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Metal-organic framework compounds are extensively utilized in various fields, such as electrode materials,
owing to their distinctive porous structure and significant specific surface area. In this study, NiCoAl-MOF
metal-organic framework precursors were synthesized by a solvothermal method, and NiALO4/NiCo,04
electrode materials were prepared by the subsequent calcination of the precursor. These materials were
characterized by XRD, XPS, BET tests, and SEM, and the electrochemical properties of the electrode mate-
rials were tested by CV and GCD methods. BET tests showed that NiAl,O4/NiCo,O4 has an abundant por-
ous structure and a large specific surface area of up to 105 m? g~*. The specific capacitance of NiALO,4/
NiCo,04 measured by the GCD method reaches up to 2870.83 F g™t at a current density of 1 A g™, The
asymmetric supercapacitor NiALO4/NiCo,04//AC assembled with activated carbon electrodes has a maxi-
mum energy density of 166.98 W h kg™ and a power density of 750.00 W kg~! within a voltage window
of 1.5 V. In addition, NiAl,O4/NiCo,0,4 materials have good cycling stability. These advantages make it a
good candidate for the application of high-performance supercapacitors.
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1. Introduction

Currently, environmental pollution, a fossil energy crisis, global
warming, and other issues have deeply stimulated research
on new environmentally friendly energy storage technologies.
Efficient energy storage technology is the key to the develop-
ment of new energy sources, which can solve the contradiction
of energy supply and demand imbalance by energy conversion
of different types of energies." With the increasing use of
movable electronic devices and new energy vehicles, there are
high requirements for the energy storage performance of the
devices. Supercapacitors are considered as the most promising
energy storage devices due to their high power density, short
charging time, and long cycle life. Pseudocapacitor materials
can store charges based on a rapid and reversible electro-
chemical redox reaction that occurs during the charge and
discharge process. Because the charge storage is carried out by
electron transfer between different valence states of a chemical
element, pseudocapacitors have the advantages of high specific
capacity and power density.*
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Metal-organic framework (MOF) compounds have been
widely used as electrode materials because of their unique
morphological structure and good electrical conductivity.>®
MOF materials can be used as ideal precursors for preparing
porous active substances in supercapacitors and other energy
storage devices.”” The significantly high surface area of porous
structures helps to increase the effective contact between the
electrode material and the electrolyte, improving the charge
storage capacity. At the same time, the channels and pores of
porous structures optimize the transport rate of ions or mole-
cules through the electrode material, reducing resistive losses
and thus improving energy conversion efficiency. MOF-derived
metal oxides can be adjusted in terms of specific surface areas
and pore size distributions by changing annealing temperature
and time. Among them, metal oxides derived from Ni and Co-
based MOF materials, which have high theoretical specific
capacitance and stable electrochemical properties, are inexpen-
sive, environmentally friendly, and widely reported. Liu et al.
incorporated both Cu dopants and O vacancies into Co;0,
nanocrystals confined in a carbon matrix (Ov-Cu-Co;0,@C),
which showed a high energy density of 64.1 W h kg™ " at
800 W kg~ '. Meanwhile, asymmetric supercapacitors exhibited
good flexibility with no significant performance degradation at
different bending states.'®" Zeng et al.™® prepared self-assembled
yolk-shell hierarchical microstructured bimetallic metal frame-
work materials (NiZn-MOFs) using a simple solvohydrothermal
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method. The as-prepared sample showed a specific capacitance of
88.66 F g ' at a current density of 1.1 A g ' and a capacity
retention of 90.05% after 2000 cycles at a current density of
8 A g~ '. Abbas et al.'* synthesized a novel Cu-MOF by a simple
method and prepared MOF-derived multilevel hierarchy Cu/Cu,.
O@NC materials after annealing for 4 h. In a three-electrode
system, the MOF-derived sample achieved a specific capacitance
of 547 Fg ' at1Ag " and a cyclic retention of 91.81% after 10 000
GCD cycles. Salehi et al'® used one-step reduction electro-
chemistry to grow bimetal-terephthalate (CoZn-MOF) materials
on nickel foam, which exhibited a specific capacitance of
1205 F ¢ and a capacity retention of 94.8% after 8000 cycles
at a current density of 2 A g~ '. Abbas et al. presented a novel
“one-step” liquid phase co-exfoliation method for producing
high-quality co-exfoliated graphene nanoplatelets (GNP)/MoS,.
The hybrid materials demonstrated a superior supercapacitor
performance with a specific capacitance of 311.14 F g ' at
1 A g " and an excellent cycling stability (98.35% over 2000 cycles).
They can be further applied in an asymmetric supercapacitor device
powering a commercial LED up to 90 seconds.’®™®

Despite the good cycling performance of the MOF-derived
materials mentioned above, the relatively low specific capaci-
tance limits the practical application.'® Spinel aluminates have
good thermal and chemical stabilities, but poor electrical
conductivity, which can be improved by introducing metals
with good electrical conductivity such as Co and Ni. MOF-
derived Al oxides have a stable structure that prevents the
transition metal from dissolving into the electrolyte.

In this experiment, Co/Ni/Al-MOF precursors were prepared
by a solvothermal method, and then MOF-derived metal oxides,
NiAL0,/NiCo,0,, with porous structures were prepared by calcining
the precursors. The electrochemical properties of the materials
and asymmetric supercapacitors were tested, including cyclic
voltammetry (CV), galvanostatic charge-discharge (GCD), and
electrochemical impedance spectra (EIS). Meanwhile, an asym-
metric supercapacitor (ASC) was assembled with activated
carbon (AC) as the anode and NiAl,0,/NiCo,0, as the cathode.

2. Experimental
2.1 Preparation of NiAl,0,/NiC0,0,

The reagents used were analytically pure and did not require
further purification for use. First, 10 mL of N,N-dimethylfor-
mamide (DMF), 10 mL of anhydrous ethanol, and 10 mL of
deionized water were mixed to form a transparent solution.
Then, 0.75 g of Co(NO;),-6H,0, 0.75 g of Ni(NOj3),-6H,0, 0.54 g
of 1,3,5-benzene tricarboxylic acid, and 0.97 g of Al(NO3);-9H,0
(molar ratio = 1:1:1:1) were added to the above-mixed
solution with stirring. After dissolving completely, the solution
was transferred to an autoclave of 50 mL and allowed to react
at 105 °C for 20 h. Next, the autoclave was cooled to room
temperature, and the product was centrifuged and washed
three times with anhydrous ethanol. The powder of Co/Ni/Al-
MOF was obtained by drying the product at 110 °C for 12 h. The
dried product was ground using a mortar and then calcined
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under a N, atmosphere at 550 °C for 30 min. Finally, the
calcined samples were annealed in air at 350 °C for 120 min
and denoted as NiAl,0,/NiCo,0,. For comparison, single
metallic and bimetallic materials were prepared under a similar
condition and denoted as Ni, Ni/Al, and Co/Al.

2.2. Electrochemical measurements

The working electrodes were coated on nickel foam (working area
of 1 x 1 em*) with a slurry of active substances, Cochin black, and
PVDF in a mass ratio of 8:1:1. The electrochemical properties
were tested using a three-electrode system, with HgO/Hg electrode
and Pt electrode as the reference and counter electrodes, respec-
tively. Electrochemical tests were performed in the 6 M KOH
electrolyte using a CHI660E electrochemical workstation. The
electrochemical properties of the samples were tested by cyclic
voltammetry (CV), galvanostatic charge-discharge (GCD) analysis,
and electrochemical impedance spectroscopy (EIS).

2.3. Material characterization

X-ray diffraction (XRD) patterns were measured using a Bruker D8
Advance diffractometer (Germany) with Cu-Ko. radiation (2 = 1.5418 A)
accelerated at 40 kv in the 20 range of 10-80°. X-ray photoelectron
spectra (XPS) were recorded with a Thermo Scientific K-Alpha instru-
ment in the USA. The morphology of the products was observed using
a GeminiSEM500 field emission scanning electron microscope (SEM).
The N, adsorption/desorption isotherms were performed using a
Quantachrome Autosorb IQ3 chemisorber.

3. Results and discussion
3.1. Characterization

To check the composition of the material, XRD analysis was
performed and the result is shown in Fig. 1. Peaks at 18.94,
31.18, 36.74, 44.67, and 65.03° are attributed to the (111) (220)
(311) (400) (440) crystal planes of CoAl,0, (JCPDS: 82-2250).
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CoAl,O, PDF#82-2250

Intensity (a.u.)

NiAl,O, PDF#78-0552

. . by
10 30 50 70 90
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Fig. 1 XRD pattern of NiALO4/NiCo,04.
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Peaks at 19.08, 31.41, 37.01, 45.01 and 65.54° correspond to the
(111) (220) (311) (400) (440) crystal planes of NiAl,O, (JCPDS:
78-0552). It is well known that MOF peaks are generally present
at low angles. Since there are no diffraction peaks in the range
of 5-10°, XRD shows that the MOFs have been converted
to oxides. During the annealing process, the MOF structure
partially collapsed and the organic ligands underwent carboniza-
tion and decomposition. Meanwhile, the low peak intensity
indicates a low crystallinity of the material. It has been reported
that low crystallinity is beneficial for providing short transport
paths for ions in the electrolyte within the electrode material, which
is conducive to improving the electrochemical performance.*
Fig. 2 shows the high-resolution and survey XPS spectra of
NiAl,0,/NiCo,0,. The Al 2p spectra in Fig. 2a can be fitted into
two peaks and the Al 2p;,, binding energy of 73.9 eV agrees with
APP*.*! The C 1s spectra can be fitted into three peaks at 284.8,
286.2, and 288.9 eV, corresponding to the C-C, C-O-C, and
0-C=0 bonds in the MOF structure, respectively,?* as illu-
strated in Fig. 2b. From Fig. 2¢, two main peaks at 780.1 eV (Co
2ps2) and 796.4 eV (Co 2py,,) agree with the presence of Co®" in
NiCo,0,4. Meanwhile, two peaks at 787.1 and 803.7 eV can be

Q
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attributed to the satellite peaks.>>** Two peaks in Fig. 2d at
855.4 eV and 873.1 eV correspond to Ni**, and two satellite
peaks at 861.4 and 879.1 eV are also found.*® In Fig. 2e, the
fitted O 1s peaks at 532.2, 531.1 and 529.7 eV can be attributed
to adsorbed oxygen, TM-O (TM = Co, Ni), and lattice oxygen,
respectively.”® The presence of C 1s, Ni 2p, Co 2p, Al 2p, and O
1s can be identified well from Fig. 2f, which proves the
successful preparation of the NiAl,0,/NiCo,0, composites.
Fig. 3 shows the nitrogen adsorption-desorption isotherm
and pore size distribution of NiAl,0,/NiCo,0, and MOFs. From
Fig. 3a, the adsorption-desorption curve has a typical type IV
curve with an H3-type hysteresis loop, which is usually present
in solids containing agglomerated particles that form fissure-
like pores of heterogeneous size and shape. In addition, the
isotherm has no obvious saturation adsorption plateau, indi-
cating that the pore structure is very irregular.’’” A specific
surface area of 105 m> g~ ' is obtained using the Brunauer-
Emmett-Teller (BET) model, indicating that the NiAl,O,/
NiCo,0, material has the property of the mesoporous structure.
Fig. 3b shows that the pore size distribution is scattered
between 2 and 50 nm, with a few large pores at 50-82 nm.

Intensity(a.u.)

Cis
3
S
>
5
oy
9
=
80 78 76 74 72 70 295 290 285 280
Binding Energy(eV) Binding Energy(eV)
C Co2p 2p312 d Ni 2p 2p32

Ni2*

Intensity(a.u.)

810 800 790 780
Binding Energy(eV)

880 870 860 850
Binding Energy(eV)

O1s i
Ni 2p O1s

. - Co 2p
5 3
© ©
N <
_é‘ Oads "?
2 2
o Oy :Lattice Oxygen [] Cis Al 2p
= ) =
< TM=Ni Co < \

Ogads:Adsorbed Oxygen

540 538 536 534 532 530 528 526
Binding Energy(eV)

1200 1000 800 600 400 200 0
Binding Energy(eV)

Fig. 2 High-resolution XPS spectra of (a) Al 2p, (b) C 1s, (b) Co 2p, (d) Ni 2p, and (e) O 1s. (f) Survey XPS spectra of NiAl,O4/NiCo,04.
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Fig. 3 (a) Nitrogen adsorption—desorption isothermal curves and (b) pore size distribution of NiAl,O4/NiCo,04. (c) Nitrogen adsorption—desorption

isothermal curves and (d) pore size distribution of the MOF.

The porous nature of NiAl,0,/NiCo,0, can facilitate the ion
transport in the electrolyte. As can be seen in Fig. 3c, a clear
hysteresis regression line can be observed, forming a typical
H1-type loop. Generally, H1-type hysteresis loops are found in
ordered mesoporous materials. As shown in Fig. 3d, the pore
size of the MOF mainly distributes in the range of 2-5 nm,
which means that the MOF material is mesoporous. Comparing
with the MOF material, the pore size of the MOF-derived
material is much larger, which is due to the carbonization
and decomposition of the organic ligands and structural
changes during the annealing process. The large pores inside
the MOF-derived structure provide more reactive active sites,
which is conducive to the transport of ions.

Fig. 4 shows the SEM images and energy-dispersive X-ray
spectra (EDS) of NiAl,0,/NiCo,0,. The SEM images show a loose
irregular structure composed of inhomogeneous particles, which
is due to the shrinkage and collapse of the part of the MOF
structure. Because the organic ligands will carbonize and decom-
pose during calcination, pre-calcination under a nitrogen atmo-
sphere at 350 °C with subsequent calcination at 550 °C is needed
to keep the original frame structure from completely collapsing.
The porous structure promotes ion transport and charge transfer
rates, which is beneficial for improving the electrochemical
properties.”® The pore size shown in SEM is about tens of
nanometers, which is consistent with the results of nitrogen
adsorption-desorption isotherms. The elemental mapping in

This journal is © the Owner Societies 2024

Fig. 4c—f shows the distribution of Ni, Co, Al, and O elements
in NiAl,0,/CoAl,O,.

Fig. 4g-i show the TEM and HR-TEM images of NiAl,O,/
NiCo,0,4. The TEM images show that the synthesized particles
are nearly spherical with a diameter of tens of nanometers. The
HR-TEM images show that lattice fringes and amorphous
structures can be observed simultaneously. As shown in
Fig. 4i, the lattice fringe distances are determined to be
0.20 nm and 0.24 nm, which are related to the (311) and
(400) planes of NiAl,0,/NiCo,0,, respectively.

3.2. Electrochemical tests

Fig. 5 shows the electrochemical properties of the NiAl,0,/
NiCo,0,4 material in a three-electrode system. Fig. 5a shows the
cyclic voltammetric curves (CV) at different scanning speeds. It
can be seen that there are obvious redox peaks, indicating that
the electrode material is pseudocapacitive. With an increase in
scanning speed, the CV area gradually increases while the
reduction peak potential shifts negatively. However, the shape
of the CV curves remained almost unchanged, indicating that
the material has good electrochemical reversibility. Fig. 5b
shows the GCD curves of the NiAl,0,/NiCo,0, material mea-
sured at different current densities in the 0-0.48 V potential
range. As the current density increases, the shape of the GCD
curves did not change and a clear potential plateau appeared,
indicating the pseudocapacitive properties and good stability.

Phys. Chem. Chem. Phys., 2024, 26, 6616-6626 | 6619
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Fig. 4 (a) and (b) SEM images with different magnifications. (c)-(f) EDS elemental mapping of O, Al, Ni, and Co. (g) TEM and (h) and (i) HR-TEM images

with different magnifications of NiAl,O4/NiC0,04.

The excellent specific capacitance may be attributed to the
porous structure of the MOF, which provides many reaction
sites and channels for free ion transport.

The mass specific capacitance (C, F g ') is calculated
according to formula (1):*°

IAt
m= A 1
mAvy )

where I is the discharge current (A), At is the discharge time (s),
m is the mass of the active material (g), and Av is the potential
window (V).

At a current density of 1 A g7, the material has a specific
capacitance of 2870.83 F g~ '. The excellent specific capacity is
attributed to the large pore structure of the MOF, which
provides many reactive sites and channels for free ion trans-
port. Fig. 5¢ shows the rate performance at different current
densities. As the current density increases, the discharge time
decreases because the electrodes are charged and discharged
too quickly, resulting in the electrolyte ions not completely
entering the electrode material and an inadequate electroche-
mical reaction. To further explore the electrochemical mecha-
nism of the NiAl,0,/NiCo,0, material, electrochemical
impedance spectroscopy (EIS) tests were performed in the
range of 0.1 Hz-100 kHz. Fig. 5d shows the EIS spectra and
fitted equivalent circuit diagrams of the NiAl,0,/NiCo,0, mate-
rial. The charge transfer resistance (R.,) reflects the conductivity

6620 | Phys. Chem. Chem. Phys., 2024, 26, 6616-6626

between the active electrode material and the electrolyte, which
can be calculated from the semicircular diameter of the high-
frequency region of the EIS curve. The smaller the diameter, the
higher the conductivity and ionic transfer rate. As can be seen,
the semicircular arc in the high-frequency region is less pro-
nounced, indicating a high ionic transfer rate between the
material and the electrolyte. On the other hand, the straight
line in the low-frequency region is related to the diffusion
resistance (R;). The greater the slope of the straight line, the
more efficient ionic diffusion in the electrolyte.® The structure
with large specific surface areas and abundant active sites helps
to contact with the electrolyte ions.

Fig. 6 shows the cycling stability curve of the NiAl,O,/
NiCo,0, material at a current density of 10 A g~ *. The specific
capacitance showed a trend of increasing and then decreasing
and the retention reached 54.19% after 1000 cycles. With each
cycle of charge and discharge, the electrolyte fully permeates
the electrode material, increasing ion transport and capaci-
tance in the first few cycles. Comparison with the literature in
Table 1, the specific capacitance of NiAl,0,/NiCo,0, was much
higher while the cycling stability was lower. The poor cycle
stability and Coulombic efficiency may be due to the following
reasons: First, during charging and discharging, the electrode
material might undergo repeated structural changes, such as
volume expansion or contraction, leading to detachment of the
electrode material. Second, some metals in the electrodes
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Fig. 5 (a) CV curves at different scanning speeds. (b) GCD curves at different current densities. (c) Specific capacitance at different current densities. (d)
EIS curve in the frequency interval from 0.1 Hz to 100 kHz of NiAl,O4/NiCo,0O4 in a three-electrode system.
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Fig. 6 Cycling stability of NiAl,O4/NiCo,04 at 10 A g%

might dissolve into the electrolyte. Finally, to save the measur-
ing time (4100 s at 1 A g~ "), the cycling stability of the material
was measured at a high current density of 10 A g~ *. A high
current density will lead to a gradual loss of the electrode
material and affects its cycling life.

The capacitance contribution can be qualitatively analyzed
by the relationship between the current (i) and the scan rate (v)
obtained from the CV curves:*"*>

This journal is © the Owner Societies 2024

i=a’ (2)

where a and b are constants. When plotted with log(7) against
log(v), the value of b can be obtained from the slopes of the
linear equations. Generally, the b value is between 0.5 (corres-
ponding to a semi-infinite diffusion process) and 1 (corres-
ponding to a capacitive process). As shown in Fig. 7a, the b
value of NiAl,0,/NiCo,0, was 0.52 in the scan rate range of
2-8 mV s~ ', indicating a typical capacitive behavior during the
redox process. The capacitive contribution can be qualitatively
calculated by the following equation:

i=ky+ k' (3)

where k; represents the capacitive effect and k, represents the
diffusion process. In Fig. 7b, the area of the red shaded portion
(k1v) accounts for about 31% of the total area of the CV curve at
a scan rate of 2 mV s . Fig. 7c shows that the capacitive
contribution gradually increases while the diffusive contribu-
tion decreases as the scan rate increases from 2 mV s ' to
10 mv s .

Fig. 8a shows the comparison of the CV curves of the
NiAl,0,/NiCo,0, material with the mono-metallic and bime-
tallic oxides at a scanning speed of 50 mV s~ *, in which a redox
peak can be found in all the materials. The NiAl,0,/NiC0,0,
material has the largest CV curve area, indicating the best
electrochemical properties. It can be further seen from
Fig. 8b that the NiAl,0,/NiCo,0, material has the longest
discharge time, which makes it the best performing among

Phys. Chem. Chem. Phys., 2024, 26, 6616-6626 | 6621
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Table 1 Comparison of the performance between this work and the literature

Electrode material Specific capacitance Cycling efficiency Ref.
Ov-Cu-C0;0,@C 927Cg lat1Ag! 92.4% over 5000 cycles 10
NiZn-MOF 8866 Fg 'at1.1Ag " 90.05% over 2000 cycles 13
Cu/Cu,0@NC 547 Fg 'at1Ag? 91.81% over 10 000 cycles 14
CoZn-MOF 1205 Fg 'at2Ag! 94.8% over 8000 cycles 15
(GNP)/MoS, 31114 Fg 'at1A g 98.35% over 2000 cycles 18
NiAL0,/NiC0,0, 2871 Fg 'at1Ag " 54.19% over 1000 cycles This work
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Fig. 7 (a) Relationship between the logarithm of the anode peak current and the scan rate, (b) capacitive contribution and the diffusive contribution at a

scan rate of 2 mV s %,

the four electrode materials at a current density of 1 A g™ .
The EIS spectra in Fig. 8c reveal that the NiAl,0,/NiC0,0,4
material has the smallest semicircular radius in the high-
frequency region, which means the smallest interfacial transfer
resistance between the surface electrode and the electrolyte. In
addition, the slope of the Nyquist curve of NiAl,0,/NiCo,0, is
significantly higher than that of other materials, which means
it has better capacitive performance.”

In order to investigate the practical application of the
NiAl,0,/NiCo,0, electrode, the NiAl,0,/NiC0,0,//AC asym-
metric supercapacitor was assembled with NiAl,0,/NiC0,0,
as the positive electrode and activated carbon (AC) as the
negative electrode. Fig. 9a shows the CV curves of the AC
electrode at different scanning speeds. The rectangular shape
characteristic means a bilayer capacitance and a wide voltage of
1.0 V helps to widen the voltage window of the capacitor. Fig. 9b
shows that the GCD curve of the AC electrode is close to a
standard triangle, indicating that the material is a bilayer
capacitor,®® which is consistent with the results obtained from

6622 | Phys. Chem. Chem. Phys., 2024, 26, 6616-6626

(c) capacitive and diffusive contribution ratios at different scan rates of NiAl,O4/NiCo,04.

the CV curves. Fig. 9c shows the CV curves of the positive
electrode NiAl,0,/NiCo,0,4 and the negative electrode AC mea-
sured at a scanning speed of 60 mV s~ ', which indicates that
the working voltage window can reach 1.5 V or higher. Fig. 9d
shows the CV curves of NiAl,0,/NiCo,0,//AC at different vol-
tage windows with a scanning speed of 30 mV s~ . It can be
recognized that polarization can be seen on the CV curves when
the working voltage exceeds 1.5 V. Therefore, the maximum
voltage window of this energy storage device is 1.5 V, which is
used in the subsequent testing of a two-electrode system.

To obtain the best performance of an asymmetric super-
capacitor, the masses of the positive and negative electrodes are
configured according to eqn (4):**

mt  C™ x AV~
= CF X AV @

where m" and m~ are the masses of the electrode active sub-
stances (g), C" and C~ are the specific capacitances (F g™ '), and
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AV' and AV~ are the voltage windows (V) of the positive electro-
des and negative electrodes, respectively.

Fig. 10a shows that the CV curves are rectangular-like shapes
with redox peaks, indicating that the assembled asymmetric
supercapacitor has both pseudocapacitance and double-layer
performance. The triangle-like curves in Fig. 10b indicate that
the device has pseudocapacitance and bilayer energy storage
characteristics, which is consistent with the CV curves. The
specific capacitance of NiAl,0,/NiCo,0,//AC is calculated to be
534.33 F g~ '. Fig. 10c shows the EIS curves of the NiAl,O4/
NiCo0,0,//AC device, in which the small radius indicates that
the assembled asymmetric supercapacitor device has good
conductivity.

The highest energy density (E) and power density (P) of
NiAl,0,/NiC0,0,//AC can be calculated from eqn (5) and (6),>*
which are 166.98 W h kg~" and 750.00 W kg™, respectively.
Compared with the calcined Co;0,/NiO/Mn,0; material®® (the
energy density is 65.7 W h kg™') and the hexagonal Al-MOF
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Fig. 11 Cycling stability of the ASC device NiAlLO4/NiCo,04//AC and
NiALLO4/NiCo,04//AC devices to light low-power LEDs.
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material® (the specific capacitance is 342 F g*' at 1 A g7 )
prepared by a solvothermal method, the device has superior
energy storage performance.

cr?
T 2x36 ()

3600
ot

P

(6)

where C is the specific capacitance (F g~'), V is the voltage
window (V), E is the energy density (W h kg™'), and P is the
power density (W kg™ ).

Fig. 11 shows the cycling stability of the ASC device of
NiAl,04/NiCo,0,4//AC. The specific capacitance retention
remains 72.8% after 2000 cycles at a current density of 4 A g~ .
This indicates that the ASC device exhibited good cyclic stability
performance. By using two tandem NiAl,0,/NiCo,0,//AC devices,
a low-power LED can be lighted, as shown in the inset.

4. Conclusions

The introduction of cobalt and aluminum increases the specific
capacitance of NiO. The MOF structure maintained the original
three-dimensional structure of the material, promoting the
diffusion of ions and providing more active sites. MOF-
derived NiAl,0,/NiCo,0, electrode materials have a porous
structure and a large specific surface area of 105 m”> g™ ', as
well as a great specific capacitance of 2870.83 F g~ ' at a current
density of 1 A g”'. When assembled to an asymmetric super-
capacitors with activated carbon, the device showed excellent
electrochemical performance with an energy density of
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166.98 W h kg~ " and a power density of 750.00 W kg™~ ". This
work provides a simple, effective, and promising preparation
method for the application of supercapacitor materials.
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