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1. Introduction

A capacitor is a passive component that storages energy
in an electrostatic field, consisting of two parallel electrodes 
separated by a dielectric material, and storage energy by 
charge adsorption. Electrochemical double-layer capacitors 
(EDLC), built with C-based electrodes, work forming an elec-
trochemical double layer, allowing a fast charge and dis-
charge, high efficiency, and excellent performance with 
time. Carbon materials have been widely used in superca-
pacitors, due to their high, and tunable, surface area and 
texture, factors that increase the energy storage capacity. 
Activated carbon is the most used material due to its high 
surface area, electrical properties, and moderated cost [1]. 
There are abundant reports and reviews of the use of differ-
ent types of carbon materials (both pristine and modified) in 
supercapacitor applications [2]; thus, showing the im-
portance of these materials in energy storage. Metal-Or-
ganic Frameworks (MOFs), as templates or C precursors to 
prepare high-surface porous carbons, present several bene-
fits, such as no need for an additional C source due to the 
presence of organic ligands, and control of the size, shape, 
and volume of the pore network. 

In this work, a carbon-based on MOF-5 derived from ter-
ephthalic acid obtained from waste plastic bottles is used as 
an electrochemical capacitor, and its behavior is evaluated 
in different electrolytes. To the best of our understanding, 
the MOF-5 here presented is the one with the higher re-
sistance to the environmental humidity, which can be detri-
mental to obtaining an ordered porous structure. 

2. Experimental

2.1 Synthesis of MOF-5 derived carbon 

MOF-5 was synthesized following the procedure re-
ported by Villarroel-Rocha et al. [3]. Here, Benzene 1, 4-di-
carboxylic acid (BDC) obtained from PET bottles was used to 
synthesize MOF-5 following the methodology reported by 
Kaye et al. [4] with some modifications. The synthesis con-
sisted of dissolving Zn(NO3)2·6H2O (5.45 g, 1 mmol) and BDC 
(1 g, 0.33 mmol) in 150 mL of DMF. The resultant solution 
was heated at 120 °C for 4 h in a digestion bomb and then 
cooled to room temperature. Finally, the crude product was 
washed with DMF and methanol several times and then 
dried at room temperature. MOF-5 synthesized was placed 
in a ceramic boat and was then transferred into a horizontal 
quartz tube and carbonized in the horizontal tube furnace. 

The carbonization was performed under an N2 atmosphere 
with a heating rate of 5 °C min-1 from room temperature to 
950 °C for 2 h, followed by natural cooling to room temper-
ature. The resulting carbon sample will be named CMOF-5.  

2.2 Characterization 

N2 adsorption-desorption isotherm was determined at 
77 K in an ASAP 2000 sorption analyzer from Micromeritics, 
and CO2 adsorption isotherm at 273 K until a pressure of 10 
bar in an ASAP 2050 sorption analyzer from Micromeritics. 
The samples were previously outgassed at 473 K in a vacuum 
for 12 h. The apparent specific surface area (SBET) was calcu-
lated by the BET equation using the N2 adsorption data. The 
micropore volumes (VμP-N2 and VμP-CO2), were obtained apply-
ing the aS-plot and Dubinin-Radushkevich methods, using 
the N2 adsorption and CO2 adsorption data. The total pore 
volume (VTP) was calculated using the Gurvich rule at p/p0 = 
0.98 from N2 adsorption data. The micropore size distribu-
tions of material were evaluated by the modified Horvath-
Kawazoe method for pores with slit geometries, using CO2 
adsorption data. Whereas, from N2 adsorption data, the 
mesopore size distribution was obtained by QSDFT method 
included in AsiQwin software, v. 4.0 (Quantachrome Instru-
ments) using the Kernel “N2 at 77 K on carbon (slit/cylindri-
cal pore, QSDFT, adsorption model)”. 

2.3 Electrochemical tests 

2.3.1 Ink preparation 
5 mg of the carbon from MOF-5 (previously ground in a 

mortar) were suspended in 25 mg of water, 25 mg of isopro-
panol, and a 16 mg of a 5 % Nafion solution, and set in an 
ultrasonic bath for 30 min.  2 µL of the ink were spread on a 
mirror-polished 3 mm diameter Glassy Carbon Electrode 
(GCE) and air-dried at room temperature for 30 min to en-
sure binding between the sample and the support. The typ-
ical mass loading was 1.8 mg/cm2. Before each analysis, the 
electrode was soaked in electrolyte overnight to ensure its 
infiltration in the active material. 

2.3.2 Electrochemical measurements 
Electrochemical measurements were carried out a 

room temperature in a potentiostat/galvanostat 
PGSTAT302 N (Metrohm Autolab). A three-electrode elec-
trochemical cell was used for the cyclic voltammetry, gal-
vanostatic charge-discharge, and impedance measure-
ments. The cell consisted of a Pt wire as the counter 
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electrode and an Ag/AgClsat electrode (+0.197 V vs. NHE) as 
the reference electrode. The working electrode was the car-
bon deposited on GCE. The experiments were carried out in 
0.5 M H2SO4. Cyclic voltammetry (CV) experiments were 
measured between -0.2 and 0.7 V at scan rates from 10 to 
500 mV/s; galvanostatic charge-discharge (GCD) curves 
were measured at the same potential limits as in the CV at 
current densities of 0.1, 0.2, 0.5, 1, 2, 5. 10 and 20 A/g. The 
cycle life test was carried out by GCD using a current density 
of 2 A/g for 1050 cycles.  

The specific capacitance (C) of the samples was calcu-
lated from the discharge processes according to: 

𝐶 =
𝐼∆𝑡

𝑚∆𝑉
                                                                                        (1) 

where I (A) is the discharge current, m (g) is the mass of 
the active material, Δt (s) is the discharge time, and ΔV is the 
potential window [5]. 

3. Results 

3.1 CMOF-5 Characterization 

 
Fig. 1. a) N2 adsorption-desorption isotherms at 77 K and b) PSD of 

MOF-5 and CMOF-5. 
 

N2 adsorption-desorption isotherm at 77 K of CMOF-5 
(Fig. 1a) shows that the carbon presents an isotherm Type 
I(b) with an H4 hysteresis loop, according to IUPAC classifi-
cation. This type of isotherm is characteristic of microporous 
materials having mainly narrow micropores [6]. The small 
hysteresis can be due to metal zinc aggregates belonging to 
MOF-5. The pore size distribution (PSD) of the material 

under study presents a peak of mesopore at 2.5 nm and a 
small secondary mesoporosity (Fig.1b). In the micropore re-
gion, a peak at 0.75 nm (inset in Fig. 1b) was observed. The 
textural properties of CMOF-5 are in Table 1. 

 
Table 1. Textural properties of MOF-5 and CMOF-5. 

 

Sample 

N2 at 77 K 
CO2 at 
273 K 

SBET 

(m2 g-1) 

VμP-N
2

1 

(cm3g-1) 

VMP
2 

(cm3g-1) 
VTP 3 

(cm3g-1) 

VμP-CO
2
 4 

(cm3g-1) 

MOF-5 1600 0.58 0.04 0.62 0.59 

CMOF-5 2305 0.89 0.24 1.13 0.63 

1 Calculated with Dubinin-Rasdushkevich equation and aS-plot 
method 
2 VMP = VTP - VμP-N2 
3 Calculated with Gurvich rule 
4 Calculated with Dubinin-Rasdushkevich equation 

 
The results presented above demonstrate that direct 

carbonization of MOF-5 is enough to produce a nanoporous 
carbon with a high specific surface area, and a porous struc-
ture with both micro- and mesopores. 
 

 
 
Fig. 2. Cyclic voltammograms of CMOF-5 in 0.5 M H2SO4: a) scan 
rate of 5 mV/s, and b) scan rates from 5 to 500 mV/s. 
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3.2 Electrochemical characterization 

Figure 2 shows the CV of CMOF-5 in 0.5 M H2SO4. At 5 
mV/s (Fig. 2 a), the voltammogram presents a rectangle 
shape, typical of EDLC [2], with some distortion due to sur-
face functionalities that contribute with additional pseudo-
capacitance [2], also, the ZnO remaining from de MOF-5 car-
bonization show no contribution to the electrochemical re-
sponse of CMOF-5. At higher scan rates (from 100 mV/s) the 
voltammograms appear tilted, caused by increasing re-
sistance in the ion transfer from the bulk solution to the sur-
face of the electrode, apart from that, the shape of the volt-
ammograms remains unchanged. 

 

 
Fig. 3. Charge-discharge profiles at different current densities. In-
set: Variation of specific capacitance with the current density. 
 

The charge-discharge profile at different current densi-
ties is presented in Fig. 3, where the triangular shape of an 
ideal supercapacitor is clearly seen, and with higher current 
densities, the times for complete charge and discharge de-
crease. In addition, the specific capacitance values also de-
crease from 339.72 F/g at 0.1 A/g to 20 F/g at 20 A/g (Inset 
Fig. 3), this might be due to the previously mentioned ion-
transfer resistance. When compared with similar materials, 
the values here presented are higher; for instance, Liu et al- 
[7] reported capacitance values of 203 F/g at 0.1 A/g for a 
MOF-5 derived carbon with furfuryl alcohol as an additional 
carbon source and carbonized at 650 °C. For other MOF-5 
derived carbons, the capacitance values are similar as re-
ported elsewhere [8]. 
Finally, the cycling stability of CMOF-5 was tested by GCD at 
a current density of 2 A/g (Fig. 4) and the results show good 
stability after 1050 cycles with a capacity loss of 2.7 %. 

4. Conclusions 

Nanoporous carbon was obtained by direct carboniza-
tion of MOF-5; this carbon exhibited high surface area, mi-
cro, and mesoporosity. In addition, CMOF-5 presented a 
good electrochemical performance, with specific capaci-
tance values of 339.72 F/g at 0.1 A/g and capacitance reten-
tion of 97.3 % after 1050 cycles at 2 A/g. The presence of 
ZnO did not interfere with the CMOF-5 electrochemical re-
sponse.  

 
Fig. 4. Cycling performance at an applied current density of 2 A/g. 

 
Currently, the behavior of CMOF-5 is being studied in an 

alkaline solution, in a three-electrode electrochemical sys-
tem, in addition to the performance of the CMOF-5 as a sym-
metric supercapacitor in a two-electrode cell using both 
acidic and alkaline media. 
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