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Metal-organic frameworks (MOFs) as promising electrodes for supercapacitors are attracting increasing
research interest. Herein, we report an effective strategy to improve the electrochemical performance of
Ni-MOF for supercapacitor by introducing a secondary Co ion. The Co substitution of Ni in Ni-MOF can
improve the intrinsic reactivity and stability. As a result, the bimetallic Co/Ni-MOF-1:15 with an optimal
Co/Ni ratio delivers high specific capacitance (359 F/g at 0.5 A/g), good rate performance (81.5% reten-
tion at 5 A/g) and cycling stability (81% retention after 5000 cycles). These results demonstrate that the
bimetallic synergistic strategy is an effective way to improve the pseudocapacitive performance of MOFs.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Metal-organic frameworks (MOFs) [1,2] have received increas-
ing research interest in terms of their well-defined structures and
potential applications in many fields [3], including catalysis [4-6],
gas storage and separation [7,8], and water treatment [9]. Recently,
MOFs are emerging as potential electrode materials for superca-
pacitors because their porosity provide the accommodation space
for electrolyte, and valence changes of metal ions enable redox
reaction with high theoretical capacity [10-15]. However, the in-
trinsic electrical insulation and structural instability of most MOFs
limits their applications in electrochemical reactions, leading to
low specific capacitance and cycling stability [16,17]. Incorporat-
ing another metal ion into MOFs is an effective strategy to solve
this problem [18-23]. Generally, the interactions between differ-
ent metal sites can modulate the electronic properties, facilitat-
ing to improve the electrical conductivity and generate more re-
dox active sites. For example, Gao et al. have reported a bimetallic
Ni/Co-MOF with dandelion-like structure that exhibits high specific
capacitance of 758 F/g at 1 A/g, excellent rate performance and cy-
cling stability benefitting from the unique structure and improved
conductivity caused by the synergistic effect of Nit and Co2* [20].
Yang et al. have synthesized a layered Zn-doped Ni-MOF, which
shows superior capacitance of 1620 and 854 F/g at 0.25 and 10 A/g,
respectively, along with excellent cycling stability [22].
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E-mail addresses: hangxinxin@yzu.edu.cn (X. Hang), panghuan@yzu.edu.cn,
huanpangchem@hotmail.com (H. Pang).
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Ni-MOFs exhibit potential electrochemical properties and have
been widely used as electrodes for supercapacitors [24-27]. In
general, Ni-MOFs can deliver high specific capacitance but show
poor rate performance and cycling stability that may be due to
their structural instability during the fast charge-discharge pro-
cess. Introducing a secondary metal ion to Ni-MOFs can facilitate
the faradic redox reactions and improve the electrical conductiv-
ity and stability, thus achieving enhanced electrochemical perfor-
mance [20-23].

Herein, we report a feasible approach for enhancing the elec-
trochemical performance and stability of Ni-MOF by introducing
a secondary Co element. Using Co/Ni-MOF-1:15 (1:15 represents
the molar ratio of the initial material Co?*+ and Ni?*) as a demon-
stration, the introduction of Co?*into Ni-MOF doesn’t change the
original crystal structure and morphology, but can improve the in-
trinsic reactivity and stability. In comparison with the Ni-MOF and
Co-MOF, the bimetallic Co/Ni-MOF-1:15 exhibits higher specific ca-
pacitance of 359 F/g at 0.5 A/g along with better rate performance
and cyclability owing to the synergistic effect between the optimal
ratio of Co?* and Ni%*.

As shown in Fig. 1a, Ni-MOF, Co/Ni-MOF-x:y (x:y repre-
sents the molar ratio of the initial materials Co(NO3),-6H,0 and
Ni(NO3),-6H,0; x:y=1:15, 1:5 and 1:1), and Co-MOF were synthe-
sized separately from a one-pot solvothermal reaction in dimethyl-
formamide (DMF) solution containing metal salts and isonicotinic
acid (4-Pyc), affording solid powder of different colors. Powder
X-ray diffraction (PXRD) patterns (Fig. 2a) of the as-synthesized
Ni-MOF, Co/Ni-MOF-x:y and Co-MOF are well matched with the
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Fig. 1. (a) Schematic illustration of the synthesis procedure for Ni-MOF, Co/Ni-MOF-
x:y and Co-MOF. (b) The crystal structure of the as-synthesized MOFs.
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Fig. 2. (a) PXRD patterns of the simulated Ni-MOF (Ni(4-Pyc),), the as-synthesized
Ni-MOF, Co/Ni-MOF-x:y and Co-MOF. (b) FT-IR spectra of the as-synthesized Ni-
MOF, Co/Ni-MOF-x:y and Co-MOF.

simulated M(4-Pyc), (M=Ni or Co) structure [28-30], confirm-
ing that the MOFs were successfully synthesized with high phase
purity. The MOFs feature square lattice coordination networks
assembled by linking six-coordinated M ions by 4-Pyc ligands
(Fig. 1b). Each metal ion is six-coordinated by two pyridyl units
and two bidentate carboxylate groups (Fig. S1 in Supporting in-
formation). The MOFs are composed of square shaped channels
(7 x 7A) (Fig. 1b), which is large enough for electrolyte diffusion
and storage, fast ion intercalation and deintercalation [23]. Fourier-
transform infrared (FTIR) analyses of the series of MOFs are il-
lustrated in Fig. 2b. Similar characteristic peaks are observed for
all the materials, indicating that they possess identical functional
groups. The peak at 3406 cm~! is indexed to the stretching vibra-
tion of —OH [31]. The peaks located at ~1651 and ~1386 cm™!
are corresponding to the asymmetric and symmetric stretching
vibrations of -COOH, respectively [31]. The peaks at ~1600 and
~1550 cm~! are consistent with the stretching and bending vibra-
tion of pyridine ring [21,32].

The morphologies and microstructures of the synthesized
MOFs are further investigated by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). The SEM and
TEM images show that the MOFs feature spindle-shaped mi-
cro/nanostructures (0.8-2.0 um in length, 100-400 nm in diameter)
with smooth surface (Figs. 3a1-e2) and solid nature (Figs. 3a3-
e3). It is noteworthy that the introduction of Co ions has little
effect on the structures and morphology of the MOFs that may
be because the Co ion is similar in size to the original Ni ion.
With the increase of the introduced Co ions, the sizes of the MOFs
slightly decrease (Figs. 3b1 and b2) and then gradually increase
(Figs. 3c1, c2, d1, d2, el and e2). The possible mechanism may
be as follows. When a small amount of Co ions was introduced,
the coordination ions is mainly Ni ions and the Co ions facili-
tate the coordination of Ni species, leading to fast nucleation and
growth and affording smaller crystals. With the increasing amount
of Co ions, the coordination competition of Co and Ni make the
rate of nucleation and growth slow down, giving larger crystals
[18,33]. Energy-dispersive X-ray (EDX) analysis shows the compo-
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Fig. 3. (al—e2) SEM images and (a3—e3) TEM images of Ni-MOF, Co/Ni-MOF-1:15,
Co/Ni-MOF-1:5, Co/Ni-MOF-1:1, and Co-MOF. (f) HAADF-STEM image of Co/Ni-MOF-
1:15 and (g-k) the corresponding elemental mapping of Ni—-K, Co—K, O—K, N-K
and C-K.

sition of Ni, Co, O, N and C in Co/Ni-MOF-1:15 (Fig. S2 in Sup-
porting information). High-angle annular dark-field scanning TEM
(HAADF-STEM) image and the corresponding elemental mappings
demonstrate the homogeneous distribution of Ni, Co, O, N, and
C elements (Figs. 3f-k), further verifying the successful prepara-
tion of Co/Ni-MOF-1:15. The mass ratios of Ni2*/(Co?++Ni2*) are
0.941, 0.904 and 0.572 in the Co/Ni-MOF-1:15, Co/Ni-MOF-1:5 and
Co/Ni-MOF-1:1 from Inductively coupled plasma-atomic emission
spectrometry (ICP-AES) elemental analysis (Table S1 in Supporting
information), which is in consistent with the introduced ini-
tial feeding materials, suggesting the successful formation of the
bimetallic MOFs. N, sorption measurement is performed to con-
firm the Brunauer-Emmett-Teller (BET) surface areas and the pore
structures of Ni-MOF, Co/Ni-MOF-1:15 and Co-MOF. The Ni-MOF,
Co/Ni-MOF-1:15 and Co-MOF exhibit the calculated BET surface ar-
eas of 212.1, 229.0 and 17.75 m?/g with pore volumes of 0.1975,
0.2004 and 0.058 cm3/g, respectively (Fig. S3 in Supporting in-
formation). The larger surface area and higher porosity of Co/Ni-
MOF-1:15 allow faster electrolyte diffusion and ion transport. To be
noted, the much smaller BET surface area and pore volume for Co-
MOF is because its structure was completely collapsed under ac-
tivation condition [30]. The thermal stability of Co/Ni-MOF-1:15 is
investigated using thermogravimetric analysis (Fig. S4 in Support-
ing information). From room temperature to ~325 °C, the gradual
weight loss is due to the loss of guest DMF molecules and the DMF
molecules trapped inside the pores. As the temperature increases,
the decomposition of the organic components occurs. In addition,
no obvious phase change is observed when the Co/Ni-MOF-1:15 is
immersed separately in water and ethanol solution for 24 h (Fig. S5
in Supporting information), demonstrating its favorable stability in
these solutions.

X-ray photoelectron spectroscopy (XPS) of the Ni-MOF, Co/Ni-
MOF-1:15, Co/Ni-MOF-1:5, Co/Ni-MOF-1:1 and Co-MOF are per-
formed to investigate their element composition and oxidation
state on the surface. The survey spectrum confirms the presence
of metal ions (Ni or Co/Ni or Co), O, N and C elements in the
as-synthesized MOFs (Fig. 4a). In high-resolution Ni 2p spectrum
of Ni-MOF, Co/Ni-MOF-1:15, Co/Ni-MOF-1:5 and Co/Ni-MOF-1:1
(Fig. 4b), two peaks with binding energies of 855.3 and 872.9eV
are assigned to Ni 2p;p, and Ni 2p;, accompanied with two satel-
lite peaks at 860.8 and 878.8 eV, respectively [34,35]. The charac-
teristic binding energy of 17.6 eV verifies the presence of Ni2* [36].
High-resolution Co 2p spectrum of Co/Ni-MOF-1:15, Co/Ni-MOF-
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Fig. 4. XPS spectra for the Ni-MOF, Co/Ni-MOF-1:15, Co/Ni-MOF-1:5, Co/Ni-MOF-

1:1 and Co-MOF. (a) Survey spectrum. (b) Ni 2p. (c) Co 2p. (d) O 1s. (e) N 1s.

(f) C 1s.

1:5 Co/Ni-MOF-1:1 and Co-MOF can be divided into two spin-orbit
peaks and two shake-up satellites (Fig. 4c). The peaks at 780.5 and
796.5eV are indexed to Co 2p3;, and Co 2py, of Co%*+ [37]. For
the O 1s spectrum, two peaks at 530.8 and 531.5eV are observed,
which are attributed to the O in the -OH and M-O bonds, respec-
tively (Fig. 4d) [38]. The N 1s spectrum can be deconvoluted into
two peaks located at 398.8 and 399.2 eV, corresponding to the N in
the pyridine N and M-N bonds, respectively (Fig. 4e) [39,40]. The
peaks at 284.8 and 287.9eV in the C 1s spectrum are assigned to
the C—C and O—C=O0, respectively (Fig. 4f) [41,42].

The electrochemical performance of the as-synthesized MOFs is
investigated in a 3.0mol/L KOH in a standard three-electrode sys-
tem. The cyclic voltammetry (CV) curves of all the MOFs collected
at a scan rate of 20 mV/s show well-defined redox peaks (Fig. 5a),
corresponding to faradic pseudocapacitive behaviors. The redox be-
haviors can be assigned to Ni%*/Ni3* and/or Co?t/Co3* redox reac-
tions occurred in the alkaline electrolyte [19,20]. In the CV curves
of Co/Ni-MOFs, only one pair of redox peaks is observed that can
be attributed to the overlapping of the closed redox peaks of Co
and Ni [20]. A small amount of Co ions introduced to the Ni-MOF
enables the enhancement of the properties of Ni species, thus the
peak current of Co/Ni-MOF-1:15 and Co/Ni-MOF-1:5 is larger than
that of Ni-MOF. As the amount of Co ions increases, the ratio of Ni
ions relatively decreases, leading to the degrade of the peak cur-
rent [33].

The CV curve of Co/Ni-MOF-1:15 shows the largest integral area
and the highest current density, suggesting its highest specific ca-
pacitance. At the same time, the galvanostatic charge/discharge
(GCD) curves exhibit that the discharge time of Co/Ni-MOF-1:15
at the current density of 0.5 A/g is the longest (Fig. 5b). The GCD
profiles at different current densities from 0.5 A/g to 5 A/g are
collected (Fig. S7 in Supporting information) and the specific ca-
pacitance are summarized in Fig. 5c. Co/Ni-MOF-1:15 exhibits the
highest specific capacitance of 359 F/g at the current density of
0.5 A/g, which is superior to the Co/Ni-MOF-1:5 (293 F/g), Ni-
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Fig. 5. Electrochemical performances of the Ni-MOF, Co/Ni-MOF-1:15, Co/Ni-MOF-
1:5, Co/Ni-MOF-1:1 and Co-MOF. (a) CV curves at the scan rate of 20mV/s. (b) GCD
curves at a current density of 0.5 A/g. (c) Specific capacitances at different current
densities. (d) EIS spectra.

MOF (286 F/g), Co/Ni-MOF-1:1 (255 F/g), and Co-MOF (132 F/g).
With the increase of the current density, the specific capacitances
for the MOFs are gradually decreased, and the Co/Ni-MOF-1:15
shows better rate performance than other samples, with the cor-
responding capacitance retention at 5 A/g is 81.5%. Electrochemi-
cal impedance spectroscopy (EIS) was characterized to investigate
the charge-transfer kinetic resistance. The Nyquist plots (Fig. 5d)
show that the semicircles in the high-frequency region for all the
MOFs are not obvious, and the Co/Ni-MOF-1:15 presents the step-
per straight line in the low-frequency region, indicating its small
diffusion resistance, which allow faster ion diffusion of the elec-
trolyte during the redox reaction. This result is in line with the CV
and GCD curves. The long-term cycle performance of the Ni-MOF,
Co/Ni-MOF-1:15 and Co-MOF was performed at 5 A/g. After 5000
cycles, 81% of the initial capacitance is retained, which is super to
that of Ni-MOF (79%) and Co-MOF (51%) (Fig. S8 in Supporting in-
formation). The decrease of the capacitance is attributed to the col-
lapse of the Co/Ni-MOF-1:15 (Fig. S9 in Supporting information),
which may be caused by the repeated intercalation and deinterca-
lation of OH~ at the interface of electrode/electrolyte during the
cycling test [43].

The diffusive- and nondiffusive-controlled contributions were
analyzed based on CV curves. The CV curves of Co/Ni-MOF-1:15 at
the scan rates from 10 mV/s to 100mV/s are presented in Fig. 6a.
The well-defined oxidation/reduction peaks are originated from
the redox reactions of Ni2*/Ni3* and/or Co%*/Co3*. The b values
were 0.69/0.61 (Fig. 6b), suggesting the mixed charge storage of a
diffusion-controlled process and a capacitive process. The CV curve
of Co/Ni-MOF-1:15 at a scan rate of 10mV/s shows that capacitive
contribution is about 44.5% of the total capacitive (Fig. 6¢). Fig. 6d
shows the ratio of the contributions of the two processes. As the
scan rate increases from 10 to 100mV/s, the capacitive contribu-
tions are increased from 44.5% to 71.5%.

The excellent energy storage performance of Co/Ni-MOF-1:15
can be attributed to the following factors. (1) The square shaped
channels (7 x7A) are large enough for electrolyte diffusion and
storage, fast ion intercalation and deintercalation (Fig. 1b); (2) The
larger surface area and higher porosity of Co/Ni-MOF-1:15 allow
faster electrolyte diffusion and ion transport (Fig. S3); (3) Co/Ni-
MOF-1:15 exhibits lower diffusion resistance, facilitating ion diffu-
sion of the electrolyte during the redox reaction (Fig. 5d); (4) The
synergistic effect between the optimal ratio of Co2* and Ni?* in
Co/Ni-MOF-1:15 facilitate to provide more active sites [21,33,44].
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To further evaluate the feasibility of Co/Ni-MOF-1:15 at the de-
vice level, a two-electrode asymmetric device is constructed us-
ing Co/Ni-MOF-1:15 as the positive electrode and activated carbon
(AC) as the negative electrode in a 3mol/L KOH electrolyte (de-
noted as Co/Ni-MOF-1:15//AC). The CV curves of the Co/Ni-MOF-
1:15//AC at different potential windows at a scan rate of 20mV/s
shows no obvious polarization, suggesting that a stable operating
voltage window can be extended to 142V (Fig. S18 in Support-
ing information). The CV curves of Co/Ni-MOF-1:15//AC at the scan
rates from 10 mV/s to 100 mV/s show the quasi-rectangular shapes
that can be attributed to the charge generating from the battery-
type electrode and electrical double layer electrode (Fig. 7a). The
GCD curves of Co/Ni-MOF-1:15//AC at different current densities
from 0.5 A/g to 5 A/g are almost symmetric (Fig. 7b), revealing
its excellent electrochemical reversibility. The calculated specific
capacitance is 175, 142, 139, 128.6, 122.8, 121.4 F/g at the cur-
rent densities of 0.5, 1, 2, 3, 4, 5 A/g, respectively (Fig. 7c). More-
over, excellent cycle performance with 97.1% capacity retention
after 5000 cycles was achieved for Co/Ni-MOF-1:15//AC when in-
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vestigated at the current density of 5 A/g (Fig. 7d), which is bet-
ter than NiCo-MOF-1 [45] and NiCo-MOF;75 [46], and is com-
parable to CoNi23/CFP [33], MXene@Ni-MOF [47] and COP [48].
Notably, the specific capacitance shows a growth at the beginning
cycles, which may be due to the activation of the electrode ma-
terials and the gradual permeation of the electrode through the
electrode [49,50]. Furthermore, the Co/Ni-MOF-1:15//AC device can
light up a yellow light-emitting diode (operating voltage 1.6-3V,
20 mA), demonstrating its potential for practical applications.

In summary, a series of spindle-like metal-organic mi-
cro/nanostructures have been fabricated by solvothermal synthesis.
Benefitting from the structural merits and the synergistic effect be-
tween the optimum ratio of Co?* and Ni%*, the Co/Ni-MOF-1:15
shows a high specific capacitance of 359 F/g at 0.5 A/g with good
rate performance and cycling stability as an electrode for super-
capacitor. The Co/Ni-MOF-1:15//AC ASC electrode achieves a spe-
cific capacitance of 175 F/g at the current density of 0.5 A/g excel-
lent cycling performance with 97.1% retention after 5000 cycles at
5 A/g. This work demonstrates that the fabrication of bimetallic-
organic micro/nanostructures is an effective strategy to enhance
the specific capacitance, rate performance and cyclability.
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