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Abstract
Metal–organic frameworks (MOF) are attracting significant interest as new electrode materials for energy storage applications 
because of their large specific surface area, porosity, composition, and excellent functionality. Herein, using terephthalic  
acid as the linker and Ni and Co as the metal centers, a bimetallic metal–organic framework (Ni:Co MOFs = 1:1 2:1 3:1 
4:0 0:1) with porous structure was  synthesized   by the hydrothermal method. The resulting MOFs maintain a flake-like 
morphology with a high surface area (67.46 m2/g), and the pore size of the NCM 2:1 is concentrated to 2–5 nm, which is 
close to the ideal ion transport channel of electrochemical performance which is suitable for supercapacitor applications. 
The capacitance of the Ni-Co MOF reached 1385 F/g at 4 mA/cm2, and 88.4% capacity was maintained after 3000 cycles, 
indicating better electrochemical stability. An energy density of 7.8 Wh/kg can be achieved at a power density of 173.07 W/
kg and 3.65 Wh/kg is maintained even at a high power density of 692.30 W/kg. These results demonstrate that these Ni-Co 
MOF bimetallic flakes have great potential as new electrode materials for supercapacitors.
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Introduction

Energy is an integral part of human life. Nowadays, pol-
lution is a central problem due to large populations and 
also the destruction of natural fuels destroying our envi-
ronment. Therefore, it is necessary to generate renewable 
and environmentally friendly energy sources. Electro-
chemical energy is an indispensable part of clean energy. 
In many electrochemical energy storage devices, superca-
pacitors (SC) have become the focal point because of their 
unique properties such as high specific capacitance, fast 
charge–discharge rates, and high storage capabilities. The 
supercapacitor has made its mark in both academics and 
industries.1–3 Supercapacitors, also known as electric dou-
ble-layer capacitors or ultracapacitors, are energy storage 
devices with outstanding capacity and quiet internal resist-
ance, which are capable of storing and giving energy at 
moderately large rates as compared to batteries. Execution 
of supercapacitors depends heavily upon the properties of 
the material such as electrical conductivity, morphology, 
chemical stability, and abundant active sites.4 According 
to the energy storage mechanism, SC can be divided into 
two types, an electric double-layer capacitor (EDLC) that 
stores energy by adsorption/desorption of electrolyte ions, 
and a pseudo-capacitor in which electrochemical energy is 
generated from a high-speed redox reaction on the surface. 
EDLCs mainly use carbon materials such as graphene 
(Gr), activated carbon, and carbon nanotubes (CNT) as 
electrode material; on the other hand, pseudo-capacitors 
mainly use transition metal oxides (MnO2, NiO, RuO,2, 
etc.) and conductive polymers (polyaniline PANI, polypyr-
role [PPy], polythiophene [PTh], etc.) are used as electrode 
materials.5,6 To further improve the performance of the 
electrode material, such as specific capacitance and cyclic 
stability, research on advanced electrode materials with 
porous structure, large specific surface area, numerous 
electrically active sites, and conductivity has become the 
focus of research on high-performance supercapacitors.7

Metal–organic frameworks (MOFs) are crystalline sol-
ids including indefinite lattices constructed from inor-
ganic secondary installation components and organic 
linkers, connected by coordination bonds of intermediate 
vitality. MOFs are very different materials from others 
because they have large size, good porosity, pore size, 
shape, dimensionality, and chemical environment that can 
be best adapted.8,9 Presently, MOFs have been used as 
gas storage and separators,10 supercapacitors,11 hetero-
geneous catalysts,12 biomedicine,13 chemical sensors,14 
and proton conductivity.15 Attention to this new type of 
porous material is rapidly increasing, as it has poten-
tial application in many fields. However, composites of 
MOFs have also been used in the field of electrochemical 

energy storage, such as in supercapacitors, lithium-ion 
batteries, and fuel cells.16 Still, MOFs are crystalline in 
nature because their ordered networks build up through 
coordination bonds among ligands and the metal center. 
The structure of MOFs is adaptable and the electrical 
conductivity is commonly insufficient for carbon-based 
electrode materials.17 To date, MOF-based electrode 
materials can be broadly classified into two categories. 
In some cases, MOF was used as a sacrificial template for 
the preparation of MOF-derived materials due to its large 
surface area, tunable small pore size, and efficient contact 
between electrodes and electrolytes.18 Meanwhile, due to 
the low electrical conductivity of the derived materials 
and to improve the performance of the materials, many 
composites based on porous carbons derived from MOF 
or based on metal oxides derived from MOFs have been 
studied.19 Accordingly, MOFs and metal hydroxide com-
posites with high stability and good conductivity are very 
quick in the construction of supercapacitor electrodes.20 
In specific, porous transition metal hydroxide nanopar-
ticles synthesized from MOFs can demonstrate several 
morphologies, such as a spherical, dodecahedral, cubic, 
and tubular, and their particle sizes range from 10 nm 
to 100 nm.21–25  Various types of MOF-based electrode 
materials are available in electrochemical applications. 
Among them, nickel cobalt-derived MOFs are consid-
ered promising electrode materials for supercapacitors 
due to their high theoretical capacitance, easy synthe-
sis, and environmental friendliness. Therefore, size-
able efforts are made to attain high-performance Ni-Co 
MOF electrode materials.26,27 The Ni-MOF material 
has a large surface area and porous structure; hence, it 
shows amazing electrochemical properties. For exam-
ple, Du et al.28 synthesized a two-dimensional nickel-
based metal–organic framework which shows a higher 
specific capacitance of 1057 F/g at 1 A/g and stability 
is 70% after 2500 cycles. Gao et al.29 reported the syn-
thesis of Ni-MOF which has a specific capacitance of 
804 F/g using the hydrothermal method. Because of its 
low electrical conductivity and poor structural stabil-
ity, nickel-based MOFs are not used in electrochemical 
energy storage devices. In the case of cobalt MOF, Xuan 
et al.30 synthesized a Co-MOF at different temperatures 
through the solvothermal method and reported a spe-
cific capacitance of 952.5 F/g synthesized at 150°C at 
a current density of 0.25 A/g, demonstrating excellent 
stability and electrical conductivity. Lee et al.31 reported 
the synthesis of Co-based MOF material which has spe-
cific capacitance of 206.76 F/g and high stability after 
1000 cycles and only a loss of 1.5% in capacitance for 
an electrochemical test. Cobalt-based MOF has higher 
cyclic stability but poor specific capacitance.32 Improve-
ment is required in monometallic electrical conductivity, 
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stability, and specific capacitance. Various types of 
bimetallic–organic frameworks show unique capacitive 
performance. Wang et al.33 reported a bimetallic Ni-Co 
MOF flower-like structure that exhibited a high specific 
capacitance of 1300 F/g at 1 A/g with a higher stability 
1070 F/g at 10 A/g. After a number of cycles, conduc-
tivity is enhanced because Ni2+ and Co2+ ions interact 
to produce a synergistic effect. Srikesh et al.34 reported 
that cobalt concentration strongly affected nickel-based 
MOF. At low concentrations of cobalt, it has higher spe-
cific capacitance. In addition, Gholipour et al.35 reported 
that Ni-Co-based bimetallic MOF has excellent specific 
capacitance of 1049 F/g at 1 A/g with high stability of 
97.4% after 5000 cycles. Overall, studies on the direct use 
of monometallic MOFs are rare due to their low conduc-
tivity, high steric hindrance, and inadequate electrolytes. 
Therefore, it is desirable to produce bimetallic MOFs 
with a multidimensional structure, improved conductiv-
ity, reduced steric hindrance, and good compatibility with 
electrolytes. In this study, Ni-Co MOF with a flake-like 
structure was synthesized by the hydrothermal synthesis 
method. The novelty of our work lies in increasing the 
nickel concentration which results in a more open hierar-
chical flake-like structure that facilitates contact between 
the active site and electrolyte ions. Also, in Ni-Co MOF, 
some Co2+ is replaced by Ni2+, creating more empty holes 
and improving the conductivity of the MOF material.33 
By using the strategy of increasing nickel content, not 
only are chemical costs reduced, but the conductivity 
of MOF material is also improved. On the other hand, 
the improved oxidation state and synergies of bimetals 
in MOFs are beneficial in improving electrochemical 
performance. The novelty also lies in comparison of the 
morphology for the bimetallic MOF synthesized without 
the structure-directing agents. In addition, Ni-Co MOF 
electrode material has been assembled that exhibits excel-
lent energy and power densities. These advantages and 
the synergistic effect between Ni and Co enhance the 
electrochemical activity of Ni-Co MOF, thus obtaining 
the best specific capacitance from 1385 F/g at 4 mA/cm2 
in 1 M KOH.

Experimental

Materials

Nickel nitrate hexahydrate (Ni(NO3)2·6H2O) 99% pure, 
cobalt (II) nitrate hexahydrate (Co(NO3)2·6H2O) 98% 
pure, N,N-dimethylformamide (DMF), terephthalic acid 
(C8H6O4) 98% pure, ethanol, and hydrochloric acid 35% 

extra pure AR grade chemicals were used to prepare Ni-Co 
MOF material.

Synthesis of Ni‑Co MOFs

In the present work, Ni-Co MOF material is synthesized 
by the hydrothermal method. Nickel nitrate hexahydrate 
(Ni(NO3)2·6H2O) and cobalt (II) nitrate hexahydrate 
(Co(NO3)2.6H2O) were used as the starting materials, tere-
phthalic acid (C8H6O4) was used as the organic linker and a 
mixture of ethanol, DMF and double distilled water (DDW) 
was used as a solvent. A solution of 0.1 M Ni(NO3)2·6H2O 
and 0.1 M Co(NO3)2·6H2O in 30 mL DDW was added to 
another solution of 0.05 M terephthalic acid dissolved in 
30 mL of ethanol and 30 mL of DMF. After that, the pre-
pared solution was stirred by magnetic stirring for 60 min 
to obtain a clear, homogeneous solution. Then the solution 
was transferred into a 150 mL Teflon-lined autoclave. The 
autoclave was maintained at 180°C for 24 h. After that, 
the autoclave was left to cool naturally to room tempera-
ture. The resulting material precipitate was washed several 
times with ethanol. The resultant product was dried over-
night in a vacuum oven at 80°C. The resultant pink powder 
was denoted as Ni-Co MOF. The effect of concentration on 
nickel and cobalt content was studied by varying the ratio 
between them. Herein, the molar ratio of nickel and cobalt 
varied as 1:1, 2:1, 3:1, 4:0, 0:1 (Ni:Co) and was denoted as 
NCM 1:1, NCM 2:1, NCM 3:1 NCM 4:0 and NCM 0:1 as 
seen in Fig. 1.

Preparation of the Working Electrode

Ni foam was used as a current collector. Prior to showing 
supercapacitor properties, working electrodes were prepared 
using Ni-Co MOF material (80%), acetylene black (10%) 
and polyvinylidene fluoride (PVDF) (10%) in N-methyl-
2-pyrrolidinone (NMP). The resultant slurry was coated 
onto nickel foam (1 cm2) and dried overnight at 80°C. The 
electrodes prepared from the NCM 1:1, NCM 2:1, NCM 3:1, 
NCM 4:0 and NCM 0:1 powder were used for electrochemi-
cal performance testing. The mass loading of active material 
is approximately 10 mg/cm2.

Characterizations of Ni‑Co MOF

The crystalline nature and phase confirmation of Ni-Co 
MOF material were characterized by XRD using a Bruker 
D2  phaser instrument with Cu-Kα radiation (wave-
length = 1.5406 Å). Morphological study of synthesized 
material was carried out by SEM using a JEOL JSM-IT200 
instrument. The functional group and mode of vibrations 
were studied using Raman and FT-IR spectroscopy, and 
elemental mapping of the material was observed by EDS. 
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Brunauer–Emmett–Teller (BET) analysis was used for the 
evaluation of the surface area and pore size distribution by 
using N2 adsorption–desorption isotherms. Electrochemi-
cal properties of the NCM electrodes were studied by cyclic 
voltammetry (CV), galvanostatic charge–discharge (GCD), 
and electrochemical impedance spectroscopy (EIS) on an 
electrochemical workstation.

Electrochemical Measurements

The effect of different concentrations on the electrochemi-
cal performance of Ni-Co MOF was studied with the help 
of a three-electrode system.    For this study, silver chloride 
(Ag/AgCl) was used as the reference electrode and platinum 
wire as the counter electrode.   For electrochemical meas-
urements, a potential window range of 0–0.8 V and scan 
rate from 5 to 100 mV/s were used to test the performance 
in nickel cobalt metal–organic framework electrodes. Elec-
trochemical testing of synthesized material was carried out 
using a 1.0 M KOH electrolyte system. The 1 cm2 area of ​​the 
working electrode is embedded in the electrolyte for precise 
electrochemical measurements.    The specific capacitance 
of the material is given by

The energy density and power density are calculated 
using Eqs. 2 and 3, respectively.

where Δvvoltagewindowof threeelectrodeandIisthedischargecurrent . 
The CV curves at different scan rates and peak poten-
tials give the charge storage behavior in nickel cobalt 
metal–organic framework.36,37

Results and Discussion

Structure and Morphology Characterization

When growing nanomaterial using hydrothermal methods, 
the reaction temperature plays an important role by changing 
the basic properties of the nanomaterial, such as crystallin-
ity, surface morphology, surface energy, pore structure, and 

(1)Cs =
∫ idV

msΔV

(2)ED =
Cp × (Δv)2

2 × 3.6

(3)PD =
3600 × Eg

Δt

Fig. 1   Schematic illustration of the preparation of Ni-Co MOF material.



3476	 A. D. Salunkhe et al.

1 3

corresponding electrochemical performance. With sufficient 
porosity and a uniform layered structure, active materials 
are excellent as electrodes for SCs because they facilitate 
the path of electrolyte ions during electrochemical reactions 
and help improve energy storage capacity. Here, a series of 
Ni-Co MOFs with the same reaction conditions except for 
the reaction concentration was prepared as electrode mate-
rial through a one-step hydrothermal method. To achieve the 
highest electrochemical performance, it is very necessary 
to control the morphology of the as active material, espe-
cially its size and shape, by optimizing preparation condi-
tions such as temperature and reaction time. In this case, 
flake-like Ni-Co MOF have been prepared active material 
via the hydrothermal method in which an organic linker 
(C8H6O4) and metal precursors Ni (Ni(NO3)2·6H2O) and Co 
(Co(NO3)2·6H2O) were used in a non-aqueous system. As 
seen in the schematics, the morphology of the Ni-Co-MOFs 
changes with change in reaction concentration, leading to 
changes in electrochemical performance.

The XRD structures of Ni-Co MOFs were compared 
with their respective concentration changes to study the 
formation of Ni-Co MOFs, and their respective concentra-
tion comparisons for NCM 1:1, NCM 2:1, NCM 3:1 and 
NCM 4:0 are shown in Fig. 2a, respectively. The organic 
binder coordinates strongly with nickel and cobalt ions to 
form a new crystal structure in Ni-Co MOF. And the dif-
fraction patterns simulated from the single crystal data of 
[Ni3(OH)2(C8H6O4)2 (H2O)4]·2H2O(CCDC-985792) and 
[Co2(OH)2C8H6O4] (CCDC 153,067)38 which directly 
confirms that the Ni-Co MOF has a MOF structure. The 
XRD patterns of the MOFs show the presence of sharp and 
narrow peaks, indicating the highly crystalline nature of 
Ni-Co MOFs. According to the x-ray pattern, the samples 
show similar diffraction peaks, but the intensity of those 
peaks slightly increases as the concentration of nickel ions 
increases. This shows that although NCM 4:0 does not 
break the bond between the metal center and the organic 

linker, the intensity of the diffraction peak characteris-
tic of NCM 1:1 is reduced due to the poor electrostatic 
interaction between the Co ion and the organic linker.39 
The crystal size of Ni-Co MOF was determined at 36.16, 
43.93, 55.79 and 28 nm for NCM 1:1, NCM 2:1, NCM 
3:1 and NCM 4:0, respectively, giving a high intensity 
peak possible is calculated using a famous Debye Scherrer 
formula for the Eq. 4.

where D is the crystalline size, θ is the Bragg diffraction 
angle of the diffraction peaks, is the wavelength and β is the 
full width at half maxima of the peak. The crystallite size 
directly affects the electrochemical performance of Ni-Co 
MOF.40 The shifting of the major peak from the angle of 
11.32°–12.81° with an increase in nickel content confirms 
that compositions of NCM 1:1, NCM 2:1, NCM 3:1, and 
NCM 4:0 are nickel cobalt metal–organic frameworks. 
Similar results of peak shifting in the XRD pattern by the 
addition of atoms in the formation of binary material were 
observed by Li et al.41 This phenomenon is due to the partial 
replacement of some Co atoms by Ni atoms during product 
formation. The observed shift is due to the incorporation 
of Ni and Co atoms during the formation of the material. 

(4)D =
0.9�

�cos�

Fig. 2   Structural characterization of Ni-Co MOF. (a) XRD patterns of prepared Ni-Co MOF materials. (b) Raman patterns of Ni-Co MOFs. (c) 
FTIR spectra of Ni-Co MOFs.

Table I   Comparison of crystallite size and interplanar spacing from 
NCM sample

Samples 2� Crystallite size (D, 
nm)

Interplanar 
spacing (d)

NCM 1:1 11.32 36.16 6.9 Å
NCM 2:1 11.72 43 7.2 Å
NCM 3:1 12.29 55.79 7.6 Å
NCM 4:0 12.81 28 7.8 Å
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Since the Co atom has a higher atomic radius (2 Å) than 
the Ni atom (1.63 Å).42 So the crystallinity of the samples 
is affected and the interplanar spacing increases with the 
addition of Ni atoms and the 2ϴ values of diffraction peaks 
increase the interplanar spacing increases as shown in 
Table I. Interplanar spacing is calculated by using Bragg’s 
law for Eq. 5

where d is the interplanar spacing, n is the order of diffrac-
tion, � is the wavelength of incident x-ray, Θ  is the peak 
position.

The Raman spectrum of Ni-Co MOF has been studied. 
The nature of peaks is shown in Fig. 2b. The intense peaks 
observed at 1609 cm−1, 1514 cm−1, and 1428  cm−1 are 
bounded by the C=C and C=O vibration of the benzene ring. 
Two modes are present in these carboxylate groups which 
are symmetric and asymmetric stretching modes. In addition 
intense bands at 1133 cm−1, 859 cm−1 are associated with 
deformation modes in the C-H bonds, and less intense peaks 
observed at 628 cm−1 approximate Co-O vibration which is 
specified by synthesized Ni-Co MOF material. These results 
are in excellent agreement with the   demonstration reported 
in the literature, hence confirming the formation of Ni-Co 
MOF.43,44 The intensity of Raman lines strongly depends 
upon the material concentration, since as the concentration 
of nickel ions increases, the intensity of peaks also gradu-
ally increases.

The formation of Ni-Co MOFs and their composites 
were further confirmed by FT-IR spectroscopy as an essen-
tial factor for obtaining a variety of information functional 
groups and chemical bonds present in the structure. Fig-
ure 2c shows the FT-IR spectra of NCM 1:1, NCM 2:1, 
NCM 3:1, and NCM 4:0. The peaks at 3423 cm−1 and 

(5)d =
n�

2sinΘ

2917 cm−1, 2856 cm−1 describe the stretching vibration of 
OH− and CH groups. Asymmetric and symmetric (–COO–) 
stretching vibration of organic ligands of coordination of the 
metal center of Ni-Co MOF show peaks at 1554 cm−1 and 
1382 cm−1. Also, the difference between these two bands 
indicates that the -COO group of terephthalic acid is coor-
dinated to Ni2+ or Co2+ or Ni2+/Co2+ via a bidentate mode. 
The aspects of peaks Ni-O and Co-O at 422 cm−1 are simi-
lar to the creation of a metal-oxo bond between the nickel 
and cobalt atoms and the carboxylic group of the organic 
ligand. Other peaks at 748 cm−1and 840 cm−1 are peaks of 
the benzene ring pair.45,46 All of these absorption bands are 
present even in the case of NCM 1:1, NCM 2:1, NCM 3:1 
and NCM 4:0, and it can be seen from the figure that there 
is a slight change in the wavenumbers. Structural elucidation 
by FT-IR confirms the successful formation of Ni-Co MOFs. 
The peaks of the NCM 1:1 to NCM 4:0 samples show a 
slight shift relative to the NCM 1:1 sample possibly due to a 
coordination interaction between the nickel and cobalt bonds 
in the bimetallic sample.47 Furthermore, the samples show 
peaks in a similar range confirming that similar chemical 
bonds are present in the samples. Overall FT-IR results con-
firm that nickel, cobalt, and water are present in the samples. 
The above results support XRD analysis and confirm the 
formation of Ni-Co MOF.

Here, SEM is used to observe the morphological evolu-
tion in the nickel-cobalt metal–organic framework with the 
change of nickel ratios during the synthesis. The expected 
morphological change is observed due to the change in the 
molar ratio of nickel as shown in Fig. 3. The nickel-cobalt 
material (NCM 1:1 sample) shows a flower-like structure 
composed of a large number of connected nanosheets. 
The image shows a compact connection between the 
nanosheets like microspheres (Fig. 3a and b).48,49 In addi-
tion, the concentration of Ni ions increased, the flake-like 

Fig. 3   SEM images of Ni-Co MOFs prepared at different concentrations (a and b) NCM 1:1, (c and d) NCM 2:1, (e and f) NCM 3:1 and (g and 
h) NCM 4:0, (i and j) NCM 0:1.
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structure appeared more clearly, and the flakes became 
more homogeneous, as shown in Fig. 3c and d. SEM also 
revealed that NCM 2:1 exhibits good dispersion, uniform 
size, and thinner thickness so it can transport more electri-
cally active sites, shorten the charge diffusion channel and 
increase the charge transfer rate.50 After the Ni ion concen-
tration increased, it could be observed that the flake-like 
structure of the Ni-Co MOF expanded and the arrange-
ment was regular and porous, especially for the NCM 3:1 
sample shown in Fig. 3e and f. The flake's width is larger 
than that of the NCM 2:1 sample. Hence, electrochemical 
performance gradually decreases as Ni content increases. 
It should be noted that the micro-flakes at the top of the 
NCM 4:0 sample agglomerate, destroying their structure, 
when the cobalt content is further removed, as shown in 
Fig. 3g and h. Figure 3i and j shows that the internal struc-
ture of nanoflakes is more equally distributed in a scattered 
way than the aggregated state of Ni-MOF. The controlled 
synthesis of Ni-Co MOFs using the solvothermal/hydro-
thermal method has been reported by several authors.43 
They clearly showed that the microstructure depends on 
the ion concentration, the reaction temperature, and the 
solvent or solvent mixture used to prepare the solution. 
Energy dispersive spectroscopy (EDS) mapping shows 
the presence of nickel, cobalt, carbon, and oxygen present 
in synthesized Ni-Co MOF. Figure 4 shows the weight 
percent of elements in the prepared sample. The mor-
phology of MOF shows an arrangement of C and O using 

terephthalic acid as an organic linker. These results show 
the four elements compressed in the Ni-Co MOF struc-
ture. The percentage of elements is shown in Table II. The 
elemental data of the synthesized Ni-Co MOF is in agree-
ment with the result given by Da et al.51

The surface manipulation and pore size of Ni-Co 
MOFs using four different samples were investigated by 
N2 adsorption–desorption measurements. At the same 
time, the morphology of the synthesized materials has a 
strong influence on the specific surface area, pore size, 
and pore volume. The BET-BJH data of the samples are 
presented in Table III and Fig. 5a–d. NCM 2:1 has the 
highest specific surface area of 67.46 m2/g and a total pore 
volume of 0.2089 cm3  /g. The highest specific surface 
could be due to the more open porous structure formed 
by the flake-like  structure of NCM 2:1, which is consist-
ent with SEM images. Meanwhile, the synergistic effect 
of Ni and Co ions can effectively increase the specific 
surface area of NCM materials.7 As with previous litera-
ture reviews, the high specific surface area and large pore 
volume are usually associated with better electrochemi-
cal behavior. On the one hand, it ensures a larger contact 
area between the electrodes and the electrolyte; on the 
other hand, it offers freer buffer voltage spaces during the 
charging and discharging cycles. However, as the amount 
of Ni increases, the structure of the material is destroyed, 

Fig. 4   EDS spectra of the (a) NCM 1:1, (b) NCM 2:1, (c) NCM 3:1 and (d) NCM 4:0.

Table II   EDS element content distribution chart

Element C O Ni Co Total mass (%)

NCM 1:1 18.05 23.22 23.45 35.28 100
NCM 2:1 17.58 19.37 51.21 11.84 100
NCM 3:1 4.82 15.82 52.60 26.66 100
NCM 4:0 33.88 37.63 28.49 00 100

Table III   BET surface area, pore volume and mean pore diameter of 
NCM 1:1, NCM 2:1, NCM 3:1 and NCM 4:0, obtained using the N2 
absorption–desorption isotherms

Sample code BET surface area 
(m2/g)

Adsorption average 
pore radius (nm)

NCM 1:1 36.62 1.63
NCM 2:1 67.46 4.097
NCM 3:1 45.87 9.45
NCM 4:0 15.64 33.28
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which in turn causes a decrease in specific surface areas, 
which corresponds to a decrease in electrochemical perfor-
mance. When the Ni/Co molar ratio reaches a level where 
Ni and Co have an equivalent effect on the microstructure 
of Ni/Co MOFs, the MOFs exhibit distinct characteris-
tics, and NCM 2:1 might belong in this case. However, 
the morphology of NCM 2:1 is completely different from 
other types. Its nanoflakes are considerably small and 
decorated with particle-like features (Fig. 3c and d). It is 
also revealed that NCM-2:1 has good dispersion, uniform 
size, and thinner thickness which can promote a large sur-
face area. Different levels of stress and ability may play 
an important role in this morphological change. Surpris-
ingly, NCM 3:1 recovered the nanoflake morphology, 

which can be explained by the fact that Ni is the dominant 
metallic element in NCM 3:1 and the effect of Co on the 
nanoflake size is relatively lower than NCM 2:1 so sur-
face area decreases. Also, pore size distribution is another 
important factor affecting electrochemical performance.7 
However, if the pores are too large, the effectiveness of 
the active ingredient will be reduced. Therefore, a reason-
able pore size distribution is very important to modify the 
electrochemical performance. Furthermore, it is reported 
that when MOFs have microparticles with a diameter of 
less than 2 nm, the transport of electrolyte ions is blocked. 
However, if the pores are too large, the effectiveness of the 
active ingredient is reduced. Therefore, a reasonable pore 
size distribution is very important to modify the electro-
chemical performance. The pore size of the synthesized 

Fig. 5   Nitrogen adsorption–desorption isotherms for (a) NCM 1:1, (b) NCM 2:1, (c) NCM 3:1 and (d) NCM 4:0. Inset shows the corresponding 
pore size distribution curves.
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sample NCM 2:1 is concentrated at 2–5 nm, which is close 
to the ideal ion transport channel of supercapacitors.33 
Therefore, in terms of specific surface area and pore size 
distribution, NCM 2:1 is theoretically expected to exhibit 
better electrochemical performance as battery-like elec-
trode materials.

Effect of Different Concentrations 
on Electrochemical Performance of Ni‑Co MOF

The effect of different concentrations on the electrochemi-
cal performance of Ni-Co MOF was studied with the help 
of a three-electrode system.   For this study, silver chloride 
(Ag/AgCl) was used as the reference electrode and platinum 
wire as the counter electrode. For electrochemical meas-
urements, a potential window range of 0–0.8 V and scan 
rate from 5 mV/s to 100 mV/s were used to test the perfor-
mance in nickel cobalt metal–organic framework electrodes. 
Electrochemical testing of synthesized material was carried 
out using a 1.0 M KOH electrolyte system. The 1 cm2 area 
of ​​the working electrode is embedded in the electrolyte for 
precise electrochemical measurements. Electrochemical 
studies were performed using a Nova 2.1.5 workstation. 
Five-electrode CV curves of NCM 1:1, NCM 2:1, NCM 
1:1, NCM 4:0 and NCM 0:1 at the same scan rate of 5 mV/s 
are shown in Fig. 6a. All CV curves clearly show the shape 
of the battery-like activity, which is attributed to a faradaic 
redox reaction in the raw phase of the electrode material. In 
the CV curves of all Ni-Co-based MOF electrodes, a pair 
of well-separated faradaic redox peaks was observed with 
sharp peaks and a relatively large potential gap. This is a 
characteristic of battery-like behavior. The intercalation of 
OH- ions from the electrolyte to the surface of nickel cobalt 
MOF material takes place at the time of charging and de-
intercalates during discharging. This can be explained by the 
following reaction mechanism.20,38

The improved performance may be due to the strong 
synergies of Co2+ and Ni2+. In particular, the NCM 2:1 
electrode showed the maximum CV curve area even when 
the sampling rate was increased to 100 mV/s.46,52 Figure 6c 
shows the CV response of NCM 2:1 at different scan rates 
ranging from 5 to 100 mV/s. The high capacity of NCM 
2:1 is attributed to the redox reactions participated by both 
nickel ions and cobalt ions in the charge/discharge process.

Figure 6b shows the GCD curves of the four electrode 
samples at a current density of 4 mA/cm2. The GCD curves 
at different current densities are depicted in Fig. 6d. In 

(6)

[Ni3−xCox(OH)2(C8H6O4)2 ⋅ (H2O)4
]

⋅2H2O + OH−

−e− ↔ [Ni3−xCoxO (OH)(C8H6O4)2 ⋅ (H2O)4
]

⋅ 2H2O + H2O

particular, the nonlinear GCD curves exhibit some sym-
metric background, which proves that these electrodes have 
good electrochemical performance. The interpretation of the 
discharge curve can be divided into two views: a very small 
voltage drop and a charge transfer response of the work-
ing electrode. When the voltage reaches the highest point, 
the current drops sharply representing the beginning of dis-
charge curves, indicating that the voltage drop of the elec-
trode is due to its internal resistance.53 It is also well proven 
that the 2:1 NCM has the longest discharge time and the best 
electrochemical behavior. The larger interface area of ​​the 2:1 
NCM effectively promotes charge transfer, thereby reducing 
the internal resistance of the working electrode. A longer 
charge–discharge time exhibits a more noticeable specific 
capacitance, as determined by Eq. 1. In Fig. 6c, the maxi-
mum specific capacitance of 1385 F/g belongs to NCM 2:1 
in 4 mA/cm2. At the same current density, NCM 1:1, NCM 
3:1, NCM 4:0 and NCM 0:1 revealed specific capacitance 
of 967 F/g, 1192 F/g, 677 F/g, 453 F/g. Furthermore, the 
specific capacitance decreases with increasing current den-
sity, which might be related to ion migration limitations in 
active materials is shown in Table IV. Significant OH- ions 
must intercalate quickly at the electrode/electrolyte interface 
at high current densities, but the short charging time, low 
concentration, and poor accessibility of OH− ions cannot 
match this demand. The specific capacitance of the Ni-Co 
MOF electrode was calculated from charge–discharge curves 
by using Eq. 7:

where I is current density (mA), m is active mass (g), ∆t is 
discharge time (s), and ∆ v is the potential window (V).54

The EIS results shown in Fig. 6e also confirmed this. In 
particular, the radius of the semicircle indicates the charge 
transfer resistance (Rct) used to calculate the charge trans-
fer capacity between the electrode and the electrolyte. The 
smaller radius of the semicircle reflects faster charge transfer 
at the electrode/electrolyte interface. Compared with NCM 
2:1, the other electrode materials, namely NCM 1:1 NCM 
3:1, NCM 4:0, and NCM 0:1, have larger Rct, resulting in 
low electrochemical activity as shown in Table V. However, 
with increasing Ni content in MOF, the Rct value of Ni-Co 
MOF excluding NCM 2:1 gradually decreased, observing 
improved electrochemical behavior due to efficient elec-
tronic tuning. Furthermore, the straight line can also be used 
to evaluate the capacitance performance. The more vertical 
line of NCM 2:1 indicates better capacitive behavior associ-
ated with faster ion diffusion, suggesting that the addition of 
Ni also affects the pore structure of the Ni-Co MOF. Finally, 
as the amount of Ni decreases, the crystalline grains of the 
Ni-Co MOF become smaller, thereby increasing the surface 
area and thus improving the capacitance efficiency.55

(7)Cp =
IΔt

mΔv
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Figure 6f presents a comparison of the electrochemical 
behaviors between different Ni-Co MOF electrodes. Appar-
ently, the NCM 2:1 electrode (2:1 Ni-Co MOF ratio) exhibits 
higher capacitance than other NCM electrodes. Furthermore, 
NCM 2:1 exhibited the highest specific capacitance of 1385 
F/g at 4 mA/cm2 while maintaining 1137 F/g at 7 mA/cm2, 
demonstrating its good throughput performance. The excel-
lent electrochemical properties of NCM 2:1 may be the 

result of flake morphology with a more open hierarchy and 
the highest specific area, which facilitates electron transport 
and ion diffusion of electrolytes during redox reactions. The 
cyclic stability is also an important parameter to study the 
lifetime of the supercapacitor electrode. The analysis of the 
NCM 2:1 electrode was carried out across 3000 CV cycles at 
the scan rate of 100 mV/s in 1 M KOH electrolyte. Figure 6g 
shows the graph of capacitance retention versus the number 

Fig. 6   Electrochemical performance of Ni-Co MOF electrodes: (a) 
CV curves of NCM electrodes scanned at 5  mV/s, (b) GCD curves 
of NCM electrodes at 4A/g, (c) CV plots of NCM 2:1 electrode, (d) 

GCD graphs of NCM 2:1 electrode, (e) EIS plot of NCM electrodes, 
(f) calculated specific capacitances versus current densities of NCM 
electrodes.
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of cycles for the Ni-Co MOF electrode. As shown in Fig. 7a, 
the stability plot for Ni-Co MOF demonstrates 88.4% capac-
itance retention after 3000 CV cycles. The inset figure shows 
the cyclic voltammetry curves of the first and 3000th cycles. 
After 3000 CV cycles, only an 11.6% decrease in the initial 
value of capacitance occurred which is due to the disso-
lution of ions in an aqueous electrolyte. The Ni-Co MOF 
electrode showed 88.4% capacitance retention, respectively. 
To evaluate the performance of supercapacitors, energy den-
sity and power density are two key factors determined using 
the ragone plot. This graph shows the correlation between 
three electrode system energy density and power density 
for Ni-Co MOF (NCM 1:1, NCM 2:1, NCM 3:1 NCM 4:0, 
and NCM 0:1) as shown in Fig. 7b, which is calculated from 

Eqs. 2 and 3. A higher energy density of 38.95 Wh/kg at the 
power density of 141 W/kg was observed for the NCM 2:1 
electrode as compared to NCM 1:1, NCM 3:1 NCM 4:0, and 
NCM 0:1 electrodes. The energy densities of 27 W/kg, 33 
W/kg, and 19 Wh/kg at the power densities of 53 W/kg, 88 
W/kg, and 67 W/kg were observed for NCM 1:1, NCM 3:1, 
and NCM 4:0 electrodes at the current density of 4 mA/cm2, 
respectively. These results showed that NCM 2:1 has much 
better electrochemical performance than NCM 1:1, NCM 
3:1, NCM 4:0 and NCM 0:1 power density due to its high 
specific capacity (1385 F/g) and energy density of 38.95 
Wh/kg 141 W/kg. The good cycling stability of the NCM 2:1 
electrode was reflected in its high structural stability, which 
could help provide more channels for electron transport and 
make the more electroactive surface area accessible to the 
electrolyte.

To better understand the charge transfer rate of the NCM 
2:1 electrode, we applied the power law to determine the 
contribution of charge accumulation in the capacitive and 
diffusion-controlled response based on the CV curve. The 
peak current (ip) can be associated with the sampling rate 
(υ) using the Eq. 8:

where a and b are the tuning parameters. The value of b is 
particularly 0.5 or 1; when b = 0.5, charge storage is mainly 

(8)ip = a�b

Table IV   Values of specific 
capacitance, energy density 
and power density calculated 
from charge discharge curves at 
different current densities

Sr. no. Sample code Current density 
(mA/cm2)

Specific capaci-
tance (F/g)

Energy density 
(Wh/kg)

Power 
density 
(W/kg)

1 NCM 1:1 4 967 27.19 53.53
2 5 689 121.37 75.52
3 6 681 19.15 97.93
4 7 685 16.26 131
1 NCM 2:1 4 1385 38.95 141
2 5 1358 38.19 165.05
3 6 1270 35.71 182.4
4 7 1137 31.97 197.9
1 NCM 3:1 4 1192 33.52 88.46
2 5 1253 31.24 111.18
3 6 1185 29.65 134.62
4 7 1148 25.76 156.61
1 NCM 4:0 4 677 19.04 67
2 5 521 14.65 124.97
3 6 428 12.03 12.03
4 7 320 9 161.87
1 NCM 0:1 4 453 12.74 89.93
2 5 314 9.7 81.58
3 6 275 7.5 75.31
4 7 212 6.9 83.63

Table V   Comparison of charge transfer resistance of different mate-
rial

Sample (Rs) Charge transfer resistance 
(Rct)

Series 
equivalent 
resistance

NCM 1:1 0.3042 Ω 2.9751 Ω
NCM 2:1 0.1865 Ω 2.9731 Ω
NCM 3:1 0.2737 Ω 2.9771 Ω
NCM 4:0 0.4266 Ω 2.9787 Ω
NCM 0:1 0.5685 Ω 2.9811 Ω
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a result of diffusion control, and when b = 1, charge storage 
is the result of the capacitive process. The b-value can be 
evaluated from the slope of the log (i) versus log(υ) curve, 
as shown in Fig. 7c. The b value obtained with the NCM 
2: 1 electrode is 0.43, indicating the superiority of the dif-
fusion rate-determining charge storage process over the 
capacitive process. As shown in Fig. 7d, the mechanism of 
electrolyte diffusion during the charge storage process was 
studied based on the relationship between peak oxidation 
and reduction currents and the square root of the sampling 
rate. The peak current increases in proportion to the square 
root of the sample rate, and further shows the diffusion of 
electrolyte ions during the electrochemical process of the 
NCM 2:1 electrode.56 To further evaluate the contribution 
of the capacitive and diffusion rate-determining process to 
charge storage, the total charge stored at a given potential is 
a combination of currents from a capacitive (k1 v) process 
and a diffusion rate-determining (k2 v 1/2) process.

Therefore, the power law is determined by Eq. 9.

(9)ip = k
1
v + k

2
v1∕2

where ip is the peak current, and k1 and k2 are coeffi-
cients for capacitance current and diffusion-controlled cur-
rent, respectively. Figure 7e shows the contribution of the 
capacitive and diffusion-controlled charge storage of the 
NCM 2:1 electrode at different scan rates. Results confirm 
that the dominant charge storage mechanism of the NCM 2:1 
electrode is based on the diffusion-controlled process, not 
the capacitive process.57,58

To further evaluate the practical applicability of the 
NCM 2:1 material, we measured energy density and power 
density using two-electrode systems. The cyclic voltammo-
gram is carried out at a cell voltage of 0–0.6 V and various 
sweep rates of 10–100 mV/s as shown in Fig. 8a. Galvano-
static charge–discharge tests at various current densities of 
1–4 mA/cm2 with cell voltages ranging from 0.0 V to 0.45 V 
were carried out to verify the energy storage behavior, as 
shown in Fig. 8b. At higher current densities (4 mA/cm2) the 
SSC device's GCD plots demonstrate nonlinear charge–dis-
charge curves, which point to the power device's excellent 
capacitive characteristics and desired rapid charge–discharge 
qualities. At a current density of 1 mA/cm2, the device has a 
maximum specific capacitance 280 F/g. The cycling stabil-
ity of the symmetric device is recorded over 10,000 cycles 

Fig. 7   (a) Cyclic performances of NCM 2:1 electrode at 100  mV/s, 
(b) Ragone plot of NCM samples, (c) b value from the fitted lines 
(logarithm peak current against logarithm of scan rate), (d) plot of 

peak current versus square root of scan rate, (e) diffusion contribution 
and capacitive contribution as a function of different scan rates.
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as presented in Fig. 8c. The symmetric device shows 92.6% 
capacitance retention over 10,000 cycles indicating excel-
lent cycle stability. The energy and power densities are also 
evaluated for NCM 2:1//NCM 2:1 symmetric device using 
Eqs. 3 and 4 and are presented in Fig. 8d. The energy den-
sity of 7.8 Wh/kg can be achieved at a power density of 
173.07 W/kg and 3.65 Wh/kg is maintained even at a high 
power density of 692.30 W/kg.

A comparative study of the electrochemical properties 
of hydrothermally cultured Ni-Co MOF electrodes (NCM 
1:1, NCM 2:1 and NCM 3:1, and NCM 4:0) was performed 
using radar display, as shown in Fig. 9. Each peak displays 
parameters such as crystal size, and SSA of the Ni-Co MOF 
samples and obtained supercapacitive parameters such as 
specific surface area, pore radius, energy density, power 
density, series resistance, and charge transfer resistance of 
the respective materials. The integral area under the curve 
displays the electrochemical performance of the NCM sam-
ples. From Fig. 9, it can be observed that the integral area 
of ​​NCM 2:1 is remarkable compared with NCM 1:1, NCM 
3:1, and NCM 4:0. It is confirmed that the small crystal 

size, large SSA, and minimum series resistance of the NCM 
2:1 contribute to the increased specific capacitance, power 
density, power density, and cyclic stability.  These results 
show that NCM 2: 1 has a higher specific capacitance (1385 
F/g), an energy density of 38.95 Wh/kg, and a power density 
of 141 W/kg, so it is better than NCM 1:1, NCM 3:1, and 
NCM 4:0. It shows that it has much better electrochemical 
performance. The excellent cycling stability of the NCM 2:1 
electrode is reflected in its high structural stability, provid-
ing more channels for electron transport and creating more 
electroactive surface area accessible to the electrolyte.

Conclusion

In summary, nickel-cobalt metal–organic framework flakes 
with similar structures have been successfully synthesized 
by a hydrothermal method. NCM 2:1 has the highest specific 
capacitance of 1385 F/g at 4 mA/cm2and holds 1137 F/g 
even at 7 mA/cm2. The improved electrochemical perfor-
mance can be attributed to a flake-like structure with a more 

Fig. 8   Symmetric device performance. (a) CV curves at different scan rates, (b) GCD curves at different current densities, (c) plot of specific 
capacitance versus cycle number, with inset showing stability difference between the first cycle and 10,000th cycle, (d) Ragone plot of device.
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open structure and larger surface area, increasing the contact 
area between the electrode and the electrolyte while shorten-
ing the path length for ion transport. The synergistic effect 
of the Ni-Co MOF electrode between Ni2+ and Co2+ also 
contributes to the improvement of conductivity. The concen-
tration of empty holes has been reported to play an important 
role in the conductivity of nickel-based materials. Because 
of the similar size of Co2+ radius (0.065 nm) and Ni2+ radius 
(0.069 nm), relatively small Ni2+ ions diffuse into Co-MOF, 
partially substituting Co2+ ions for more. It can form many 
Co2+ vacancies. This action may increase the empty holes 
in the Ni concentration, increase the MOF, and improve the 
conductivity of the MOF. The energy density of 7.8 Wh/
kg can be achieved at a power density of 173.07 W/kg and 
3.65 Wh/kg is maintained even at a high power density of 
692.30 W/kg. All these results show that Ni-Co MOFs of 
this type have promise as electrodes in supercapacitors.
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