)/CNT electrodes at different current densities of 1, 2,
4, 8, and 10 A g_l are depicted in Figure Sa. At a current
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Figure S. Energy storage characterization of the composite-based
device. (a) Specific capacitance measurement and (b) electrochemical
impedance spectroscopy results: (i) FeNP@MIL-101(Fe), (ii) CNT,
and (iii) FeNP@MIL-101(Fe)/CNT electrodes.

density of 1 A g™', the FeNP@MIL-101(Fe)/CNT electrode
has an SC of 1305.72 F g™, higher than those of the FeNP@
MIL-101(Fe) electrode (30042 F g™') and CNT (178.5 F
g™"). Therefore, the integration of the CNT could improve the
SC of the composite electrode. The low activation energy of
electron transport among the cations may be the reason for the
capacitive performance. As the current density increased from
1 to 10 A g7/, the capacitance of the FeNP@MIL-101(Fe)/
CNT electrode decreased from 1305.72 to 93541 F g_l, as
shown in Figure 5a. Additionally, at high current densities, the
active material has limited reaction time, which results in a
decrease in SC. In contrast, FeNP@MIL-101(Fe)/CNT
obtained a higher SC than that of the FeNP@MIL-101(Fe)
electrode (300.42—182.24 F g7!, Figure Sa) and the CNT
electrode (178.5-88 F g~', Figure Sa) at a given current
density. This is because the active material and electrolyte
gradually penetrate the internal area of the electrode, where
they activate additional sites and produce an excellent
electrochemical performance.”® The conductivities of the

materials making up the battery structure, such as electrolytes
and electrodes, play a crucial role in determining the efficiency
and overall performance. For measuring them, electrochemical
impedance spectroscopy (EIS) was adopted in this work,
which is a widely used technique to assess the conductivities of
these materials. By measuring and optimizing the conductiv-
ities in the individual components, energy storage capabilities,
charge/discharge rates, and overall efficiency can be sub-
stantially improved. Figure Sb shows the Nyquist plot of
FeNP@MIL-101(Fe), CNT, and FeNP@MIL-101(Fe)/CNT
electrodes in 1-M KOH. Each impedance spectrum has a
semicircle arc and a straight line. The high-frequency arc
corresponds to the charge transfer limiting process and results
from the double-layer capacitance (Cg) in parallel with the
charge transfer resistance (R,,) at the contact interface between
the electrode and the electrolyte solution. R, can be directly
measured as the semicircle arc diameter. The values of R, for
FeNP@MIL-101(Fe), CNT, and FeNP@MIL-101(Fe)/CNT
electrodes are 6.3, 1.8, and 0.7 Q, respectively, indicating that
the incorporation of CNT improves the charge transfer
performance of the FeNP@MIL-101(Fe)/CNT composite
electrode. The equivalent series resistance (ESR) can be
obtained from the X-intercept of the Nyquist plot, which
determines the rate at which the supercapacitors can be
charged/discharged. The ESR values shown in Figure Sb are
6.3 Q for the FeNP@MIL-101(Fe) electrode, 1.8 Q for the
CNT electrode, and 0.7 Q for the FeNP@MIL-101(Fe)/CNT
composite electrode, respectively, which demonstrates that the
addition of CNT modifies the conductivity of the composite.
In addition, at low frequencies, the impedance plot should
theoretically be a vertical line, which is parallel to the imaginary
axis. In fact, the low-frequency straight line always departs from
that expected with a slope angle close to 90° due to the
existence of a “constant phase element”. The straight lines
close to 90° indicate a pure capacitive behavior and low
diffusion resistance of ions in the structure of the electrodes.
The more vertical the curve is, the more closely the
supercapacitors behave as an ideal capacitor.””** The filled
CNTs in the composite electrode provide good conductive
paths and reduce the charge-transfer resistance, and all of these
contribute to the improved electrochemical performance of the
FeNP@MIL-101(Fe)/CNT composite.
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Figure 6. Performance of the FeNP@MIL-101(Fe)/CNT composite electrode material supercapacitor. (a) Ragone plot of the symmetric device
showing the energy and power densities of the (i) FeNP@MIL-101(Fe)/CNT composite and (ii) FeNP@MIL-101(Fe) electrode. The
performance is compared against previous reports (symbols with reference numbers). The inset shows a photograph of lit-up LEDs powered by a
supercapacitor device with a FeNP@MIL-101(Fe)/CNT composite electrode. (b) Cyclic stability analysis of (i) FeNP@MIL-101(Fe)/CNT
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Figure 6a (legends i—ii) shows the Ragone plot of electrode
materials for the supercapacitor device, and it is a very
convenient way to show the energy density and power density.
Based on eqs 2 and 3, the energy density (E) and power
density (P) of the supercapacitors were evaluated. Figure 6a
shows a Ragone plot of the energy and power densities of the
FeNP@MIL-101(Fe)/CNT electrode. The energy density of a
prepared supercapacitor is the amount of energy per unit of
mass that can be achieved from a charged device, and it can be
measured in Wh kg™'. The higher the energy density, the
longer electrical power can be supplied for the same mass (kg).
To examine the power density of the prepared supercapacitor
is the maximum electrical power that can be obtained from the
charged device per unit of mass, and it is measured in W kg™".
It is normally calculated from the internal resistance and the
rated voltage. The higher the power density, the larger the
instantaneous current that can be efliciently obtained. The
FeNP@MIL-101(Fe)/CNT device displayed an excellent
energy density of 9000 Wh kg™' and power density of 98.65
W kg™! at a constant current density of 1 A g~' which are
higher than those of the CNT electrode; Figure 6a. The power
and energy densities have been enhanced due to its composite
structure. CNT has high electric conductivity, and FeNP@
MIL-101(Fe) has rapid access of ions to redox sites. In this
manner, these composite materials represent an attractive class
since they feature a large number of active sites and can
spontaneously be intercalated by ions and electrons and
therefore fill the active sites with ions the right way but to be
fast and scalable. These electrochemical performances are
better than those of carbonized MOF and biocarbon.””>> The
electrochemical performances of the symmetric devices,
including their SC, energy, and power, are compared in
Table S1 in SI. Currently, energy density development is
achieved by increasing the SC of electrodes with pseudocapa-
citive materials.”> A two-electrode system was used to evaluate
the capacitive performance of the supercapacitors. The positive
and negative electrodes of the symmetric supercapacitor were
made of FeNP@MIL-101(Fe)/CNT composite electrodes.
The device depicted in a digital image in the inset is 1-M KOH
as the electrolyte and separator, and two FeNP@MIL-
101(Fe)/CNT composite electrode coatings are posted
together. Afterward, the electrode was charged by connecting
it to a potentiostat. Light-emitting diode (LED) bulbs were lit
by using symmetric devices assembled in sequence to
demonstrate the practical application of supercapacitors. As
shown in Figure 6a, the inset LEDs could stay lit for more than
14 min. Furthermore, cyclic stability is a significant factor in
electrochemical performance analysis. The cyclic stabilities of
the FeNP@MIL-101(Fe), CNT, and FeNP@MIL-101(Ee)/
CNT electrodes were examined by constant charge—discharge
cycling at a current density of 1 A g~' for 10,000 cycles. Figure
6b shows the capacitance retentions of the FeNP@MIL-
101(Fe)/CNT composite (95%), CNT (43%), and FeNP@
MIL-101(Fe) (56%). The excellent stability of the FeNP@
MIL-101(Fe)/CNT electrode originates from the porous
assembly, which could improve the lattice sites and volume
extension. The minor variation in SC could be attributed to the
limited active material shedding from the electrode.”® The
remarkable performance of FeNP@MIL-101(Fe)/CNT is due
to the synergistic outcome of its structure, phase alignment,
porous structure, and intrinsic resistance. Consequently, the
applications of FeNP@MIL-101(Fe)/CNT as a supercapacitor
electrode material can be extremely broad. The nanopores of

the active materials can increase the wettability of electrolyte/
electrode materials, increase the number of dynamic sites of
the electrode, and migrate its volume expansion. It also
increases the speed of the moving charge and the capacity of
the supercharger. In addition, the large surface area of the
FeNP@MIL-101(Fe)/CNT composite can produce extra
active sites and adsorption/desorption exteriors for the
electrolyte, thereby enhancing the electrochemical perform-
ance of supercapacitors.

B CONCLUSIONS

A unique FeNP@MIL-101(Fe)/CNT composite with a large
surface area and suitable channel conductivity for ion transport
was used for an electrode materialwith a conductive CNT by
facile self-assembly methods. A large effective surface area and
suitably high channel conductivity for ion transport have been
achieved by making up an electrode material based on a CNT
matrix through the self-assembly method. The encapsulation of
the FeNP@MIL-101(Fe) crystal on the CNT surfaces, along
with its redox-active metal centers, induced pseudocapacitance,
enhancing the specific capacitance value. Prominently
enhanced cycling stability, effective capacitance, and rapid
charge/discharge capability have been demonstrated by the
novel electrode with FeNP@MIL-101(Fe)/CNT nanocompo-
sites. The nanocomposite electrode exhibited plausible
capacitance retention of 95% after 10,000 cycles, with a
calculated gravimetric specific capacitance of 1305 F g™ at a
current density of 1 A g7/, revealing an extended cycling life.
The symmetric supercapacitor device showed high energy and
power density values of 9000 Wh kg™' and 98.65 W kg,
respectively, highlighting its versatility for various applications.

B EXPERIMENTAL SECTION

Materials. Graphite (99.995+% purity) potassium chlorate,
(KClO;), nitric acid (HNO;), and sulfuric acid (H,SO,) from
Sigma-Aldrich, benzene-1,4-dicarboxylic acid (H,BDC), N,N-
dimethylformamide (DMF), polyvinylpyrrolidone (PVP), and
ferric chloride hexahydrate (FeCl;-6H,0) were purchased
from Sinopharm. We used analytical-grade chemical reagents
and deionized water for the preparation of aqueous solutions.

Synthesis of Pure Carbon Nanotubes (CNTs). Graphite,
potassium chlorate (KClOj;), sulfuric acid (H,SO,), and nitric
acid (HNO;) were our beginning materials. Initially, 5.0 g of
graphite powder was slowly added to fuming nitric acid
(HNO,-25 mL) and sulfuric acid (H,SO,-S0 mL) for 30 min.
After that, we took an ice bath to cool down the mixture. In the
ice bath, the solution was cooled down to S °C, and 25.0 g of
potassium chlorate was added slowly while stirring for 30 min.
We took extra precautions at this stage because adding
potassium chlorate to the mixture generated a lot of heat. The
mixture was heated up to 70 °C for 24 h and then kept in
ambient conditions for 3 days. However, some reacting
carbons were floating, and the majority of the graphite
precipitated to the bottom. Instantly, the floating carbon was
poured into 1 L of DI water and stirred for 1 h. After stirring,
the solution was immediately filtered and dried. The preceding
processes were then carried out four more times. The
Staudenmaier approach used to generate graphite oxide and
the previouslly described method used to prepare CNT are
comparable.”*>***7 Then, floating graphite was filtered and
interacted with potassium chlorate, in contrast to the
Staudenmaier procedure that filters all graphite granules.
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Synthesis of the FeNP@MIL-101(Fe) Nanocrystal. For
the synthesis of porous metal—organic framework material
FeNP@MIL-101(Fe), a straightforward solvothermal techni-
que was used.”” The synthesis approach was to combine 2.026
g FeCL,6H,0 (7.5 mmol), and 0.622 ¢ H,BDC (4.02 mmol),
to 50 mL of DMF. After that, the mixture was ultrasonically
treated for 15 min. This DMF mixture was further transferred
to a Teflon-lined autoclave and heated at 120 °C for 24 h.
After cooling to room temperature, the precipitate was
collected and washed with water and ethanol several times.
Finally, the obtained material was dried at 60 °C under
vacuum for 24 h.

Synthesis of the FeNP@MIL-101/CNT Composite. In
brief, 25.2 mg of FeCl;6H,0 and 27.2 mg of CNT were mixed
in 20 mL of DMF followed by ultrasonication for 40 min.
Afterward, 8.2 mg of H,BDC and 10 mL of DMF were added
drop-wisely to the solution. Subsequently, the mixture was
moved to a Teflon-lined autoclave and heated at 120 °C for 24
h. After applying the solvothermal process, the resultant
mixture was washed several times with DMF and ethanol. And
then, resultant materials were vacuum-dried overnight at 60
°C.

Instruments for Characterization. Using JEM-2100F
equipment, transmission electron microscopy (TEM) was
conducted (Jeol, Tokyo, Japan). X-ray diffractometer (D/max-
2600PC; Rigaku, Tokyo, Japan) has been applied to acquire X-
ray diffraction (XRD) patterns. A Fourier-transform infrared
spectrometer (FTIR) was used to identify the functional
groups of the synthesized material (Band 100; PerkinElmer,
Waltham, MA, USA). An X-ray photoelectron spectrometer
was used to conduct X-ray photoelectron spectroscopy (XPS)
(K-alpha; Thermo Fisher Scientificc MA, USA). A CHI760E
potentiostat was used to conduct the electrochemical measure-
ments.
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