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1. Introduction1)

Fossil fuels, which account for about 80% of the total energy, are 

facing a crisis of depletion at a rapid rate[1,2]. Many countries have 

been searching the next generation of energy sources to meet increas-

ing energy demand and to reduce air pollutants, which are the main 

cause of the greenhouse effect. The real challenge is energy storage 

technology. Of the many energy storage devices, supercapacitors play 

an important role in hybrid electric vehicles and portable electronic 

equipment because of their high power density, cycle stability, high re-

liability, and fast charge/discharge characteristics[3-6]. These super-

capacitors have a higher energy density than conventional capacitors, 
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making it possible to apply them to various fields such as memory 

back-up devices, electrical vehicles, and industrial power supplies[7-12].

As an one model of energy storage devices, there is an electric dou-

ble layer capacitor (EDLC) that stores charge at the interface of the 

electrode and the electrolyte through electrostatic force. The other one 

is the pseudocapacitor, which stores a charge, is a device that stores 

charge based on the reversible redox reaction on the surface.

Materials such as carbon-based materials, transition metal ox-

ides/hydroxides, and conductive polymers have been used for manu-

facturing electrode materials used as such supercapacitors[13]. In gen-

eral, carbon-based materials store a large amount of electric charge on 

the electrode surface based on the EDLC principle. However, due to 

the electrostatic surface charging mechanism and the inherent problem 

of agglomeration which is the limit of the carbon-based material, the 

low specific capacitance does not meet the required level of an electric 

device having a sufficient energy density, and studies are under 

way[14]. On the other hand, materials such as transition metal ox-
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Abstract
Ni-benzene-1,3,5-tricarboxylic acid based metal organic frameworks were successfully synthesized by hydrothermal method and 
thermally treated at various temperature. The electrochemical performance of composites was investigated using cyclic voltamme-
try, galvanostatic charge-discharge, and electrochemical impedance spectroscopy. Among all prepared composites, the samples 
annealed at 250 ℃ showed the highest capacitance with a low resistance, and high cycle stability. It was possible to obtain 
the low electrical resistance and high electric conductivity of the electrode by improved microstructure and morphology after 
the thermal annealing at 250 ℃. The samples annealed at 250 ℃ also displayed the maximum specific capacitance with a value 
of 953 Fg-1 at a current density of 0.66 A/g-1 in 6 M KOH electrolyte. Moreover, a 86.4% of the initial specific capacitance 
of the composite was maintained after 3,000 times charge-discharge cycle tests. Based on these properties, it can be concluded 
that the composite could be applied as potential supercapacitor electrode materials.
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ide/hydroxide or conductive polymer rapidly perform charge storage 

through a reversible Faradaic oxidation/reduction reaction. Therefore, 

pseudocapacitors usually show higher specific capacitance than EDLCs 

[13-17]. However, intrinsic high resistance and low cycle stability have 

limited the use of pure transition metal oxide as a supercapacitor 

electrode. As a result, securing new technologies to solve these defi-

ciencies of electrode in supercapacitors and developing clean materials 

to meet new requirements is highly desirable and of practically 

valuable.

On the other hand, metal-organic frameworks (MOFs), which is 

emerging as a new type of porous material, have been widely recog-

nized as supercapacitor electrode materials because of their wide spe-

cific surface area, controllable pore size, and incorporated redox metal 

centers. Despite the usage of MOF materials in the development of su-

percapacitors was an important prospect, only few electrodes have been 

studied as a function of the annealing temperature of the Ni-MOF for 

supercapacitors. Herein, we report a synthesis and electrochemical 

characterization of Ni-BTC MOFs prepared by a hydrothermal method. 

This study structurally confirmed the temperature - dependent changes 

in the phase transition of nickel corresponding to the metal center and 

the organic ligands forming the MOFs. The effect of thermal treatment 

temperature is evaluated by studying the structural characteristic and 

electrochemical properties of the Ni-BTC MOFs. The optimum temper-

ature of Ni-BTC MOFs for thermal annealing also had been 

determined. 

2. Experimental

2.1. Synthesis of Ni-BTC MOFs

All chemicals used in this experiment were of analytical grade and 

were used without further purification. Two solutions of 20 mmol of 

Nicke l(II) nitrate hexahydrate (Ni(NO3)2⋅6H2O) dissolved in 40 mL 

deionized water and 10 mmol of Trimesic acid (H3BTC, ben-

zene-1,3,5-tricarboxylic acid) dissolved in 40 mL dimethylformamide 

(DMF) were prepared separately. Two solutions were loaded into the 

Teflon liner and fully mixed.

Solution mixtures was heated at 160 ℃ for 48 h in a convection 

oven. The Teflon liner was then cooled to room temperature. MOF 

crystals were filtered and washed with deionized water and ethanol 

successively and freeze-dried to obtain the final product.

2.2. Preparation of thermally treated Ni-BTC MOFs

The obtained Ni-BTC MOF was transferred to a heating furnace and 

heated to various temperatures. This step was conducted at various 

temperature (150~650 ℃) under air atmosphere using a raising rate of 

1 ℃min-1. The obtained samples were named as N150, N250, N350, 

N450, N550 and N650 according to treatment temperature respectively. 

For comparison, we prepared a sample without heat treatment, and is 

was named as No HT.

2.3. Characterization methods

The microstructures of Ni-BTC MOFs were analyzed by field emis-

sion scanning electron microscopy (FE-SEM, Carl Zeiss, Supra 25) and 

transmission electron microscopy (H-7600 (HITACHI)). X-ray dif-

fraction (XRD) analysis of materials were measured on Empyrean ser-

ies2 X-ray diffractometer with Cu-Kα radiation (λ = 1.5406 Å). The 

Fourier transform infrared (FT-IR) spectra were recorded on Perkin 

Elmer FT-IR Spectrum two in the range of 650-4,000 cm-1. Specific 

surface area measurement was done by Brunauer-Emmett-Teller (BET, 

Micromeritics ASAP 2020).

2.4. Electrochemical characterization

All electrochemical results were measured with a three electrode sys-

tem from Iviumstat (Ivium Technologies, Netherlands). The working 

electrode was prepared in the following method. The prepared compo-

site, carbon black (Super-P, Alfa-aesar), and polyvinylidone fluoride 

(PVDF) were mixed in an agate mortar at a ratio of 85 : 10 : 5 under 

N-methyl-2-pyrrolidene (NMP) solvent. The homogeneously mixed 

slurry is coated on a nickel foam current collector (1 cm × 1 cm) and 

dried in a vacuum oven at 80 ℃ for 12 h. A saturated calomel elec-

trode (SCE) and Pt wires were used as reference and counter electro-

des, respectively, and measurements were made in a 6M aqueous KOH 

solution. The cyclic voltammograms (CV) were acquired between -0.15 

to 0.4 V at different scan rates of 5, 10, 20, 30 and 50 mVs-1. 

Galvanostatic charge-discharge curves were acquired in the same po-

tential range at a current density of 0.66, 1, 2, 2.5, 3 and 5 Ag-1. 

Electrochemical impedance spectroscopy (EIS) measurements were per-

formed in the frequency range of 100,000 Hz to 0.01 Hz at open cir-

cuit potential with an alternating current (AC) perturbation of 5 mV. 

The specific capacitance of the composites was calculated from the 

GCD curves using the following equation:

 ×∆
 ×∆

(1)

where I is the response current density (A g-1), Δt is discharge time 

(sec), m is the mass of the composite in the electrodes (g), and ΔV 

is the difference between the highest and lowest potential (V). The 

electrochemical impedance spectroscopy (EIS) measurements were per-

formed in the frequency range from 100,000 Hz to 0.01 Hz at open 

circuit potential with an alternating current (AC) perturbation of 5 mV.

3. Results and Discussion

3.1. Microstructural characterization

The synthesis of Ni-BTC MOF is roughly divided into two proc-

esses as shown in Figure 1. First, a crystalline Ni-BTC MOF is ob-

tained through a hydrothermal synthesis reaction, and the particle shape 

can be confirmed later by referring to Figure 4. Finally, the thermal 

treatment for Ni-BTC MOF particles were performed by heat treatment 

process by changing temperatures.

Figure 2 shows the X-ray diffraction (XRD) patterns of the prepared 

composites. It can be seen from the XRD pattern that the structure of 

the MOF is maintained as it is for the heat-treated samples between 
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25 ℃ and 250 ℃. However, it can be confirmed that the structure of 

the MOF is collapsed for the samples of 350 ℃ or higher temperature 

annealing. Their crystalline peak appearance were quite different with 

that for the heat-treated samples between 25 ℃ and 250 ℃. It can be 

seen that the separation or removal of the DMF molecules in the MOF 

structure occurs at around 300 ℃[18]. It could be said that the crystal-

line structure of Ni-BTC MOFs had been developed and stabilized un-

der the thermal annealing at temperature of 250 ℃. 

FT-IR spectroscopy was used to analyze the functional groups and 

microstructure characteristics. Figure 3 shows the FT-IR spectrums of 

various sample of Ni-BTC MOFs recorded in the range of 4,000-650 

cm-1. They show similar IR absorption patterns with Ni ion coordinated 

COO moiety in the range of 1,350-1,650 cm-1[19], and C-N and 

CN-CHO vibrational frequencies observed at 1,103 and 936 cm-1 in-

dicated the presence of Ni coordinating to DMF molecules. The C=O 

band at 1,600 cm-1 in FT-IR spectra of Ni-BTCs represented the amide 

group from DMF. As with the XRD pattern, the FT-IR results show 

that the MOF structure collapses result in the disappearance of the 

peaks of C-N and CN-CHO for samples above 350 ℃.

Morphology analysis of the composite surface was done through 

field emission scanning electron microscopy (FE-SEM) and trans-

mission electron microscopy (TEM) images. Figure 4 (a), (b) shows 

the FE-SEM images and Figure 4 (c), (d) shows the TEM images of 

the as-prepared composites. The Ni-BTC MOF crystals are found to 

have well-regulated particle size of 1-10 µm. The particle of the 

Ni-BTC MOF showed the rod-like appearance and the some parts are 

aggregated from the primary particle. However, we could say the sur-

face is quite smooth and the ordered structure of porous materials. 

BET surface areas of the Ni-BTC MOF crystals measured by N2 gas 

adsorption isotherms were in the order of 900 m2/g. This is quite sim-

ilar to the previous result[20]. The measured specific surface areas of 

Figure 1. Schematic representation of the preparation process of Ni-BTC MOFs.

Figure 2. X-ray diffraction patterns of various heat treatment Ni-BTC 
MOFs.

Figure 3. FT-IR spectra of various thermally treated Ni-BTC MOFs.

Figure 4. (a), (b) FE-SEM and (c), (d) TEM images of N250 sample.
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N150, N250, N350, N450, N550, and N650 samples are 840, 860, 812, 

798, 788, 756 m2/g, respectively. By increasing the heat treatment tem-

perature, the surface area had been gradually decreased probably due 

to some agglomeration and change of microstructure. 

3.2. Electrochemical performance

The electrochemical performance of the prepared electrode was 

measured by cyclic voltammetry (CV), galvanostatic charge-discharge 

(GCD), and electrochemical impedance spectroscopy (EIS). Figure 5 

shows the CV curves of the various temperature heat treatment 

Ni-BTC MOF at scan rate 30 mVs-1 in the potential range of -0.15 to 

0.4 V (vs. SCE) in 6 M KOH electrolyte. A couple of redox peaks 

are observed within the potential range from -0.15 to 0.4 V. Two pos-

sible reactions can occur with a quasi-reversible redox reaction during 

a potential sweep[21]:

Ni(II)s + OH- ↔ Ni(II)(OH)ad + e- (2)

Ni(II)(OH)ad ↔ Ni(III)(OH)ad + e- (3)

The anodic peak is due to the oxidation of Ni(II) to Ni(III) and the 

cathodic peak is for the reverse reduction process[22]. It indicates that 

the capacitance mainly results from the pseudo-capacitive capacitance, 

which is based on a redox mechanism. It should be noted that with 

the sweep rate increases, the increment in the area of the CV and its 

current response is observed. This indicates that the nickel-based MOF 

is appropriate for fast reversible Faradaic reactions.

Figure 6 shows the changes of the redox peaks of the N250 in the 

CV curves at different scan rates in the range 5-50 mVs-1. At low scan 

rates, ion movement occurs at both the inner and outer surfaces of the 

composites. At high scan rates, however, due to structural limitations 

of pore structures, the ion exchange reaction occurs only on the outer 

surface of the electrode. 

Figure 7 shows the constant current charge-discharge curve of the 

composite material. Charge-discharge analysis was carried out at a po-

Figure 5. CV curves of various heat treatment Ni-BTC MOF at a scan 
rates 30 mVs-1.

Figure 6. CV curves of N250 at various scan rates (5, 10, 20, 30, and 
50 mVs-1).

Figure 7. Galvanostatic charge-discharge curves of various heat 
treatment Ni-BTC MOF at a current density of 1 Ag-1.

Figure 8. Galvanostatic charge-discharge curves of N250 at various 
current density (0.66, 1, 2, 3, and 5 Ag-1).
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tential range of -0.15 V to 0.4 V at a current density of 1 A/g. Two 

voltage stages are observed during the discharge process. The first 

stage is the voltage drop from 0.4 V to 0.23 V. It can be seen that 

the shape of the ideal line is close to that of the ideal line, which can 

be attributed to the electric double layer capacitance effect. The second 

slow potential decay from 0.28 V to 0.18 V occurs during the redox 

process in the metal of the electrode, which explains pseudo-capacitive 

performance. Ni(OH)2 crystals having a high capacitance are expected 

to be formed at 90 ℃[20]. Also, it can be seen that the residues are 

removed in the process of increasing to 250 ℃, and the capacitance 

is secured by securing the crytallinity[23,24]. Also, it can be seen that 

when the temperature exceeds 250 ℃, the capacitance drops sharply. 

This result is due to the fact that the organic ligand of the MOF sub-

stance is decomposed at a temperature of 250 ℃ or more and cannot 

have the unique structure of the MOF material, and thus the pseu-

do-capacitance cannot be secured[18]. From the curves, that the charge 

storage capacity of the N250 is evidently higher than that of the re-

maining samples. The calculated specific capacitance of No HT, N150, 

N250, N350, N450, N550, and N650 samples are 862, 596.4, 873, 235, 

109, 73, and 33 Fg-1, respectively at a current density of 1 Ag-1. As 

well known, the capacitance value is highly dependent on the specific 

surface area of samples. However, N250 showed the highest capacitance 

value, although the sample did not show the largest value in surface 

area. It is thought that capacitance is mainly related to the surface area. 

However, the other factor such as surface element composition and elec-

trical conduction also could influence the capacitance value[24].

Figure 8 shows the charge-discharge curves of the N250 at a various 

current density. The maximum specific capacitance of the N250 was 

953 Fg-1 at 0.66 Ag-1. As the discharge current density increases from 

0.66 Ag-1 to 5 Ag-1, a large voltage drop is observed, and finally the 

capacitance decreases from 953 Fg-1 to 240 Fg-1. The reduction in ca-

pacitance is caused by the presence of an internal active site that is 

unable to fully perform redox transitions at high current densities. This 

phenomenon can be explained with reference to OH- ion diffusion dur-

ing the charge and discharge of the electrode. At relatively high rates 

of high current density, OH- ions must be rapidly inserted at the inter-

face between the electrode and the electrolyte, but non-uniformity of 

the OH- ions due to undesirable accessibility of the ions in the dif-

fusion process cannot meet this requirement[25].

High lifetime stability is an important requirement for high-perform-

ance supercapacitor electrode materials. Figure 9 shows the cycle per-

formance of the prepared composites in the range of -0.15 V to 0.4 V 

(vs. SCE) for 3,000 cycles at a 1 Ag-1. As shown in Figure 9, it was 

confirmed that 93.9% of the initial value was maintained for the first 

1,000 cycles, and it was confirmed that the cycle characteristic of 90.0% 

was stable even for 2,000 cycles. In the range of 2,000 to 3,000 cycles, 

there was a slight decrease of 86.4% of the initial value, which was at-

tributed to the structural collapse of Ni-MOF in the process of OH- ion 

redox reaction at the interface between the electrode and the electrolyte.

Figure 10 shows the Nyquist plot of the EIS of the prepared 

composites. From the plot, Z’ in the coordinate shows the ohmic char-

acteristic of the electrode and the imaginary part corresponding to -Z” 

shows the capacitance characteristic. The semicircle at high frequencies 

means the equivalent series resistance (ESR) of the electrodes, and the 

straight line in the low frequency region represents diffusion resistance 

and ion diffusion with the electrolyte. The closer to the vertical in the 

straight line part, the faster the ion diffusion between the electrolyte 

and the electrode leads to the charge transfer, which is an ideal behav-

ior for the electrode[26]. It can be seen that the N250 sample shows 

a higher straight line than the pristine Ni-BTC MOFs, which means 

that it is a more suitable material as a supercapacitor electrode 

material. In addition, as can be seen from the difference of semi-circle 

size of the Nyquist plot, it can be confirmed that the resistance value 

is lower because the semicircle is smaller than the pristine Ni-BTC 

MOFs. Lower ESR values show that the electrical conductance is in-

creased through the organic ligands of Ni-BTC MOFs and the easily 

accessible ion transport path, resulting in lower electrode resistance and 

ion transfer rate. These results were similar trend with the analysis of 

CV and GCD graphs.

Figure 9. Cycling performances of N250. Figure 10. Nyquist plots of N250 and Pris Ni (pristine Ni-BTC 
MOFs).
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4. Conclusions 

We have demonstrated the preparation of Ni-BTC MOFs using a hy-

drothermal method and investigated the correlation of structural and 

electrochemical performance with annealing temperature. The N250 

sample is effectively improved for the super-capacitive performance 

when it is compared to the pristine Ni-BTC MOFs. It is believed that 

Ni(OH)2, which has a high capacitance materials at 90 ℃, was formed 

and developed during the process of raising the temperature to 250 ℃, 

it was possible to obtain low electrical resistance and high electric con-

ductivity of the electrode by improved microstructure and the better 

surface area for electrode reaction. The N250 showed enhanced elec-

trochemical properties such as specific capacitance, rate capability and 

cycle performance. Especially, the N250 had the maximum specific ca-

pacitance of 953 Fg-1 at 0.66 Ag-1 current density, which was higher 

compared to that (862 Fg-1) for the No HT. In addition, the cycle per-

formance of the N250 sample (~86.4% over 3,000 cycles compared to 

the initial value) has been greatly improved. Considering the excellent 

capacity and electrochemical properties of these composites, these 

composites are considered as promising materials for high performance 

supercapacitors.
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