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A typical solvothermal method was used to synthesize the imidazole framework (Zn-Ni(Melm)2) and
subsequently calcined under a nitrogen atmosphere (Zn-Ni(Melm)2(N2-723K), and activated with KOH
(Zn-Ni(Melm)2(KOH)). The samples were characterized by X-ray diffraction, field emission scanning
electron microscopy, Fourier transform infrared spectroscopy, and an electrochemical analyzer system.
The pseudocapacitive behavior was exhibited when Zn-Ni(Melm). was used as a supercapacitor material
in the electrolyte of 6 M KOH. The Zn-Ni(Melm),, (Zn-Ni(Melm)2(N2-723K) and (Zn-
Ni(Melm)2(KOH) electrodes showed specific capacitances of 378, 192 and 573 Fg!, respectively, at a
current density of 5 A gt . It still retained good performance and stability over 1000-cycles
measurement. These results indicate that Zn-Ni(Melm).-derived compounds are promising materials for
use as supercapacitors.

Keywords: Imidazolate framework, Supercapacitors, Zn-Ni(Melm)., Pseudocapacitance

1. INTRODUCTION

Supercapacitors are a new kind of electrochemical energy storage device with high power
density, long cycle time and no pollution [1]. Electrode materials play an essential role in supercapacitors,
which directly affects the energy storage of the device. Different forms of carbon have been used and
applied for supercapacitor applications as electrode materials [2-4]. Details of the kinetics of ion
diffusion through porous materials, as well as its importance in the use of nonaqueous electrolytes, were
studied during recent decades [5-7]. In addition, high surface area, pore-size distribution [8-9], graphitic
degree [10] and nitrogen content [11-12] have critical effects on obtaining a high-performance electric
double-layer capacitor (EDLC). However, it is difficult to increase all the properties in supercapacitor’s
construction, which limits the development of supercapacitors. Thus, designed nanoporous carbon
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(NPC) materials are synthesized and expected to significantly improve the electrochemical performance
of current EDLC materials.

Supercapacitors have emerged as excellent candidates that can use as energy storage equipment
due to their long life time, high power density, and minimal safety concerns [13]. Two types of
supercapacitors have been developed: (1) electrochemical double layer capacitors (EDLCs), (2)
pseudocapacitors. Usually, the electrostatically store charges at the surface of carbonaceous materials
would lead to low specific capacitance, which limit the EDLCs application. Therefore, high-redox-active
electrode compounds are promising materials with increasing interest. Pseudocapacitors are ideal
alternative for better conductive materials which governed by multiple reversible faradic reactions
during the charge and discharge processes [14].

Metal-organic frameworks (MOFs) are an increasingly developing class of porous materials. Due
of their unique structural properties including high surface areas, tunable pore sizes, and open metal
sites, MOFs have attracted great attention. The excellent characteristics of MOFs enable them to have
potential applications in magnetism, gas storage, sensors, catalysis, and luminescence [15]. Herein, (Zn-
Ni(Melm)2) was calcined under a nitrogen atmosphere, activated with KOH and subsequently
investigated as an electrode material for supercapacitors with a 6 M KOH electrolyte. Zeolitic
imidazolate frameworks (ZIFs) have the advantages of high stability and framework diversity [16]. ZIF-
8 has excellent properties, including a large pore size and surface area, high thermal stability and good
chemical stability [17]. Bimetallic MOFs with two different kinds of metal ions could improve the
electrochemical characteristics [18]. To enhance the electrochemical performance of the prepared
supercapacitor electrode, bimetal ions and ZIF were combined for the fabrication of the electrode
material in this study. The preparation procedure is shown in Fig. 1. The results show that (Zn-
Ni(Melm)2)(KOH) exhibits the best electrochemical performance.
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Figure 1. Preparation scheme of (Zn-Ni(Melm)2)-based materials

2. EXPERIMENTAL

2.1 Synthesis of the samples

The synthesis of Zn-Ni(Melm), was already reported [13]. Zinc nitrate hexahydrate
(ZnNO3+6H,0, 1.189 g, 4.0 mmol), nickel(ll) nitrate hexahydrate (NiNO2+6H.0, 1.163 g, 4.0 mmol)
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and 2-methylimidaole (H-Melm) (600 mg, 7.0 mmol) were mixed and dissolved in 40 mL of N,N-
dimethylformamide (DMF) and 15 mL of ethylene glycol in a glass beaker. The mixture was stirred for
2 h at room temperature. Then, the mixture was transferred and sealed in a 100 mL autoclave and kept
at 150 °C for 24 h. The received material (Zn-Ni(Melm),) was filtered and then washed with ethanol
and DMF separately. The material was dried overnight after cooling down. Then, Zn-Ni(Melm), was
calcined under a nitrogen atmosphere at 723 K for 3 h, and the product was denoted as (Zn-
Ni(Melm)2(N2-723K). Zn-Ni(Melm), was then immersed in 2 M KOH with stirring at room temperature
for 5 h. Furthermore, the solid was washed by deionized water to remove the redundant KOH. Finally,
Zn-Ni(Melm), (KOH) was obtained after drying in an oven overnight.

2.2 Characterization

A Nicolet is10 Fourier transform infrared (FTIR) spectrophotometer was used to characterize the
chemical structures of the prepared materials, scanning from 600 to 4000 cm™. The crystallographic
data were measured by using an X’Pert Powder X-ray diffractometer (PANalytical, Netherlands). The
X-ray diffraction (XRD) pattern was measured from 5° to 50° (20 value) with CuKa radiation
(conditions: A=1.54 A, 40 kV, 40 mA). Field emission scanning electron microscopy (FE-SEM) images
were collected with a Zeiss-IGMA HD field emission scanning electron microscope (Germany) at a
working voltage of 2.0 kV. The electrodes were prepared by pressing at pastes of 75: 20: 5 wt% active
material/carbon black/polytetrafluoroethylene (PTFE) at a pressure of 10 MPa. The prepared electrode
was dried at 100 °C for 2 h. Nickel foam was used as the current collector. Electrochemical
measurements were carried out on an IVIUM (Holland) electrochemical analysis system in a three-
electrode system. The active material powder worked as the working electrode, with an Ag/AgClI
electrode as the reference electrode [19], and a platinum sheet electrode as the counter electrode. The
electrode was prepared by 6 M of KOH. Cyclic voltammetry (CVs) was used to carry out the check scan
rates tendency within a potential range. Galvanostatic charge—discharge (GCD) was conducted at a
current density of 1 A g~X. The chronopotentiometry test was carried out within a potential window.

3. RESULTS AND DISCUSSION

3.1 Physicochemical characterization

The XRD patterns of the synthesized compounds are shown in Fig. 2a. The results indicate that
in comparison to the reported Zn(Melm), structure [17], the prepared compounds contain Zn(Melm)s.
Zn-Ni(Melm) is highly crystalline, as we can see from the sharp peaks in the XRD patterns. The slight
difference in XRD patterns may be caused by the metastable state of semicrystalline to crystalline [20].
It may disappear with a change in external conditions and transform into a stable crystalline state,
eventually forming Zn-Ni(Melm), with complete crystallinity. The crystalline order of Zn-Ni(Melm):
remains mostly unchanged after being calcined under a nitrogen atmosphere at 723 K. The FT-IR
spectrum in Fig. 2b shows that the adsorption peak at 1666 cm™ almost disappeared after calcination of
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Zn-Ni(Melm)2 under a nitrogen atmosphere and KOH treatment. This indicates that the guest molecules
(DMF and H20) are removed or carbonized.
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Figure 2. XRD patterns (a) and FT-IR spectra (b) of the synthesized compounds.

Figure 3. FE-SEM images of (a) Zn-Ni(Melm)z, (b) (Zn-Ni(Melm)2(N2-723K), and (c) (Zn-
Ni(Melm)2(KOH).

The SEM images of the as-prepared samples are presented in Fig. 3. Fig. 3a shows a high-
porosity structure composed of spherical-like nanoscale particles. However, after carbonization at 723
K, some of the pore structures collapsed (in Fig. 3b). As shown in Fig. 3c, the pores became more
abundant after activation by KOH, which would accelerate electron transfer rate for electrolyte to
penetrate to the inner of the electrode material.

3.2 Electrochemical properties

Fig. 4a-c show the CV curves for the untreated Zn-Ni(Melm)., the calcined Zn-Ni(Melm)2 under
a nitrogen atmosphere, and Zn-Ni(Melm). after KOH treatment, respectively, at different scan rates. The
CVs were measured at a scan rate of 5 mVs™ on different sample electrodes and are shown in Fig. 4d.
Judging from the CV curves, the reaction is a quasi-reversible electron transfer process. The results
indicating that the capacitance is based on a redox mechanism [21], which is different from that of
EDLCs. The CV curve for EDLCs is close to an ideal rectangular shape. The anodic peak of the
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electrodes shifts positively with increasing scan rate, while the cathodic peaks shift negatively. The
specific capacitance (Cs) can be estimated using the following well-known formula [22].

Cs=(I xA41)/(mxAV) 1)
where the specific capacitance is simplified as Cs (Fg!) and the discharge current and time are
symbolized as I(A) and At(s), respectively. The potential window and mass of a single electrode are
expressed by 4V(V) and m(g), respectively.
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Figure 4. CV curves of different samples at various scanning rates. a Zn-Ni(Melm).. b Zn-Ni(Melm).
(N2-723K). ¢ Zn-Ni(Melm)2(KOH). d CV curves of different samples with a scan rate of 5 mVs
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Figure 5. a, GCD curves of different samples at a current density of 1 A g~*. b, The specific capacitance
of different samples at different current densities. ¢, Cycling performance of experimental Zn-
Ni(Melm)2 (KOH) at a current density of 5 A g*.
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The GCD curves of Zn-Ni(Melm)2, Zn-Ni(Melm)2 (N2-723K) and Zn-Ni(Melm), (KOH) at 1 A
g ! are plotted in Fig. 5a for comparison. The specific capacitances are 378, 192 and 573 F g* for Zn-
Ni(Melm)z, Zn-Ni(Melm). (N2-723K) and Zn-Ni(Melm). (KOH), respectively, based on eq. (1). The
calculated specific capacitance at various current densities of Zn-Ni(Melm)., Zn-Ni(Melm) (N2-723K)
and Zn-Ni(Melm), (KOH) according to eq. (1) is exhibited in Fig. 5b. Clearly, Zn-Ni(Melm); (KOH)
delivers a higher specific capacitance than Zn-Ni(Melm), (378 F g™1) and Zn-Ni(Melm), (N2-723K)
(192 F g1). Zn-Ni(Melm), (KOH) could reach a value of 573 F g~* even when the current density was
increased to 1 A g%, indicating faster electron transfer in the Zn-Ni(Melm), (KOH) electrode. These
findings verify that Zn-Ni(Melm), (KOH) has satisfactory rate capability and higher specific capacitance
than Zn-Ni(Melm)s.

Table 1. Summary of typical MOF-based supercapacitor electrode materials.

Electrode Capacitance (F g}) Current density Ref
(Ag?)
[CulH2(C12H12N6)(PM012040)]- (Ce- 239.2 3 23
H1sN)[(H20)2]

Ni/Co-MOFs 1220.2 1 24

Eu-MOF 468 1 25

C0304 342.1 0.5 26
(Zn-Ni(Melm), 573 5 This work

As shown in Fig. 5c, the stability of the Zn-Ni(Melm). (KOH) electrode was examined through
CV cycle life tests carried out at a current density of 5 A g™*. The results showed that the specific
capacitance of the electrode continuously increases until 1000 cycles. That indicated the full activation
at the electrode/electrolyte interface, and the value of the specific capacitance is almost constant.
Moreover, the specific capacitance of MOF-based supercapacitor materials is summarized in Table 1.
Compared to that of previously reported materials, the performance of the materials described herein is
acceptable. These results suggest that Zn-Ni(Melm). (KOH) is a very suitable and valuable electrode
material for supercapacitors.

4. CONCLUSION

In this study, Zn-Ni(Melm). was calcined and/or treated with KOH and then evaluated as an
electrode material for supercapacitor in a KOH electrolyte. The cyclic voltammetry and
chronopotentiometry measurements indicate that the capacitance of Zn-Ni(Melm). mainly caused by
Faradaic reactions. Zn-Ni(Melm), (KOH) shows a maximum specific capacitance value of 573 F g*
even when the current density is increased to 1 A g~*. This Bimetallic MOFs based electrode material is
a promising material for the future application in supercapacitor devices.
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