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Abstract: Metal organic frameworks (MOFs) have been rapidly developed in the application of
electrode materials due to their controllable morphology and ultra-high porosity. In this research,
flower-like layered nickel-based bimetallic MOFs microspheres with different metal central ions
were synthesized by solvothermal method. Compared with Ni-MOFs, the optimization of the
specific capacitance of NiCo-MOFs and NiMn-MOFs was been confirmed. For example, the specific
capacitance of NiCo-MOFs can reach 882 F-g~! at 0.5 A-g~! while maintaining satisfactory cycle life
(the specific capacity remains 90.1% of the initial value after 3000 charge-discharge cycles at 5 A-g~1).
In addition, the NiCo-MOFs/ /AC HSCs, which are composed of NiCo-MOFs and activated carbon
(AC), achieved a maximum energy density of 18.33 Wh-kg~! at a power density of 400 W-kg~!,
and showed satisfactory cycle life (82.4% after 3000 cycles). These outstanding electrochemical
properties can be ascribed to the synergistic effect between metal ions, the optimized conductivity,
and the unique layered stacked flower structure, which provides a smooth transmission channel for
electrons/ions. In addition, this research gives a general method for the application of MOFs in the
field of supercapacitors.

Keywords: metal organic frameworks; nickel; supercapacitor

1. Introduction

Recently, serious deterioration of the environment and rapid depletion of energy
resources have accelerated the exploration of green high-performance energy storage de-
vices [1,2]. Currently, as an emerging large-capacity energy storage device, supercapacitors
have shown enormous potential development benefits due to their surprising power den-
sity and superior cycle life, which are more suitable for the demands of energy storage
devices in industrial equipment, transportation, and electronic equipment [3,4]. Typically,
among the three types of electrode materials, electric double-layer capacitors (EDLCs),
which are electrode materials represented by carbon-based materials, mainly store electric
energy through electrostatic action, with long cycle life but low specific capacitance [5-7].
On the contrary, pseudocapacitance (PCs) materials represented by transition metal com-
pounds and conductive polymers exhibit high specific capacitance due to the storage of
electrical energy through redox reactions, but their cycle stability is greatly restricted [8-11].
It is worth noting that hybrid supercapacitors (HSCs) composed of EDLC-type anodes and
battery-type cathodes are gradually showing surprising advantages in terms of operating
voltage window and energy density. In order to further accelerate the exploration of HSCs,
it is urgent and necessary to develop a new type of high-performance electrode material.

As an emerging crystalline porous material, MOFs effectively combine inorganic
metal materials with organic ligands to display unique physicochemical characters, such as
highly controllable structures and functions, high surface area and porosity, and abundant
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unsaturated metal sites [12,13]. It is also these unique structural features that provide
an effective way for ion transmission and electrolyte penetration, making MOFs exhibit
essential advantages in the field of supercapacitors [14,15]. The traditional MOFs synthe-
sized with inorganic metal salts and organic ligands exhibit the defects of poor electrical
conductivity and large steric hindrance due to their high organic content, which limits
their direct application as electrode materials to a great extent [16,17]. Therefore, although
a variety of MOF materials with different metal center ions have been directly applied to
supercapacitors, including Fe, [18] Co, [1,19] Zn, [20] Zr, [21] In, [22] etc., most reported
MOF electrode materials show unsatisfactory capacitances. Solutions to these problems can
mainly be considered from the three aspects of porosity, specific surface area, and electrical
conductivity [23,24]. Therefore, the regulation of the material morphology and structure of
MOFs, as well as organic ligands and metal central ions, has been the focus of research.

Among the many kinds of MOF materials, Ni-MOF electrode materials are favored by
researchers because of their excellent specific capacitance, rate, and stability [25-28]. At
present, various different morphologies of MOFs have been used as electrode materials, for
instance, Qu et al. prepared a pillared nickel-based MOF electrode material with a specific
capacity of 522 F-g~! at 1 A-g~!, while maintaining superior cycle stability [29]. Xu and
his colleagues prepared one-dimensional Ni-based MOF nanorods, which also displayed
exceptional energy storage performance [30]. With the gradual development of research,
bimetallic MOFs have emerged in research on electrode materials. It is well recognized
that the synergistic effect between bimetallic ions can greatly improve the energy storage
capacity compared to single-metal MOF materials [31-34]. For example, Li et al. prepared
a Ni/Zn-MOF material without using any template or surfactant, using the morphology of
yolk shell with nanorods as the secondary unit, which exhibited excellent electrochemical
properties (548 F-g~1 at 1.3 A-g™!) [35]. Typically, compared to pillared, nanorod, and
yolk shell, the flower-like morphology is more conducive to the rapid progress of the re-
versible redox reaction due to its layered structure similar to petals. However, nickel-based
bimetallic organic frameworks are currently rarely explored in the field of supercapacitors.
Considering their great potential as electrode materials, it is necessary to conduct in-depth
exploration to meet the urgent demand for electrode materials.

Here, we synthesized a series of bimetallic MOFs using p-benzenedicarboxylic acid
as ligand and Ni?* and Co?* (Mn?*, Cu?*) as metal ion nodes by solvothermal method,
introducing hydroxyl groups at the same time, and successfully confirmed the excellent
electrochemical performance of NiCo-MOFs and NiMn-MOFs. The specific capacity of
NiCo-MOFs, NiMn-MOFs, and NiCu-MOFs can reach 882, 747, and 345 F-g_1 at 0.5 A-g_l,
respectively. In addition, NiCo-MOF electrode materials also achieve the best cycle life,
which is much higher than the NiMn-MOF and NiCu-MOF electrodes. Meanwhile, the
HSCs made by assembling NiCo-MOFs and AC also exhibited satisfactory energy density
(18.33 Wh-kg ! at 400 W-kg~!) and cycle life (82.4% after 3000 cycles). These conclusions
illustrate that the introduction of Co?* is beneficial to the improvement of the energy
storage performance of MOF electrode materials and that NiCo-MOFs are expected to be a
potential electrode material with long cycle life.

2. Materials and Methods
2.1. Sample Preparation
2.1.1. Preparation of Ni-MOFs

The preparation steps for Ni-MOFs referred to previous literature [36]. 0.192 g
Ni(NO3),-6H,0O and 0.332 g p-benzenedicarboxylic acid (PTA) were uniformly dispersed in
40 mL dimethylformamide (DMF) through the process of magnetic stirring. Then, stirring
continued while 4 mL NaOH (0.4 mol-L~!) was slowly added dropwise. After the dripping
was completed, it was immediately transformed into a 100 mL Teflon-lined autoclave, with
a reaction temperature and time of 100 °C and 8 h, respectively. Finally, the Ni-MOFs were
obtained after centrifugation and drying.
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2.1.2. Preparation of NiM-MOFs (M = Co, Mn, Cu)

0.192 g Ni(NO3),-6H,0, 0.1178 g CoClp -6H,0 (0.084 g MnCl, -4H,O or 0.098 g CuCl,-2H,0),
and 0.332 g PTA were uniformly dispersed in 40 mL DMF by magnetic stirring. Similarly,
stirring continued while 4 mL NaOH (0.4 mol-L ') was slowly added dropwise. After the
dripping was completed, it was immediately moved to a 100 mL autoclave lined with poly-
tetrafluoroethylene, with a reaction temperature and time of 100 °C and 8 h, respectively.
Finally, the NiM-MOFs were obtained after centrifugation and drying. The fabrication
process of Ni-MOFs and NiM-MOFs is shown in Scheme 1.

‘ Ni2+ ‘ Co?t ‘ Cu?t ¢ Mn2*
<) organic-ligand

©6¢
— PR ——p ‘
J

NiCo-MOFs Ni-MOFs

|°}' é‘c‘l 4

NiCu-MOFs Solvothermal NiMn-MOFs

Scheme 1. Schematic diagram of the synthesis process of Ni-MOFs and NiM-MOFs.

2.2. Characterization

The composition was tested by X-ray powder diffraction (XRD, XRD-7000 X, Shi-
madzu, Kyoto, Japan). X-ray photoelectron spectroscopy (XPS, monochromatic Al K«
radiation) further confirmed the elements valence. The morphology was analyzed by scan-
ning electron microscope (Scanning Electron Microscope, SEM, XL-30 FEG, FEI, Eindhoven,
The Netherlands); The energy-dispersive X-Ray spectroscopy (EDS) elemental mapping
patterns proved the uniform distribution of the chemical elements in the sample. The
specific surface area and pore size of samples were obtained by N, adsorption—desorption
isotherms (Micromeritics Tristar 3020, Norcross, Georgia, GA, USA).

2.3. Electrochemical Performance Measurement

The electrochemical property was investigated by cyclic voltammetry (CV), galvanos-
tatic charge—discharge (GCD), and electrochemical impedance spectroscopy (EIS), all of
which were carried out on a traditional three-electrode system. Specifically, the active
material, acetylene black, and polytetrafluoroethylene (PTFE) emulsion were evenly mixed
at a ratio of 8:1:1. The mixture was coated on the nickel foam according to the size of
1.0 cm X 1.0 cm, and dried to obtain the working electrode. The specific capacity can be
obtained based on the above test; the formula is as follows:

I x At
C=—— 1
m x AV )
where I (A), At (s), m (g), and AV (V) are discharge current and time, mass of active material,

and potential window, respectively.
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2.4. Fabrication and Measurements of HSCs

HSCs with NiCo-MOFs as cathodes and AC as anodes were prepared in order to
study the application potential of the product. The charge storage capability (CV, GCD)
was tested by CHI 660E potentiostat. At the same time, the energy density (E, Wh-kg™!)
and power density (P, W-kg~!) were also investigated through the calculation formula [11]:

E= %CXAVZ (2)
E

where C (F-g’l), AV (V), and At (s) are the specific capacitance of the HSCs, battery working
potential, and discharge time, respectively.

3. Results
3.1. Morphology and Structure Characterization

The XRD characterization was carried out to explore the crystallinity of the synthesized
samples. As shown in Figure 1a and Figure S1 (see Supplementary Materials), it was
confirmed that the characteristic peaks of Ni-MOFs are completely consistent with the
lamellar structure of [Ni3(OH),(CgH404)2(H0)4]-2H,0, and no obvious heteropeaks
appear. In addition, the characteristic peaks of the samples remain highly consistent with
Ni-MOF simulation after doping with different elements, indicating that both Ni-MOF
and NiM-MOF materials were successfully synthesized [35]. It is noteworthy that the
intensity of the derived peak changes with the introduction of Cu, which may be due to
the preferred orientation of the crystal plane caused by the change of the internal atomic
arrangement during the synthesis process [37]. The element composition and chemical
states of the four products were deeply explored by XPS measurement. By comparing and
observing the full-scan spectra of Ni-MOFs (Figure 1b), NiCo-MOFs (Figure 1e), NiMn-
MOFs (Figure 1i), and NiCu-MOFs (Figure 1m), the successful doping of Co?t, Mn?*,
and Cu?* can be fully proved. In order to compare the changes of the several materials
more clearly, high-resolution spectra of Co 2p (Figure 1f), Mn 2p (Figure 1j), and Cu 2p
(Figure 1n) were further analyzed. Among them, the two characteristic peaks of the Co
2p spectrum at 781.03 eV (Co 2p3,,) and 797.14 eV (Co 2p1 /) correspond to the satellite
peaks at 785.51 eV and 802.80 eV [38]. The high-resolution XPS spectrum of Mn 2p can
be fitted to two characteristic peaks of 641.30 eV (Mn 2p3,;) and 653.16 eV (Mn 2p17)
and two corresponding satellite peaks [39]. Similarly, two major components Cu 2p3,,
(934.57 eV) and Cu 2pq /, (954.42 eV) can be observed in the Cu 2p spectra, as well as strong
Cu 2p satellite peaks at 940.02 eV, 943.72 eV, 959.45 eV, and 963.09 eV [40]. Obviously, the
analysis of high-resolution spectra more fully proves the existence of Co?*, Mn?*, and Cu?*
in the samples. In addition, the spectrum of Ni 2p of Ni-MOFs (Figure 1c), NiCo-MOFs
(Figure 1g), NiMn-MOFs (Figure 1k), and NiCu-MOFs (Figure 10) show almost the same
diffraction peak positions, all showing two shake-up satellites and two characteristic peaks
of Ni 2p3,, (855.8 eV) and Ni 2py /; (873.7 eV), which can be assigned to the 2p orbits of
Ni2*. Furthermore, the diffraction peaks at 284.5 eV (C-C), 285.0 eV (C-OH), and 288.5 eV
(O=C-OH) are also presented in the C 1s spectrum (Figure 1d,h,p) [41,42].
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Figure 1. (a) XRD patterns of Ni-MOFs, NiCo-MOFs, NiMn-MOFs, and NiCu-MOFs; XPS spectra of (b—-d) Ni-MOFs,
(e—h) NiCo-MOFs, (i-1) NiMn-MOFs, and (m—p) NiCu-MOFs.

The morphology and structural characteristics of the samples were explored by SEM
(Figure 2a—d). It was observed in Figure 2a that the overall morphology of Ni-MOFs
presented regular lamellar accumulation flower-like microspheres, and numerous large
and small cavities were generated by the stacking of slim lamellar layers on the surface,
which provided plentiful active sites in the electrochemical reaction process. After the
introduction of other elements, the material still maintained the flower-like microsphere
morphology, but the phenomenon of nanosheet enlargement occurred in NiM-MOFs,
which may be because the introduction of other metal sources promoted the stacking of
several small lamellae and finally formed a larger lamella. These larger lamellar layers form
deeper and stronger pores, which not only ensure a large number of active sites, but also
avoid self-agglomerations during electrochemical charge and discharge. Significantly, the
lamellar density and thickness of NiCu-MOFs also changed greatly, which may be caused
by the difference in the coordination ability of Ni?* and Cu?* in the synthesis environment,
corresponding well with the XRD results. The element composition and distribution were
further illustrated by EDS (Figure 2e-h). Specifically, Ni-MOFs are composed of Ni, O,
and C, while in NiCo-MOFs, NiMn-MOFs, and NiCu-MOFs the presence of Co, Mn, and
Cu was detected besides Ni, O, and C, respectively, proving the successful introduction of
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elements. At the same time, the metal ratio has also been well evaluated (Figure S2), which
shows that the molar ratio of Ni:Co (Mn, Cu) in all materials is approximately consistent
with the metal ratio added during the synthesis process. In addition, the element mapping
images showed uniform distribution of all elements in the four samples, indicating the
successful synthesis of bimetallic organic frameworks.

Figure 2. The SEM images of (a) Ni-MOFs, (b) NiCo-MOFs, (¢) NiMn-MOFs, and (d) NiCu-
MOFs; EDS elemental mapping images of (e) Ni-MOFs, (f) NiCo-MOFs, (g) NiMn-MOFs, and
(h) NiCu-MOFs.

The BET characterization further explained the structure features of the samples from
the perspective of pore structure and specific surface area (Figure 3). Four curves exhibit
Type III isotherms, which indicates that the bimetallic MOFs prepared by this method
retain the original basic structure. Meanwhile, the corresponding specific surface area was
calculated through BJH, which slightly decreased after the introduction of other metal ions;
the specific data are shown in Table S1. In addition, by comparing the pore structure of the
four MOF materials, it was found that they all have pores at about 3.5 nm and 29 nm, which
belong to mesopore. This unique pore structure maintains a sufficient contact area between
electrolyte and active material, and effectively reduces self-aggregation of the structure
during the electrochemical reaction [43]. However, unlike in Ni-MOFs, smaller mesoporous
structures gradually increased after the introduction of other metal salts, which was more
obvious in NiMn-MOFs and NiCo-MOFs. The increase of mesoporous structures may
be attributed to the close stacking of lamellae, which is more beneficial to the smooth
transmission of ions/electrons during the electrochemical process.



Crystals 2021, 11, 1425

7 of 13

amo b
Py 40
& ® |2
mE 80 | 7z J_B\.D =
1 - Z
Q = S0t &
o (&) 2
T 604 & ~ B
28 3 = S J
— L
=] "E 20
B 40 3]
g
L L L L L L 172} ' ' L L L
<ﬁ o 10 20 30 40 50 a0 = o 10 20 30 40 50 a0
B dp(am) <10 dptnm)
£ 204 =
o =
m -
5 =S of
04 ]
o 5 ‘ . . ‘ .
T T T T T T O
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 06 0.8 1.0
Relative PressureP/P, Relative Pressure(P/P,)
0
C40 d40
) ~
o = RN
30 s e 3015
S |& E |5
T [E < |&
20t Qa0 |”
= Nal
o [~
3 2
<ﬁ 1} IIEI ZIEI 3IEI 4h 50 18 o 1‘0 2‘0 30 40 0 a0
20r dptnm) < 10 dptam)
= Iy
=] =
5 0 g o
o A
0.0 0.2 04 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

Relative PressureP/Py Relative PressuredP/Py

Figure 3. N, adsorption/desorption isotherms of (a) Ni-MOFs, (b) NiCo-MOFs, (c¢) NiMn-MOFs,
and (d) NiCu-MOF. Pore size distribution is shown in the embedded diagram.

3.2. Electrochemical Performances

The energy storage capacity of the four samples were explored through CV, GCD,
and EIS measurement. By observing the comparative CV curves of the four materials
at a scanning speed of 5 mV-s~! (Figure 4a), it was found that each curve has paired
redox peaks, indicating its obvious pseudocapacitance characteristics. In addition, NiCo-
MOFs have the largest integral area by comparison, proving that the doping of cobalt
can effectively improve the electrochemical activity and energy storage capacity of MOFs,
which may be closely connected with the synergistic effect of metal ions. Subsequently, CV
curves of NiCo-MOFs (Figure 4b), Ni-MOFs (Figure S3a), NiMn-MOFs (Figure S3c), and
NiCu-MOFs (Figure S3e) were obtained at 0-0.6 V. Each CV curve maintained a similar
shape with the increase of scanning speed, which indicates that the samples have a faster
electron/ion transfer rate and stronger reversibility. The excellent properties of the samples
can be put down to the rapid and reversible redox reaction; the corresponding reaction
process is as follows (where M represents the metals Ni, Co, Mn, and Cu) [37]:

[Mg, (OH)Z(C8H4O4)2(H20)4] -2H,O + OH- « [Mg,O(OH) (C8H4O4)2(H20)4] 2H,O + HyO + e-
[M30(OH) (C8H4O4)2(H20)4] -2H,O + OH- « [MgOz (C8H4O4)2(H20)4] -2H,O + H,O + e-

The electrochemical reaction kinetics of NiCo-MOFs have been reasonably evaluated
by analyzing CV curves, mainly referring to the mathematical relationship between scan-
ning speed and peak current (Figure 4c). The peak current is positively proportional to the
square root of the scanning speed, which demonstrates the diffusion control characteristics
of NiCo-MOFs and proves their battery-type energy storage mechanism [44]. Furthermore,
EIS were tested to investigate the characteristics of rapid ion diffusion and effective electron
transfer during the redox reaction (Figure 4d). In the low frequency region, the straight
line represents the Warburg impedance resistance (Zw), which is closely related to the
ion/electron transmission speed. The slope of the straight line of NiCo-MOFs is the largest
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compared with the other three materials, indicating that their ion transport resistance
during the diffusion process is the smallest [45]. In the high frequency region, the diameter
of the semicircle represents the faraday charge transfer resistance (Rct) related to electron
transfer, and the electron transfer rate is inversely proportional to the diameter. Obviously,
both the semicircular diameter and the linear slope of NiCo-MOFs show characteristics
that are more conducive to the transfer of active materials of electrode materials, which
fully explains the significant improvement in the performance of NiCo-MOFs.

a 20 b 30
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Figure 4. (a) CV curves of four samples at 5 mV-s~; (b) CV curves of NiCo—MOFs at 1-20 mV-s~;

(c) plots of the peak currents and the scan rates of NiCo—MOFs; (d) Nyquist plots of four samples;
the equivalent circuit is shown in the embedded diagram.

To further explore the energy storage property of the samples, GCD curves were tested
at0.5,1,2,5,and 10 A-g~! during 0-0.5 V. Compared with Ni-MOFs (579 F-g~!), NiMn-
MOFs (747 F-g~1), and NiCu-MOFs (345 F-g~!), NiCo-MOFs showed the highest specific
capacity of 882 F-g~1 at 0.5 A-g~1. Unlike NiCu-MOFs, the introduction of Co** and Mn?*
has effectively improved the specific capacity. The improved charge storage capacity of
NiCo-MOFs and NiMn-MOFs may be due to the relatively close physicochemical properties
of Co?*, Min?*, and Ni?*, such as solubility, ionic radius, etc., which make the nucleation
rate and growth rate of Co?* and Mn?* relatively close to that of Ni?* during hydrothermal
reactions. The GCD curves of Ni-MOFs (Figure S3b), NiCo-MOFs (Figure 5b), NiMn-MOFs
(Figure 53d), and NiCu-MOFs (Figure S3f) at different current densities were also obtained.
Each curve of NiCo-MOF electrode material under different current densities shows two
potential platforms, which further confirms the pseudocapacitance characteristics of the
material. In addition, the symmetrical charge-discharge platform also proves the excellent
reversibility of the reaction. After calculation, the specific capacitances of NiCo-MOFs are
882, 832, 788, 662, and 536 F- g_1 at0.5,1,2,5,and 10 A- g_l, which is significantly better
than in Ni-MOFs (579, 493, 396, 340, and 302 F-g~!), NiMn-MOFs (747, 566, 472, 368, and
260 F-g~1), and NiCu-MOFs (345, 298, 263, 208, and 96 F-g1).
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(d) cycling stability performance of four samples at 5 A- gfl.

The rate property of the four materials obtained by the GCD curve is shown in
Figure 5c. The specific capacity of NiCo-MOFs still maintains a relatively high level even
at 10 A- g’l, which can reach 60.84% of the initial value. For comparison, the capacitance
retention of Ni-MOFs, NiMn-MOFs, and NiCu-MOFs were calculated to be 52.18%, 34.79%,
and 27.83%, respectively, which more intuitively illustrates that the NiCo-MOF electrode
material exhibited outstanding rate performance. Meanwhile, it can be found that the
introduction of Mn?* and Cu?* is not conducive to maintaining charge storage capacity
under high current density, which is a result of the conductivity reduction caused by the
inherent properties of the elements and the mismatched coordination ability between
metal ions. On this basis, the cycle life of the four electrode materials—Ni-MOFs, NiCu-
MOFs, NiMn-MOFs, and NiCo-MOFs—was explored through the GCD results at 5 A-g ™!
(Figure 5d). The results displayed that NiCo-MOFs exhibited optimal stability (90.1%) after
3000 cycles, which is an improvement to a certain extent over Ni-MOFs (85.0%). However,
it is noteworthy that the introduction of Mn?* (64.5%) and Cu?* (27.8%) reduces the stability
of the electrode material to varying degrees. The excellent cycle life of NiCo-MOF electrode
materials may be ascribed to the unique pore structure formed by the sphere-shaped
morphology of the stacked layers, which effectively inhibits the shrinkage and expansion
of the active material during the cycle test, thereby increasing the utilization efficiency of
the active material. Table S2 presents the electrochemical performance of NiCo-MOFs in
this work compared with other literature.

In summary, differences in elemental composition lead to differences in deprotonation
energy, which leads to differences in the difficulty of electrochemical reactions. Unlike
NiMn-MOFs and NiCu-MOFs, the specific capacity, rate performance, and durability
of NiCo-MOFs was more optimal compared to Ni-MOFs, which can be ascribed to the
optimized conductivity and synergistic effect of Ni?* and Co?*. Firstly, the similar physical
and chemical nature of Ni2* and Co?* makes it exhibit better electrochemical activity, which
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is conducive to the storage of charge during the reaction. In addition, the unique pore
structure formed by the spherical morphology of the laminated flowers has an active impact
on the optimization of electrochemical performance. Additionally, the reduced internal
resistance is also beneficial to the energy storage performance of electrode material, which
could be confirmed through impedance spectroscopy. In addition, CV curves displayed that
the oxidation peak of NiCo-MOFs is located on the lowest electrode potential (Figure 4a),
which indicates that the lower potential is required due to the promoted ion migration.
It is worth noting that compared with Ni-MOFs, NiMn-MOF electrode materials have
improved specific capacitance, but their cycle stability and rate performance are reduced
to a certain extent. Furthermore, the specific capacity, rate performance, and durability
were greatly reduced after the introduction of Cu?*, which may be related to the difference
in coordination ability between the two metals and the physicochemical properties of the
metal itself.

Based on the excellent electrochemical performance of NiCo-MOFs, a hybrid superca-
pacitor was assembled with activated carbon to further explore its potential application
(Figure 6a). AC showed typical double-layer capacitance characteristics during —1.1-0 V
(104 F~g_1 at1 A-g_l, Figure S4a,b). The CV curves of NiCo-MOFs (0-0.6 V) and AC
(=1.1-0 V) at 10 mV-s~! clearly indicate that the potential range of NiCo-MOFs//AC
HSCs is about 0-1.7 V (Figure 6b). This conclusion can be further confirmed by the CV
curves of NiCo-MOFs//AC HSCs in different voltage window ranges (Figure S4c). It
can be seen that severe polarization occurs in the voltage window of 0-1.8 V, so further
exploration should be performed within the voltage window of 0-1.6 V.
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Figure 6. (a) Setting diagram of the NiCo—MOFs/ /AC HSCs; (b) CV curves of the NiCo—MOFs and AC at 10 mV-s~;
(c) CV curves of NiCo—MOFs/ /AC HSCs at 5—80 mV-s~1; (d) GCD curves of NiCo—MOFs/ /AC HSCs at 0.5—10 A-gfl;
(e) Cycling life of the NiCo—MOFs//AC HSCs at 5 A-g~!; (f) Ragone plot of the NiCo—MOFs//AC HSCs and the lit LEDs
was shown in the embedded diagram.

CV curves with quasi-rectangular shapes for NiCo-MOFs/ / AC HSCs were obtained
at different scanning rates (Figure 6c¢), which not only proved their excellent charge storage
performance, but also indicated the combined effect of faraday pseudocapacitance and
double-layer capacitance. Figure 6d displays the GCD curves of NiCo-MOFs//AC HSCs
at05,1,2,5,and 10 A-g’l, with corresponding specific capacities of 52, 42, 38, 34, and
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30 F-g~!, respectively. In addition, NiCo-LDH-1M//AC HSCs exhibit an outstanding
rate property through the good symmetry of the GCD curve (Figure 54d). The durability
was evaluated by cyclic charging and discharging 3000 times at 5 A-g~! (Figure 6e). The
specific capacity maintained 82.4% of the initial value, proving its excellent cycle durabil-
ity and application potential. The energy/power density were investigated by Ragone
diagram (Figure 6f). After calculations, the energy density was as high as 18.33 Wh-kg !
at 400 W-kg~!, and 12.44 Wh-kg~!, even at 4000 W-kg~!. In addition, connecting two
prepared HSCs in series can light up the green, red, and yellow LEDs and keep them on for
30 min (the illustration in Figure 6f), demonstrating the possibility of practical application
of the device.

4. Conclusions

In short, a series of flower-like nickel-based bimetallic MOF microspheres with similar
structures were synthesized by introducing different metal ions into Ni-MOFs using a sim-
ple and gentle solvothermal method. Electrochemical measurements show that Co?* and
Mn?* can promote the energy storage capacity of MOF electrode materials. At0.5 A-g~!,
the specific capacity increased to 882 F-g~! and 747 F-g~!, respectively. Unlike NiMn-
MOFs, NiCo-MOFs can maintain excellent stability and rate (the capacitance retention rate
can reach 90.1% after 3000 cycles at 5 A-g~!). Moreover, the HSCs made by assembling
NiCo-MOFs and AC also exhibited satisfactory energy density (18.33 Wh-kg~! at a power
density of 400 W-kg~!) and durability (82.4% after 3000 cycles). Different element com-
positions lead to differences in deprotonation energy, which lead to different degrees of
difficulty in electrochemical reactions, which may be the main reason for differences in
electrochemical performance. This research provides a general method for the application
of MOFs in the field of supercapacitors.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
3390/ cryst11111425/s1: Figure S1: The XRD spectra of Ni-MOFs and Ni-MOFs simulation (CCDC
No.638866); Figure S2: The EDS spectra of (a) Ni—MOFs, (b) NiCo—MOFs, (c) NiMn—MOFs and
(d) NiCu—MOFs; Figure S3: CV curves of (a) Ni—MOFs; (c) NiMn—MOFs and (e) NiCu—MOFs at
scan rates of 1~20 mV-s~1; GCD curves of (b) Ni—MOFs, (d) NiMn—MOFs and (f) NiCu—MOFs
at different current densities; Figure S4: (a) CV and (b) GCD curves of AC measured in the 2M
KOH; (c) CV curves of the NiCo—MOFs//AC HSCs tested at a scan rate of 50 mV-s~1 with different
voltage windows; (d) rate performance of the NiCo—MOFs//AC HSCs; Table S1: Specific surface
area of the four synthesized samples; Table S2: Comparison of electrochemical performance between
the NiCo—MOFs and previous reports.
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