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Abstract
A NiCo-metal organic framework (MOF) electrode, prepared using urea as a surfactant, was synthesized using a one-pot hy-
drothermal method. The addition of urea to the NiCo-MOF creates interstitial voids and an ultra-thin nanostructure in the
NiCo-MOF, which improves its charge transfer performance. We obtained the optimal metal to surfactant ratio to achieve
the best specific capacitance. The NiCo-MOF was employed as the working electrode material in a three-electrode system.
Field emission scanning electron microscopy, X-ray diffraction, and Fourier-transform infrared spectroscopy were employed
to characterize the microstructures and morphologies of the composites. Cyclic voltammetry, galvanostatic charge-discharge,
and electrochemical impedance spectroscopy curves were employed to quantify the electrochemical properties of the electrodes

in a 6 M KOH electrolyte.
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1. Introduction

Owing to continuously increasing environmental challenges and vol-
atility in the energy markets[1], many groups worldwide have focused
on the development of novel energy storage systems. The development
of renewable energy sources coupled with sustainable energy storage
has become an important research topic[2,3]. Batteries and super-
capacitors have received the most attention among the various mecha-
nisms of energy storage[4]. Batteries offer a favorable energy density
but possess a relatively low power density and are limited by their
short lifecycle. In contrast, supercapacitors provide good power density
but low energy density. Two main approaches have been developed to
balance the power and energy density factors. The first is asymmetric
cell design, which consists of a battery and capacitor electrode. A typi-
cal example would be Li-ion capacitors. The second approach is the
development of electrodes that possess the dual characteristics of high
power and energy density. A typical example is a two-component elec-
trode-based supercapacitor[5,6]. There are two types of supercapacitors:
electric double-layer capacitors (EDLCs) and pseudocapacitors. EDLCs
utilize activated carbon, graphene, and carbon nanotubes (CNTs),
which are porous carbon materials with high surface areas that accu-
mulate charges at the electrode/electrolyte interface based on an elec-
tric double layer mechanism. Conversely, pseudocapacitors store elec-

tric charges through a rapid, reversible redox reaction between the
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electrode and electrolyte; the constituent materials are primarily metal
compounds and polymer ion gel electrolytes[7,8]. Pseudocapacitors are
capable of much higher charge storage than EDLCs owing to near-sur-
face redox reactions[8].

Metal organic frameworks (MOFs) with high surface areas and ex-
cellent pore sizes are among the most suitable electrode materials for
supercapacitors[9,10]. They are used as active materials or sacrificial
templates for supercapacitors because their highly porous metal organic
cages provide sufficient redox sites and enhance ion diffusion[11].
MOFs are porous materials consisting of three-dimensional structures
based on coordination with organic ligands around metal clusters[12].
Compared with other nanomaterials, MOFs possess a large specific
surface area, while their constituent elements can be easily tuned to de-
sign pores with specific physical, chemical, and electrical function-
ality[13].

By synthesizing electrodes using an MOF, we can compensate for
the shortcomings of slurries by growing the material directly on the
electrode. For example, in the case of powdery materials, a conductive
agent and a polymer binder are required to manufacture the super-
capacitor electrode. This increases the contact resistance of the elec-
trode; however, it also lowers its overall energy storage capacity and
performance given that the active site is buried and mass transport is
suppressed[14]. In addition, these nanomaterials in powder form can
easily peel off from the substrate during long-term measurements, re-
sulting in poor durability. Hence, the electrode in powder form may
possess limited applicability in terms of improving the electrochemical
performance[15].

The use of organic binders in electrode fabrication can result in bur-

ial of active sites and suppression of mass transport, which may under-
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Figure 1. Process for preparation of MOF-based composite electrode[31,32].

mine electrochemical performance enhancements. In addition, the lim-
ited contact area between the nanostructure material and the substrate
can lead to low mass loading and high contact resistance[10].

Therefore, a more effective method is to form binder-free electrodes
with a 3D interconnected network of materials by growing them di-
rectly on a conductive substrate; this will efficiently transport electrons
and ions during redox reactions[16,17]. Nickel foam (NF), as a con-
ductive substrate, possesses a desirable 3D macroporous structure, high
specific surface area, and favorable physical strength, making it a
promising substrate for MOF-based supercapacitors[18].

In situ growth is characterized by the following advantages: First, no
organic binders or conductive agents are required, which greatly sim-
plifies the preparation process. Second, in situ growth in a vertical ar-
rangement can uniformly disperse the active nanomaterials, providing
sufficient surface area for electrochemical reactions. Third, the vertical
arrangement in which the active material and the conductive substrate
are in close contact provides a short ion diffusion path while ensuring
low contact resistance and high electron conduction. Therefore, these
advantages are advantageous for improving the electrochemical proper-
ties of vertical standing arrays for supercapacitors due to direct growth
on the substrate[15].

In supercapacitors, the electrode material is the key component de-
termining the electrochemical performance and safety of the fabricated
device. Various transition metals such as Ni, Co, Mn, and Ru have
been proposed as high energy density materials for supercapacitor ap-
plications given their high capacity, excellent electrical conductivity,
and robust properties[19]. Bimetals possess a high energy power den-
sity, support surface reversible redox reactions, and are relatively safe,
making them favored candidates for supercapacitor applications[20,21].
In particular, nickel materials possess a very high theoretical capacity,
though there is a need to improve their cycle safety. Nickel cobalt bi-
metal has received considerable attention as an electrode material for
energy storage applications owing to its promotion of synergistic ef-
fects[21]. As bimetal electrodes, Ni and Co are adjacent elements in
the periodic table and possess comparable atomic radical and chemical
valence states. The components of the resulting material can be synthe-
sized by controlling the initial ratio of Ni** to Co®" ions[22,23].

In this study, we report the synthesis of a vertical-standing array
nickel-cobalt-based MOF by introducing urea as a surfactant to modify
the nanostructure. Surfactants possess many unique solvent properties,
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such as negligible vapor pressure, high thermal stability, and increased
solubility of the metal ions and organic ligands[24]. They also play a
vital role in the efficient control of the size and shape of the targeted
MOF nanocrystals[25].

Based on the aforementioned analysis, a bimetallic MOF was syn-
thesized via a hydrothermal route through the determination of the op-
timal Ni to Co ratio. To improve the electrochemical performance, urea
was introduced to the NiCo-MOF electrode material. According to the
scanning electron microscopy (SEM), X-ray diffraction (XRD), and
Fourier-transform infrared spectroscopy (FT-IR) analyses, the morpho-
logical shape and structure of the material varied as a function of the
urea concentration.

The obtained material was directly grown on nickel foam by an in
situ synthesis method and utilized as a binder-free electrode. The syn-
ergistic effect of Ni and Co combined with the addition of urea facili-
tated a distinct capacitive redox reaction and a high specific capacity
of 838 F/g at 2 A/g. The developed material was demonstrated as be-
ing a suitable electrode for capacitors as it improved their electro-

chemical performance.

2. Experimental section

2.1. Materials

Nickel nitrate hexahydrate (Ni(NO;), * 6H,O, =97.0%, Dacjung),
cobalt nitrate hexahydrate [Co(NOs), * 6H,0O, =98.0%, Sigma-Aldrich],
terephthalic acid (CsHeOs, =97.0%, Daejung), and urea (NH,CONH,,
=>99.0%, Yakuri Pure Chemicals) were used as received without fur-
ther purification. N,N-dimethylformamide (DMF, =99.8%) was pur-
chased from Alfa Aesar, and hydrochloric acid (HCl, =35%, Daejung)
was used without further purification. Anhydrous ethyl alcohol
(C,HsOH, =99.9%, Daejung) and potassium hydroxide (KOH, =85%,
Sigma-Aldrich) were used as received without further purification.

2.2. Synthesis of NiCo-MOF

Consistent with the standard procedure, a fragment of Ni foam (2
x 5 cm) was cleaned and etched with 6M HCI for 5 min to remove
the oxide layer on the surface. It was then washed by successive soni-
cation with deionized water and absolute ethanol for several minutes,
and subsequently dried in a vacuum for standby application.

NiCo-MOF composites were synthesized via a simple hydrothermal
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route. For example, using a 1:1 ratio of nickel to cobalt, 0.62 mmol
of Ni(NO3),.6(H,0), 0.62 mmol of Co(NO;),.6(H,0), and 1.265 mmol
of terephthalic acid were mixed in 50 mL DMF under vigorous mag-
netic stirring for 15 min and transferred to a 120 mL Teflon-lined
stainless-steel autoclave containing the cleaned nickel foam sheet.
The autoclave was then sealed and heated to 130°C for 10 h. After
cooling to room temperature, the samples were washed under soni-
cation in DMF, ethanol, and distilled water and dried at 50 °C for 8 h.
Various nickel-to-cobalt ratios (1:1, 1:2, 2:1, 2:3) were prepared by
varying the amounts of nickel and cobalt salts, maintaining the total
concentration of all transition metal salts at 1.24 mmol.

2.3. Synthesis of Urea-NiCo-MOF composite

The urea-NiCo-MOF composites were also synthesized via a simple
hydrothermal route. 0.41 mmol of Ni(NO;),.6(H>0O), 0.83 mmol of
Co(NO3),.6(H,0) and 1.265 mmol of terephthalic acid were combined
in 40 ml of DMF under vigorous magnetic stirring for 10 min. Various
amounts (1 mmol, 2 mmol, 4 mmol, 8 mmol) of urea were added to
10 ml distilled water and stirred for 5 min.

The sample nomenclature corresponded to the amount of urea:
1U-NiCo-MOF (urea 1 mmol); 2U-NiCo-MOF (urea 2 mmol);
4U-NiCo-MOF (urea 4 mmol); 8U-NiCo-MOF (urea 8 mmol). The two
solutions were mixed, and the mixture was vigorously stirred for 15
min. The reaction conditions of U-NiCo-MOF were the same as those
of NiCo-MOF.

2.4. Electrochemical measurement

The NiCo-MOF and urea-NiCo-MOF electrodes were grown on (in
situ) nickel foam (1 x 1 cm) as a current collector. A saturated calomel
electrode (SCE) and a Pt wire were used as the reference and counter
electrodes, respectively. The measurements were performed in 6 M
aqueous KOH electrolyte. Cyclic voltammograms (CV) were acquired
at —0.3 to 0.6 V at different scan rates. Galvanostatic charge-dis-
charge (GCD) curves were obtained in the potential range of 0 to 0.45
V at various current densities. The electrochemical impedance spectro-
scopy (EIS) of the material was performed in the frequency range of
0.1 Hz to 100 kHz.

2.5. Characterization

To investigate the microstructure of the composite, X-ray diffraction
(XRD, X-Ray Diffractometer(XRD) XRD-Xpert3) patterns were ac-
quired with Cu-K e radiation in the 26 range 5~80°, whereas
Fourier-transform infrared (FT-IR, Perkin Elmer Spectrum GX) spectro-
scopic analysis was performed in the wavelength range 600~4000 cm™.
We also analyzed the morphology and microstructure of the composites
via field-emission scanning electron microscopy (FE-SEM, SUPRA2S5)
and energy-dispersive X-ray spectroscopy (EDS, X-max 80 mm?).

3. Results and discussion

3.1. Materials characterization

In Figure 2(1), FT-IR spectra were obtained to confirm the specific
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Figure 2. (1) FT-IR spectra of (a) NiCo-MOF; (b) 2U-NiCo-MOF
(2) XRD patterns of (a) NiCo-MOF, (b) 1U-NiCo-MOF, (c) 2U-NiCo-
MOF, (d) 4U-NiCo-MOF, and (e) 8U-NiCo-MOF.

chemical bond of the NiCo and U-NiCo MOFs. Peaks at 1404 and
1250 cm in two vibrational bonds were identified for each material
and assigned to the symmetric and asymmetric vibrations of the car-
boxyl bond, respectively[24]. This absorption bond differs from that of
the C=0 straight bond given that the weak C=O breaks from the car-
boxyl group of terephthalic acid to form the COO-Co frameworks.

Appl. Chem. Eng., Vol. 33, No. 5, 2022
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Broad bonds (3600~3000 cm™) contribute to the OH linear vibration,
which forms hydrogen bonds in the structure[26].

Therefore, the bonding of Ni,Co metals and terephthalic acid
(ligand) organics to form NiCo-MOF was confirmed as three repre-
sentative distinct peaks at 1500 and 1300 cm™ and 3600-3000 cm.
The IR peak of NiCo-MOF with urea and that of NiCo-MOF without
urea were identical. So, urea only acts as a surfactant and does not af-
fect bonding[31].

From Figure 2(2), the peak value at 26 indicates a nick-
el-cobalt-based MOF or a Petal-like layered MOF to which
U-NiCo-MOF are assigned[27,28].

NiCo-MOF exhibits three main peaks at 8.8°, 16°, and 18.2°, which
are indexed to the (200), (001), and (201) planes, respectively; they are
characteristic of ultrathin NiCo-MOF nanosheets synthesized with BDC
ligands[29,30]

The addition of urea to the NiCo-MOF synthesis process resulted in
a relatively low peak at 8.9°; the peak intensity of U-NiCo-MOF at a
20 value of 8.9° was relatively high compared to other NiCo-MOF
peaks[31,32].

The XRD peak of NiCo-MOF with urea and that of NiC-MOF with-
out urea were identical. Therefore, it is inferred that urea will not af-
fect the structure when bound to MOFs. These peaks are in good
agreement with those of previously reported literature studies[32].
These results demonstrate that the addition of urea was successfully
synthesized along the surface of MOFs without damaging the crystal
structure of NiCo-MOF.

SEM images of the NiCo-MOF materials with different nickel and
cobalt metal concentrations are shown in Figure 3.

The thickness of the MOF for each ratio is as follows: (a) 31 nm;
(b) 26 nm; (¢) 33 nm; (d) 36 nm. Fine NiCo-MOF crystals of less than
2 um were shown as possessing a petal-like appearance. Following the
hydrothermal synthesis reaction, a NiCo-MOF with a relatively smooth
surface was formed. In the case of this ratio, this difference in shape
is reflected in the electrochemical performance of the corresponding
electrode. It can be seen in Figure 3 (a) that vertical-standing arrays
of MOF nanostructures were generated at the Ni:Co = 1:1 ratio. As
shown in the SEM image of Ni:Co = 1:2 [Figure 3(b)], it was con-
firmed that this ratio is the optimal ratio given that its electrochemical
performance is increased due to its thin and porous structure. Their
highly open structures offer all the advantages of nanostructures, re-
ducing the ion diffusion length while providing a high specific surface
area available for charge storage[8,9]. In the case of Ni:Co = 2:1
[Figure 3(c)], there is agglomeration to form an elliptical structure. In
this case, the redox reaction is ineffective; the capacitor performance
is also deteriorated. As shown in the SEM image of Ni:Co = 2:3
[Figure 3(d)], its thickness is more than that of the structures shown
in Figure 3(a) and (b), while its surface is uneven. As can be seen in
the figure, if the thickness is increased, the specific surface area and
resulting electrochemical performance are also reduced. Therefore the
optimal bimetal ratio exhibiting the most favorable performance of the
NiCo-MOF is the Ni:Co ratio, 1:2.

As a result of the addition of urea, NiCo-MOF crystals grew effec-
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igure 3. SEM of NiCo-MOF (a) Ni:Co = 1:1; (b) Ni:Co = 1:2; (¢)
Ni:Co = 2:1; (d) Ni:Co = 2:3.
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Figure 4. SEM of (a) 1U-NiCo-MOF; (b) 2U-NiCo-MOF; (c)
4U-NiCo-MOF; (d) 8U-NiCo-MOF.

tively on the Ni foam and exhibited regular shapes, indicating that they
were firmly fixed on the surface of the Ni foam. It can be seen that
U-NiCo-MOFs also grew effectively on Ni-form surfaces, characterized
by a petal-like crystal structure. The addition of urea improved the
electrochemical conductivity of pseudocapacitors over that of
NiCo-MOF materials.

Figure 4 presents the SEM image of the MOF for each urea
concentration. The thickness of the urea-NiCo-MOF for each ratio is
as follows: (a) 35 nm; (b) 14 nm; (c) 52 nm; (d) 68 nm

SEM analysis of fabricated U-NiCo-MOFs (Figure 4) demonstrated
that the electrodes possessed a three-dimensional structure, exhibiting
a nano-scale thickness with petal-like appearance through the addition
urea in various proportions. The nanoflakes were generated along with
vertical-standing arrays at a low concentration of 1.0 mmol urea (1U).
The growth of these nanoflakes continued with increased urea concen-
trations up to 2.0 mmol urea (2U)[Figure 4(b)] In the case of 2U, as
shown in the SEM image, the MOF is thinner and possesses a more
porous structure than the case of MOF with 1.0 mmol urea. This in-
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Figure 5. EDS elemental mapping images of Urea-NiCo-MOF: 2U-NiCo-MOF section.

dicates that the production of ammonium hydroxide at this urea con-
centration plays an important role in the morphogenesis and growth of
urea-NiCo-MOF nanostructures[19] As the concentration of urea in-
creases to 4.0 mmol urea (4U), as shown in the corresponding SEM
image[Figure 4(c)], the synthesized material develops a thick plate
shape; however, slight cracks form on the surface. When the urea con-
centration is further increased up to 8.0 mmol urea (8U)[Figure 4(d)],
the overall nanostructure becomes thick and entangled due to
overgrowth.

This petal-like nanostructure of urea-NiCo-MOF provides a more ac-
tive surface area for effective intercalation of electrolyte ions useful for
SC applications. Urea provides a slow supply of hydroxide ions upon
gradual hydrolysis, which is key to controlling the precipitation of bi-
metallic hydroxides and regulating their anisotropic growth[33]. Cobalt
also serves to stabilize the anisotropic growth and final formation of
three-dimensional nanostructures, as it results in the formation of nano-
sheets rather than nanowires, consistent with previous reports[34,35].
When both cobalt and nickel are present in the solution, competition
occurs between carbonate and hydroxide ions in their respective nick-
el-to-cobalt ratios to react with nickel and cobalt ions, which affects
the morphology, crystallinity, and topology of the precipitate[35].

EDS element mapping is also performed to identify the distribution
of specific elements (Figure 5). The U-NiCo-MOF section mainly com-
prises Ni, Co, O, N, and C, which can be attributed to the
urea-NiCo-MOF with a diffused Ni" ion obtained from the Ni foam

during the hydrothermal reaction.

3.2. Electrochemical characterization

NiCo-MOF samples with various metal ratios were evaluated using
a three-electrode system and CV curves were obtained at a scan rate
of 30 mV s-1 in a potential range of -0.3 to 0.6 V in 6M KOH
electrolyte. All the samples exhibited clear redox peaks owing to their
pseudocapacitive properties.

When the CV curves were compared [Figure 6(1)], the NiCo-MOF
1:2 electrode was the largest compared to the other NiCo-MOF cases

(1:1, 2:1, and 2:3 ratios). Therefore, after setting the metal ratio as
Ni:Co = 1:2, the urea concentration was varied to isolate its impact on
electrode performance.

The sample nomenclature corresponded to the amount of urea:
1U-NiCo-MOF (urea 1 mmol); 2U-NiCo-MOF (urea 2 mmol);
4U-NiCo-MOF (urea 4 mmol); 8U-NiCo-MOF (urea 8 mmol). The
urea content corresponding to the 2U case [Figure 6(2)] exhibited the
largest surface area and strongest redox peak. The 2U-NiCo-MOF sam-
ple exhibited very strong oxidation and reduction peaks at 0.5 V and
0.06 V, respectively; the variations in redox peaks can be determined
for each sample. This result can be understood in terms of the fact that
the 2U sample possesses more reactive sites owing to its larger specific
surface area and better electrical conductivity[36]. The electrode mate-
rial U-NiCo-MOF, with a three-dimensional layer structure, can pro-
vide sufficient space for the intercalation and deintercalation of
OHT37].

The U-NiCo-MOF porous microstructure obtained by synthesizing
NiCo-MOF provides a high specific capacitance by promoting high-
speed charge transfer on the template and exposure of active sites to
the electrolyte.

The GCD test was also performed at a potential of 0-0.45V; the
samples exhibited typical pseudocapacitance behavior at various current
densities ranging from 1 to 7 A/g.

Figure 6(3) shows the GCD graph of the NiCo-MOF samples of var-
ious ratios and demonstrates trends comparable to those of the CV
results. NiCo MOF 1:2 possesses the longest discharge time and favor-
able capacitive properties. The length of discharge time decreases in
the order of Ni:Co = 1:2, 1:1, 2:3, and 2:1. The specific capacitance
(Cs) of the samples was calculated using the equation: Cs =1t /m V,
where [ is the discharge current (A), t is discharge time (s), m is the
mass of the working electrode (g) and V is the potenial range of dis-
charge (V)[38]. The capacitances of NiCo-MOF 1:2, 1:1, 2:3, and 2:1
are 520, 366, 270, and 260 F/g, respectively, at a current density of
2 Alg.

Compared with the other samples, it was confirmed that the redox

Appl. Chem. Eng., Vol. 33, No. 5, 2022
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Figure 6. (1) CV curves of the (a) Ni:Co = 1:1, (b) Ni:Co = 1:2, (¢) Ni:Co = 2:1, and (d) Ni:Co = 2:3 cases at a scan rate 30 mV/s (2) CV
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= 2:1, and (d) Ni:Co = 2:3 at a current density of 2 A/g (4) GCD curves of the (a) 1U, (b) 2U, (c) 4U, and (d) 8U at a current density of
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peak was reduced in the case of 8U-NiCo-MOF, which possessed the
highest urea content. The addition of excess urea to M-MOF increased
nanoparticle aggregation. The response area of the 8U-NiCo-MOF elec-
trode was expected to decrease compared to that of the 2U-NiCo-MOF
electrode.

The GCD curve of 2U-NiCo-MOF is also shown in Figure 6(4).
1U-NiCo-MOF, 2U-NiCo-MOF, 4U-NiCo-MOF, and 8U-NiCo-MOF
produced specific capacitances of 785, 838, 708, and 352 F/g re-
spectively, at a current density of 2 A/g. Therefore, the highest capaci-
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tance was achieved with 2U-NiCo-MOF.

In this study, the capacitive behavior of the composite electrode was
attributed to the synergistic effect of urea and M-MOF. The
2U-NiCo-MOF electrode exhibited the most favorable charge-discharge
duration and excellent capacitance. A decrease in device performance
was observed when the amount of urea was increased by a factor of
four with respect to the amount of urea.

To demonstrate the effect of scan rate, various scan rates such as
5, 10, 20, 30, 50 mV/s were applied to the NiCo-MOF and
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Figure 7. (1) CV curves of the (a) NiCo-MOF and (b) 2U-NiCo-MOF at a scan rate 30 mV/s
(2) GCD curves of the (a) NiCo-MOF and (b) 2U-NiCo-MOF at a current density of 2 A/g.

2U-NiCo-MOF samples [Figure 6(5), (6)]. The non-rectangular shape
is maintained at all scan rates to exhibit a capacitive behavior com-
parable with that of nanosheets, facilitating rapid redox reactions and
ion diffusion into porous surfaces[39].

CV and GCD plots were obtained to compare the electrochemical
performance of the Ni-Co-MOF and the 2U-NiCo MOF electrodes
[Figure 7(1) and (2)]. Comparison of the CV curves of the NiCo-MOF
electrode and 2U-NiCo-MOF at a scan rate of 30 mV/s confirmed that
the 2U-NiCo-MOF exhibited a stronger redox peak for Ni-Co than the
NiCo-MOF electrode. GCD tests were performed in a potential win-
dow of 0~0.45 V (relative to the SCE reference electrode) at a current
density of 2 A/g. The discharge time of 2U-NiCo-MOF was longer
than NiCo-MOF, consistent with the calculated specific capacitances of
520 and 838 F/g, respectively, at current densities of 2 A/g. Therefore,
the U-NiCo-MOF electrode demonstrated excellent electrochemical
properties through the addition of urea to NiCo-MOF.

Electrochemical impedance spectroscopy (EIS) data were acquired
over a frequency range of 0.1 Hz to 100 kHz and the corresponding
Nyquist plots are shown in Figure 8. The measured impedance data is
analyzed with electrical factors such as electrolyte resistance (Rs),
charge transfer impedance (Rct), Warburg impedance (W), and phase
factor (CPE). The plot slopes in the low frequency range differed, sug-
gesting that the ion diffusion behavior improved for
2U-NiCo-MOF due to the high porosity of NiCo-MOF.

was

4. Conclusions

In this study, we synthesized a metal organic framework with the
addition of urea as a surfactant to form a capacitor electrode material
by directly growing MOFs on nickel foam. The 2U-NiCo-MOF ex-
hibited a high specific surface area, which improved its morphological
and electrochemical performance. Direct growth without using a binder
can overcome the disadvantages of increased contact resistance and re-
duced energy storage capacity owing to the burying of active sites. In
addition, by adding urea, it was possible to improve performance
through morphological and electrochemical changes. The large surface
the of
2U-NiCo-MOF is an excellent electrode material that can potentially

area  enables attachment electrolyte ions; therefore,

T
400
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100
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120140 160
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Figure 8. Nyquist plot of the NiCo-MOF and
2U-NiCo-MOF.

improve the energy density of capacitors. The 2U-NiCo-MOF compo-
site exhibited a high load capacity of 838 F/g at a current density of
2 A/g, while possessing the largest specific capacitance owing to the
optimization of the ratios of its constituent components. The optimized
2U-NiCo-MOF composite, therefore, is eminently suitable for applica-

tion in supercapacitors.
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