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Design of new, efficient, and suitable electrode material through 
interconnection of ZIF-67 by polyaniline nanotube on graphene flakes 
for supercapacitors 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Few-layered Graphene was prepared 
with a new method from discharged 
ZCBs graphite. 

• New Graphene@ZIF-67/PANI-NT com-
posite was fabricated by a simple 
method at 25 ◦C. 

• ZIF-67 crystals are interconnected 
through PANI-NTs on the graphene 
flakes. 

• This composite exhibits the high surface 
area of 961.53 m2 g− 1. 

• It delivers a high specific capacitance of 
20416.70 mF g− 1 at of 0.05 mA cm− 2.  
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A B S T R A C T   

Metal-organic frameworks (MOFs) have been given more significant consideration in energy storage systems due 
to their high specific surface areas, mesoporous structures, and numerous reaction sites. To introduce additional 
conductive pathways and facilitate fast charge transfer, MOFs can be integrated with suitable conducting agents. 
In this study, we report the preparation of a novel Graphene@ZIF-67/polyaniline nanotube (PANI-NT) composite 
by using an easy stirring and sonication approach at room temperature. ZIF-67 rhombic dodecahedron structures 
are interconnected through PANI-NTs and deposited on the graphene flakes. Field emission scanning electron 
microscopy (FESEM) and transmission electron microscopy (TEM) analysis have confirmed such individual 
morphology. This composite by the high surface area of 961.53 m2 g− 1 exhibits a high specific capacitance of 
20416.70 mF g− 1 at a current density of 0.05 mA cm− 2. This is due to a quick permeation of ions, easy for-
warding of electrons, and excellent cooperation between the ingredients of the composite that result in reversible 
redox interactions. Moreover, the electrode material possesses 75% specific capacitance retention after 3000 
cycles indicate good reversibility and cyclic stableness. The prepared Graphene@ZIF-67/PANI-NT composite can 
render outstanding electrochemical performance and is properly candidate for supercapacitors application.   
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1. Introduction 

Energy storage systems play a considerable role in our world [1,2]. 
Most of our energy needs are provided by fossil fuels, which lead to a 
series of earnest problems such as greenhouse-gas dispersion and envi-
ronmental pollution [3]. One of the most important scientific and 
technological challenges is detecting a sustainable and clean energy 
source. Solar and wind energy are very clean and plentiful renewable 
energy sources. However, due to the fluctuation of their properties, it is 
essential to develop ways to obtain the power for use [4], which creates 
the demand for well storage devices. Amidst these systems, super-
capacitors, so-called electrochemical-capacitors, have been revealed as 
one of the potential electrochemical storage apparatus owing to their 
prominent features such as extraordinary reversibility, high power 
density, excellent cycling stableness, and fast response [5,6]. This 
category of systems is between traditional capacitors and batteries with 
extensive applications in hybrid electric vehicles, mainly for regenera-
tive dissociation, strategic parts, and solar converters [7]. Super-
capacitors can be classified into three groups. One group is electric 
double-layer capacitors (EDLCs) [8] which are commonly composed of 
carbonaceous materials and have an excellent power density and cycling 
stability, but low capacitance [9]. The energy storage in this group is 
based on the electrolyte nion’s adsorption on the electrode surface [10]. 
The second group is pseudo-capacitors (PCs) [11] which generally are 
formed of metal oxides/hydroxides and conductive polymers. They have 
high specific capacitance and energy density, but low cycling life [9], 
and the charge storage is accomplished by electro-sorption and redox 
reactions on the surface or near the electrode surface [12]. The third 
group is hybrid supercapacitors (HSCs) [13], consisting of the combi-
nation of EDLC and pseudo-capacitor and have more increased features 
than the combining parts. These systems use non-faradic and redox re-
actions to store energy [14]. 

Latterly, noticeable advancements have been obtained in the study, 
description, and preparation of MOFs [15,16]. Their importance is 
determined by the function in daily life and the effect on the future of 
human technology. These materials are commonly fabricated via linking 
metal nodes and organic bridging ligands, utilizing sturdy connections 
to manipulate open crystalline structures with perpetual porosity [17, 
18]. MOFs include geometric shape, inorganic metal centers, and 
organic linkers. Various metal centers and linkers are applied to 
construct MOFs as supramolecular building blocks, which leads to ma-
terials with a lot of porosity, orderly pores, and excellent chemical sta-
bleness for reforming physical and chemical properties [19,20]. These 
characteristics give rise to the potential uses of MOFs in fields such as 
segregation, sensors, gas storage and adsorption, photo-catalysis, solar 
cells, and drug delivery [21,22]. Lately, diverse MOFs-based as active 
electrode materials have been used for supercapacitors with supreme 
capacitive operation because of their highly porous structures [23–25]. 
Such MOFs can facilitate charge incorporation and charge permeability 
throughout the framework, resulting in unique features such as struc-
tural tolerability, high chemical and thermal stabilities, adjustable pore 
size distribution, and high specific surface area [26–30]. Therefore, 
these intrinsic attributes give MOFs a suitable category of materials with 
potential performance in electrochemical systems [31]. Among diverse 
MOFs, zeolitic imidazolate frameworks (ZIFs) are a subset of MOFs with 
the identical morphologies as zeolites. The discrepancy between ZIFs 
and zeolites is that the former is manufactured of zinc or cobalt metal 
cations connected to imidazolate linkers, whereas the latter is manu-
factured by Si–O–Si [32]. Owing to their particular structure, ZIFs have 
very high chemical and thermal stableness in aqueous and non-aqueous 
solutions that can be employed to amend the cycling operation and 
enhance the specific capacitance of the supercapacitor. Furthermore, the 
redox interactions of metal cations into the ZIF can create a trans-
portation passage for electrons and truncate propagation pathways for 
charge carriers [33,34]. ZIF-67, contained imidazolate linkers through 
coordination, supramolecular and hydrogen bonding interactions 

contain porous lattice, and a periodic structure [35,36] which is a proper 
selection of the supercapacitor as electrode materials. The porous 
structure leads to quick ion diffusion and rich interfacial active sites that 
can speed up faradaic reactions [15,37]. However, ZIF-67-based nano-
particles are electronic isolators that are an earnest defect in the subject 
of electrode materials. The insignificant conductance led to electrode 
polarizability and repressed electrochemical dynamics, eventually 
leading to decreased performance of effective electrochemical sub-
stances. To use these substances as electrode materials in high-efficiency 
electrochemical devices, scientists have improved the intrinsically 
negligible conductivities of these nanoparticles [31]. 

To improve the insignificant electronic conductance and the aggre-
gation of pristine ZIF-67 nanomaterials, different approaches have been 
employed hitherto. One approach is exploiting a conductive linker for 
“bridges” to manufacture conducting paths [15]. Though various re-
portages on this theme have concentrated on composite ZIF-67-based 
electrode materials, little reportage have focused on the bridging ef-
fect [38,39]. Unlike other bridging materials, conductive polymers such 
as polypyrrole (PPy) and polyaniline (PANI) present appealing sub-
stances for reinforcing the electronic conduction of both ZIFs and 
ZIF-based composites they can improve both structural support and 
electronic conductance. Recently, diverse polymeric substances have 
been rendered to improve the performance of these composites in 
electrochemical applications [40,41]. Polymeric ZIF-composites with 
high specific surface area, electrical conductance, and redox activity can 
improve highly stable and efficacious supercapacitors [42]. 

PANI nanostructures are widely utilized as electrode material for 
supercapacitors due to their particular features such as significant 
porosity, high specific surface area, good dispersibility [43,44], high 
capacity for energy storage, simple preparation, high conductance, low 
cost, high environmental stableness, reversible reduction-oxidation 
behavior, and good mechanical suppleness [45]. Among the various 
PANI morphologies [46,47], PANI-NTs provide a high specific surface 
area and unfilled structure, which increase their electrochemical oper-
ations as electrode materials. Nevertheless, PANI is sentient to swift 
destruction under consecutive cycles (charge/discharge process) due to 
its edema and contraction. To improve this constraint, PANI has been 
combined with carbonaceous materials to augment the stableness of 
PANI and the capacitance value [48]. Among various carbon materials, 
Graphene, a 2D hexagonal sp2 carbon network, has attracted particular 
attention for its potential application in energy storage systems owing to 
its remarkable electrical and chemical properties [49]. The unique vir-
tues of Graphene, including high surface area, good suppleness, supreme 
chemical stableness, and mechanical solidity, are especially effective to 
employ it as an ideal matrix in the preparation of hybrid structures [50]. 
In recent years, the PANI-NT/Graphene composites have received 
considerable attention owing to combining high specific capacitance 
[51] and reversible reduction-oxidation behavior [52] of PANI-NT with 
particular thermal stableness [53], outstanding mechanical solidity 
[54], excellent electronic virtues, and electrical conductance of Gra-
phene [55]. Furthermore, the inserting of nanomaterials on Graphene 
can efficiently decrease the reversible agglomeration of graphene flakes, 
permitting a better utilization of the surface active sites [56]. 

According to our studies, only a few methodical works have been 
found with ZIF-67 and polymeric nanotubes [57,58]. Nevertheless, to 
the best of our knowledge, there is no report on the synthesis of the 
Graphene@ZIF-67/PANI-NT ternary composite and its function as a 
supercapacitor electrode material. Herein, we combine the superiorities 
of Graphene, PANI-NT, and ZIFs for synthesizing a nanocomposite 
containing proper electrochemical properties. Firstly, few-layered Gra-
phene was synthesized with a new method from discharged zinc-carbon 
batteries (ZCBs) as graphite electrodes in a 0.5 M Na2SO4 solution. 
Secondly, uniform and self-gathered PANI-NTs were prepared by the 
chemical soft template method with rectangular cross-section 
morphology using citric acid [59]. Finally, 
Graphene@ZIF-67/PANI-NT composite was fabricated by a novel and 
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easy approach to enhance the throughout electrical conductance by 
conductive PANI-NT as the interconnected frameworks for in situ 
growth of ZIF-67 nanoparticles on the graphene flakes successfully. 
ZIF-67 with supreme pore structure can facilitate the passage of elec-
trons through the interconnections of PANI-NT. Also, ZIF-67 crystals can 
improve the contact between the electrolyte and the electrode material, 
thereby increasing the performance of the supercapacitor. The appli-
cation of this composite was investigated as an electrode material for 
supercapacitor in the presence of a 1 M Na2SO4 electrolyte. Conse-
quently, the as-prepared Graphene@ZIF-67/PANI-NT electrode exhibits 
specific capacitance (20416.70 mF g− 1 at 0.05 mA cm− 2) and cycling 
stability (75% capacitance retention after 3000 cycles). 

2. Materials and methods 

2.1. Materials 

ZCBs were obtained from discharged batteries of Saba battery In-
dustries, Iran. HCL (37%), aniline, ammonium persulfate (APS), 2-meth-
ylimidazole (2-MeIM), methanol, and ethanol were purchased from 
Merck. Co (NO3) 2⋅ 6H2O and citric acid anhydrous (CA) were obtained 
from Fluka, Na2SO4 from Riedel, and Polyvinylpyrrolidone (PVP; MW =
360000) was purchased from Sigma-Aldrich. For the polymerization 
process was used of double-distilled aniline and all chemicals were used 
without further purification. DI water was applied to prepare all 
aqueous solutions. 

2.2. Synthesis of graphene by electrochemical exfoliation 

The carbon electrode rods from discharged batteries were cleaned 
with dilute HCl solution. Then, the electrodes were put in boiling DI 
water for about 10 min to eliminate any residual dirtiness. The prepared 
graphite rods were then exposed to electrochemical exfoliation at room 
temperature. A 250 mL of 0.5 M Na2SO4 solution was used as the elec-
trolyte. Two waste ZCB graphite electrodes were employed as graphene 
sources in two-electrode systems. The electrochemical exfoliation was 
accomplished by exerting 30 V DC voltage and output current of 3 A for 
35 min. After this process, the graphene suspension was sonicated at 
room temperature for 15 min and washed several times with DI water 
using vacuum filtration. Finally, graphene powder was dried at 80 ◦C for 
24 h under vacuum. 

2.3. Synthesis of rectangular PANI-NT 

The synthesis of rectangular-shaped PANI-NT was performed under 
the method reported by Lim et al. [59]. In a typical synthesis, CA was 
stirred in DI water (80 mL) at room temperature for 30 min. Then 0.5 mL 
of aniline (the molar ratio of CA to aniline = 1:4) was added to the CA 
aqueous solution and stirred for 30 min. Next, 20 mL of APS (mole ratio 
of aniline to APS = 1:1) was poured gradually into the aniline solution 
by putting the vessel in an ice bath. The obtained solution was kept static 
for 12 h in an ice bath to occur the polymerization reaction. The ob-
tained dark-green precipitate was filtered, washed with DI water and 
ethanol, and dried at 60 ◦C for 24 h under vacuum. 

2.4. Synthesis of Graphene@ZIF-67/PANI-NT 

For the nanocomposite synthesis, 50 mg graphene was dispersed in 
20 mL methanol under sonication for 1 h. In another vessel, 40 mg of 
PANI-NT was sonicated in 20 mL of methanol solution for 30 min. Then, 
the PANI-NT methanol solution was poured into the graphene suspen-
sion and stirred for 30 min. At the same time, Co(NO3)2.6H2O (454 mg) 
and 2-MelM (513 mg) were both dissolved in 25 mL methanol, indi-
vidually. Next, the solution of Co(NO3)2.6H2O was poured into the 
Graphene/PANI-NT mixture, and finally, the 2-MeIM solution was 
slowly added to the reaction mixture under stirring for 30 min. The final 

mixture was stirred at room temperature for 24 h. The resulting product 
was centrifuged, washed with methanol several times, and dried at 60 ◦C 
for 12 h under vacuum. For further study, other electrode materials such 
as ZIF-67 and Graphene/ZIF-67 were synthesized using an analogous 
synthesis process. 

2.5. Materials characterization 

The X-ray diffraction (XRD) patterns of the prepared materials were 
carried out by X-ray diffraction (XRD, Explorer GNR Italia) applying Cu 
Kα radiation (λ = 1.5418 Å) at the current of 30 mA and 40 kV voltage 
with a scan rate of 0.05◦/min in a 2θ range of 5◦–80◦. The overall 
morphology of the samples was specified on a MIRA3 TESCAN field- 
emission scanning electron microscope (FESEM) operating at 10 kV 
voltage. Before the FESEM viewing, a gold coating was exerted on the 
samples to achieve more transparent FESEM images. TEM was accom-
plished with a Philips EM208S Netherland operating at 100 kV. Raman 
analysis was performed with a Teksan P50C0R10 laser Raman micro-
scope with a 532 nm (Nd: YAG laser). X-ray photoelectron spectra (XPS) 
tests were carried out on a Bes-Tec (Germany) electron spectrometer 
using monochromatic Mg Kα irradiation (1253.6 eV). The Fourier 
transmission infrared (FTIR) spectra were taken with a Thermo Nicolet 
Series 1112 Flash EA FTIR spectrometer utilizing a deuterated triglycine 
sulfate detector in 400–4000 cm− 1. The surface area analysis (BET) of 
the composites was accomplished utilizing a Belsorp mini II surface 
analyzer (Microtrac Bel Corp., Japan) by N2 adsorption-desorption iso-
therms. The pore size distribution plots were got using the BJH model. 

2.6. Electrochemical performance measurements 

Electrochemical tests of the as-prepared electrode materials were 
appraised in a three-electrode cell that consisted of a working electrode, 
an Ag/AgCl reference electrode, and a Pt wire counter electrode with 1 
M Na2SO4 electrolyte. Stainless steel (SS) was applied as the substrate 
and current collector of SCs. Before the deposition of materials and for 
greater effectiveness in the experiments, the SS was entirely cleaned to 
eliminate contaminations. Firstly, the provided pristine SS was cut into 
pieces with a 1.0 cm × 4.0 cm. The small pieces of SS were cleaned in 
acetone, ethanol, and DI water with bath ultrasound for 15 min, 
respectively. After being cleaned, the substrates were dried at 90 ◦C. For 
working electrode preparation, 100 mg active material was mixed with 
50 mg PVP as a binder in absolute ethanol solvent. Then the mixture was 
sonicated at room temperature for 30 min to form a slurry. The binder 
(PVP) usually increases the adhesion between the electrode material and 
the substrate. Then, the slurry was pasted on SS of 1 cm2 area using 
Doctor’s blade manner and dried at 60 ◦C for 12 h. The actual weight of 
the loading was measured and calculated according to Eq. (1): 

mact =m2 − m1 (1)  

where, mact is the weight of active materials, m2 and m1 are the mass of 
SS after and before deposition of materials. The deposited active mate-
rials weight on SS was 0.0030 ± 0.0002 g. The cyclic voltammetry (CV) 
and galvanostatic charge-discharge (GCD) tests were accomplished on a 
potentiostat/galvanostat Sama 500 advanced electro-analyzer system. 
Electrochemical impedance spectroscopy (EIS) was measured with 
Metrohm Autolab302 N (USA) and recorded at an amplitude voltage of 
5 mV and in the range of 100 kHz to 0.01 Hz. The specific capacitance 
values were computed for the three-electrode cell from GCD curves by 
Eq. (2): 

Cs =
I × Δt

mact × ΔV
(2)  

where I (mA), Δt (s), mact (g), ΔV (V), Cs (mF g− 1) explain the constant 
discharge current, discharge time, mass of active materials on the SS, the 
potential operating window, and specific capacitance. 
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In addition, energy density (E) and power density (P) are computed 
based on Eqs. (3) and (4) [60]: 

E =
1
2

Cs(ΔV)2
×

1
3.6

(3)  

P=
E × 3600

Δt
(4)  

3. Results and discussion 

The formation mechanism of the Graphene@ZIF-67/PANI-NT com-
posite is illustrated in Fig. 1. Firstly, the pre-synthesized Graphene flakes 
and PANI-NTs were dispersed in methanol by sonication. The Graphene 
flakes are served as the deposition substrates and electron transportation 
scaffolds. Secondly, Co(NO3)2 is poured inside the dispersion system and 
stirred to ensure the sorption of Co+2 metal ions at the surface of PANI- 
NTs through electrostatic attraction. Thirdly, the 2-MelM methanolic 
solution was added slowly to induce heterogeneous nucleation, and the 
ZIF-67 seed crystals placed on the surface of the PANI-NTs acted as 
crystal nuclei for the growth of ZIF-67 large polyhedra during the stir-
ring process. Finally, the Graphene@ZIF-67/PANI-NT composite was 
obtained with a specific morphology after 24 h of mixing the reaction 
vessel. The role of conductive PANI-NTs in the composite on the surface 
of Graphene flake are the interconnection of isolated MOF crystals as 
bridges between the MOF particles. 

Morphology and structure of as-prepared material are essential for 
its application performances and the construction of composites. 
Fig. 2a–e shows the FESEM images of PANI-NTs, ZIF-67, Graphene/ZIF- 
67, and Graphene@ZIF-67/PANI-NT samples. Fig. 2a indicates FESEM 
images of the PANI-NTs prepared with a self-assembly method utilizing 
an in situ oxidative polymerization technique. This procedure results in 
the formation of a tubular shape in PANI. It corroborates that the syn-
thesized PANI-NTs possess one-dimensional rectangular structures with 
diameters of about 203 nm and lengths of up to several microns. Fig. 2b 
shows that ZIF-67 has a typical, delicate and regular rhombic dodeca-
hedron structure as the model of ZIF-67 (inset in Fig. 2b) and an average 
particle size of around 450 nm. Each ZIF-67-dodecahedron has two 
symmetrical vertices which, each of which shares three or four edges, 

having reasonably smooth and even surfaces [61]. As seen in Fig. 2c, the 
as-fabricated ZIF-67 particles are deposited well on Graphene flakes. 
Fig. 2 (d, e) presents ZIF-67 particles that connected through PANI-NTs. 
This preparation method causes ZIF-67/PANI-NT to maintain as much 
surface of Graphene covered as possible. Further, TEM was used for the 
analysis of samples prepared. Fig. 2f illustrates the transparent and 
accumulated few-layered Graphene. Fig. 2g confirms the tubular 
morphology of PANI synthesized by the chemical soft template poly-
merization method. Fig. 2h refers to the TEM image of ZIF-67, corrob-
orating that the prepared sample has an orderly rhombic morphology, 
which is compatible with Fig. 2b. TEM analysis was accomplished to 
present further intuition into the structure and morphology of the 
pre-synthesized Graphene@ZIF-67/PANI-NT composite. Fig. 2i dem-
onstrates the overall morphology of the Graphene@ZIF-67/PANI-NT 
network. This reveals that ZIF-67 solid polyhedral is well-distributed 
on Graphene flakes and is permeated and interconnected by PANI-NT. 
The PANI-NTs located throughout the ZIF crystals act as the adhesive 
for networking the ZIF-67 particles, promulgate electron transmission 
between ZIF-67 particles. 

Raman analysis has been employed to investigate the vibrational 
modes of Graphene, Graphene/ZIF-67, and Graphene@ZIF-67/PANI-NT 
materials (Fig. 3a). These perusals were performed over a spectral zone 
of 100–4000 cm− 1. The Raman spectra of Graphene demonstrated three 
significant peaks at 1345, 1583, and 2700 cm− 1 related to D, G, and 2D 
bands, respectively. The D and G bands are devoted to the A1g vibration 
mode of sp2 carbon and the E2g stretching vibrational mode of the C–C 
bond [62]. The 2D band around 2690–2700 cm− 1 is an endorsement of 
the sp2 graphitic system [63]. Raman spectrum of Graphene/ZIF-67 
nanoparticles showed two determined peaks at 471 and 675 cm− 1, 
which can be confirmed as the specified peaks of ZIF-67 [16]. The 
Graphene@ZIF-67/PANI-NT composite exhibited peaks characteristic of 
PANI-NT at 1166 (C–H vibration), 1356 (C–N+), 1493 (C––N and C––C 
stretching), and 1582 cm− 1 (C––C), respectively [64]. 

The XRD analysis was carried out to survey the crystal structure of 
prepared materials (Fig. 3b). Graphite powder exhibits three peaks with 
d-spacing values at 2θ of 26.41◦ (d = 3.3745 Å), 44.37◦ (d = 2.0419 Å), 
and 54.56◦ (d = 1.6821 Å) that related to the (002), (101), and (004) 
crystallographic planes, respectively [65]. XRD pattern of 

Fig. 1. Schematic illustration of the synthesis process of Graphene@ZIF-67/PANI-NT composite.  
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electrochemically exfoliated graphene flakes synthesized utilizing the 
Na2SO4 electrolyte shows the peaks at 2θ of 24.81◦ (d = 3.600 Å) and 
43.55◦ (d = 2.0453 Å) that attributed to the (002) and (101) planes. For 
the obtained Graphene/ZIF-67 composite, there are particular diffrac-
tion peaks of the ZIF-67 at 2θ of 7.44◦ (011), 10.74◦ (002), 12.79◦ (112), 
14.59◦ (022), 16.39◦ (013), 18.09◦ (222), 22.74◦ (114), 24.59◦ (233) 
and 26.71◦ (134) [66]. In the Graphene@ZIF-67/PANI-NT composite, 
two characteristic peaks are observed at the 2θ values of 18.00◦ and 
26.15◦, which are related to the presence of PANI-NT in the composite 
[67,68]. This discloses that the induction of PANI-NT into ZIF-67 crys-
tals does not change the crystal phase and crystallinity of ZIF-67 and 
Graphene. 

FTIR was performed to specify pre-synthesized materials. In FTIR 
spectra, pure graphite and Graphene should not be any peaks owing to 
the absenteeism of specific functional groups. However, the presence of 
some weak peaks in the FTIR spectra might be related to the sorption of 
solvent molecules, the aqueous electrolyte, and humidity in the exfoli-
ation process [69]. According to Fig. 3c, the peaks of both graphite and 
Graphene spectra at 3423.01 and 3436.10 cm− 1 be ascribed to the 
vibrational mode of the O–H bond, relevant to adsorbed humidity or the 
attendance of hydroxyl groups in pristine graphite. The characteristic 
peaks at 2847.67 and 2920.23 cm− 1 appertain to the symmetric and 
asymmetric stretching vibration of C–H groups. To better observe the 
position of the peaks, FTIR spectra of nanomaterials were enlarged at the 
400-1750 cm− 1 range (Fig. 3d). The weak peak of the Graphene spec-
trum at 1703.52 cm− 1 was attributed to the C––O stretching vibration. 

The similar intensities in graphite and Graphene spectra indicate that a 
minimal quantity of the oxygen functional groups was inserted into 
Graphene during the exfoliation process [70]. In all spectra, the peak 
corresponds to the aromatic sp2 carbon ring, and C––C stretching vi-
bration was observed at 1582.33 cm− 1 [71]. The two vast peaks of 
PANI-NT at 2941.65 and 3190.92 cm− 1 were devoted to N–H and O–H 
stretching modes, confirming the PANI-NT formation through a 
hydrogen bond with N–H. Furthermore, the peaks of ZIF-67 at 2962.37 
and 3135.17 cm− 1 are allocated to the vibrational mode of C–H [72]. 
The peaks at 509.18 and 1039.83 cm− 1 are related to the adsorption of 
the –COOH group, which indicates the resulting PANI is doped with CA 
and thus leads to the formation of rectangular PANI-NT [73], and at 
1140 cm− 1 was devoted to a C–H bending vibration [74]. The peaks at 
692.50 and 1498 cm− 1 in PANI-NT, ZIF-67, Graphene/ZIF-67, and 
Graphene@ZIF-67/PANI-NT composite were allocated to the 
out-of-plane bending of C–H in the aromatic ring and benzenoid rings. 
Moreover, the two peaks at 823.57 and 1304.23 cm− 1 correspond to 
C–H out-of-plane bending and C–N vibration mode, respectively. As seen 
in the ZIF-67, Graphene/ZIF-67, and Graphene@ZIF-67/PANI-NT 
composite, the peaks in the range of 650–1500 cm− 1 were attributed 
to the stretching and bending vibrations of the imidazole ring. Exclu-
sively, the absorption band at 425.48 cm− 1 has corresponded to Co–N 
stretching [75]. All the specified peaks of Graphene and PANI-NT are 
maintained for the Graphene@ZIF-67/PANI-NT composites. 

XPS was accomplished to expound on the oxidation state and surface 
elemental composition of the Graphene@ZIF-67/PANI-NT. As 

Fig. 2. (a–e) FESEM images of PANI-NTs, ZIF-67, Graphene/ZIF-67, and Graphene@ZIF-67/PANI-NT composite and (f–i) TEM images of graphene, PANI-NT, ZIF-67, 
and Graphene@ZIF-67/PANI-NT composite. 
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demonstrated in Fig. 4a, the survey XPS spectrum proved the co- 
existence of N, O, Co, and C elements in the composite. In Fig. 4b, the 
Co 2p of Graphene@ZIF-67/PANI-NT has two specified peaks at 798.9 
and 784.5 eV, which are devoted to the electronic states of Co 2p1/2 and 
Co 2p3/2 belong to Co2+, while the peaks at 797.3 eV (Co 2p1/2) and 
782.7 eV (Co 2p3/2) are related to Co3+. Furthermore, there are also two 
satellite (Sat.) peaks at 803.2 and 787.4 eV. The gap of ~14.6 eV be-
tween Co 2p3/2 and Co 2p1/2 and satellites indicated that Co2+ and Co3+

coexisted in Graphene@ZIF-67/PANI-NT [58]. The N 1s XPS spectrum 
was displayed in Fig. 4c confirms the presence of PANI in the composite 
and deconvoluted into four fit peaks: =N‒ (397.4 eV), ‒NH‒ (398.2 
eV), –NH⁺= (399.7 eV), and –NH⁺2‒ (401.4 eV) [76,77]. The 
high-resolution spectrum of C 1s demonstrates the major peak centered 
at 285.3 eV in Fig. 4d, and the deconvolution confirms the presence of 
C–C/C––C (284.3 eV), C–N (285.1 eV), C–O (285.5 eV), N–C––O (286.1 
eV), and O–C––O (287.1 eV) [78]. In addition, the O 1s region of 
Graphene@ZIF-67/PANI-NT in Fig. 4e was deconvoluted into two fitting 
peaks at 532.9 eV (O-II) and 531.5 eV (O–I), which were allocated to 
C–O and C––O, respectively [79]. Furthermore, nitrogen adsorption/-
desorption analysis based on BJH (Barrett-Joyner-Halenda) and the 
Brunauer-Emmett-Teller (BET) manner was used to measure pore size 
distributions, and specific surface area of the prepared composites, and 
the results are represented in Fig. 4f–i. The adsorption isotherm for the 
Graphene/ZIF-67 and Graphene@ZIF-67/PANI-NT demonstrates a high 
slope below relative pressure of 0.1. In addition, there is a type H4 
hysteresis loop at a relative pressure range of 0.4–1.0, denoting that 
there are both micropores and mesopores [80,81]. The adsorption iso-
therms are type I and IV according to the IUPAC classification [82]. The 
specific surface area enhances from 736.45 to 961.53 m2 g− 1 with the 
insertion of PANI-NT from Graphene/ZIF-67 to 

Graphene@ZIF-67/PANI-NT. The Graphene@ZIF-67/PANI-NT com-
posite has a total pore volume of 0.4689 cm3 g− 1 with an average pore 
size of 2.244 nm. The results confirm that the 
Graphene@ZIF-67/PANI-NT composite with a large surface-to-volume 
ratio can increase the rate capacity and charge storage [83]. 

The electrochemical characteristics of Graphene, ZIF-67, Graphene/ 
ZIF-67, and Graphene@ZIF-67/PANI-NT composite as supercapacitor 
electrode materials are evaluated by CV, GCD curves, and EIS mea-
surement in a three-electrode system immersed in 1 M Na2SO4 electro-
lyte. Fig. 5a–d displays the CV curves of Graphene, ZIF-67, Graphene/ 
ZIF-67, and Graphene@ZIF-67/PANI-NT composite at various scan rates 
(30–200 mV s− 1) and in voltage range 0–0.8 V. The electroactivity and 
the specific capacitance of the fabricated electrodes can be investigated 
based on the confined area inside the CV curves. It is noticed from these 
curves that the size of the confined areas of the CV curves of the elec-
trodes is increased as Graphene < ZIF-67 < Graphene/ZIF-67 < Gra-
phene@ZIF-67/PANI-NT respectively that, implying a significantly 
enhanced specific capacitance (Cs). Fig. 5a demonstrates the Graphene 
CV curves with approximately rectangular shapes at various scan rates. 
It indicates a proper electrochemical behavior and reaches the 
maximum current of 0.09 mA at a scan rate of 200 mV s− 1. As seen in 
Fig. 5b–d, CV curves of ZIF-67, Graphene/ZIF-67, and Graphene@ZIF- 
67/PANI-NT composites have two broad cathodic and anodic peaks 
due to the reversibility of electronic transmission. These redox peaks are 
likely assigned to the faradaic reaction of Co+2/Co+3 redox pairs inside 
the framework. Since the shape of CVs and redox peak potential 
approximately stays unchanged with enhanced scan rates, it discloses 
that the capacitance feature of material electrodes is also a pseudo- 
capacitive behavior [84]. The characteristic peak currents are linearly 
related to scan rates in the CV curves, and these electrodes have 

Fig. 3. (a) Raman spectra of Graphene, Graphene/ZIF-67, and Graphene@ZIF-67/PANI-NT, (b) XRD patterns of Graphite, Graphene, Graphene/ZIF-67, and 
Graphene@ZIF-67/PANI-NT. FTIR spectra of the Graphite, Graphene, PANI-NT, ZIF-67, Graphene/ZIF-67, and Graphene@ZIF-67/PANI-NT: (c) full-spectrum and (d) 
expanded spectrum (400-1750 cm− 1). 
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excellent reversibility. As scan rates increase, the Cs diminish because 
the electrolyte ions have no adequate time to disseminate on the porous 
surface of the supercapacitor electrode and react with active metal sites 
[85]. Rate capability is the main factor for appraising the powerful ap-
plications of supercapacitors. For this purpose, GCD measurements of 
the as-synthesized electrodes in a steady voltage range of 0–0.8 V and 
current density range of 0.02–1 mA cm− 2 are investigated. As demon-
strated in Fig. 5e, the GCD curves of Graphene@ZIF-67/PANI-NT and 
Graphene/ZIF-67 were obtained in current density of 1 mA cm− 2. 
Obviously, the Graphene@ZIF-67/PANI-NT composite electrode mate-
rial indicates a longer discharge time than Graphene/ZIF-67. Fig. 5f–i 
indicates the results of GCD tests of the Graphene, ZIF-67, Graphe-
ne/ZIF-67, and Graphene@ZIF-67/PANI-NT electrodes at different 
current densities. It is found that all curves have an almost symmetric 
triangular form, demonstrating the excellent supercapacitor behavior of 
the prepared electrode materials. However, the shape of these curves 
does not entirely correspond with a linear connection. This is due to the 
pseudo-capacitance share of the material faradaic reaction in the char-
ge/discharge process, which is compatible with CV analysis [86]. 
Discharge time is the dominant feature for the electrochemical operation 
of the electrode material and a larger time leads to the greater specific 
capacitance of the electrode material. As seen in Fig. 5e–i, GCD curves 
are asymmetric owing to the voltage-independent parallel leakage pro-
cess and solvent decomposition [87]. According to the CV curves and 
oxidation and reduction states (Co+2→Co+3→Co+4), charge storage 

mechanism the faraday reaction in Na2SO4 electrolyte as given below 
[88,89]: 

ZIF − 67 + Na+ + e− ↔ charge
dischargeNaZIF − 67 (6) 

It is clear that Na+ ions from electrolyte intercalate into electrode 
material during charging time and then Na+ ions are de-intercalated 
from electrode material in discharging time. 

It can be seen that Graphene@ZIF-67/PANI-NT composite has a high 
discharge time compared to other materials due to the reciprocal effect 
between PANI-NT and Graphene/ZIF-67 with diverse surface faradaic 
reactions as verified from the CV curves. This might be owing to the 
attendance of micropores and mesopores, which not only make the inner 
surface area more electrochemically available for electrolyte ions, but 
also comfort a fast diffusion of electrolyte ions in the pore channels. It 
displays an excellent capacitive behavior with a specific capacitance of 
20416.7 mF g− 1 at 0.05 mA cm− 2 current density. The greater capaci-
tance can be ascribed to the higher surface area that gives more contact 
area between the electrolyte and the electrode materials, orderly pore 
size, and good electrical conductance of porous materials [90]. The 
prepared Graphene@ZIF-67/PANI-NT composite will incorporate the 
advantages of each ingredient, including the high porosity and surface 
area of Graphene/ZIF-67 and the good electrical conductance from the 
famously conductive PANI nanotubes. This led to that 
Graphene@ZIF-67/PANI-NT being considered a good electrode material 

Fig. 4. XPS spectra of Graphene@ZIF-67/PANI-NT composite: (a) survey scan, (b) Co 2p, (c) N 1s, (d) C 1s, and (e) O 1s. N2 adsorption-desorption isotherm of (f) 
Graphene/ZIF-67 and (g) Graphene@ZIF-67/PANI-NT and pore size distribution of (h) Graphene/ZIF-67 and (i) Graphene@ZIF-67/PANI-NT. 
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for supercapacitors. 
Also, to better investigate the mechanism of the electrode material, 

CV profiles obtained at various scan rates were attentively analyzed 
according to Eq. (7): 

i= avb (7)  

where, a and b are constants, i is the current at fixed potential, and ν is 
the scan rate. The value of b can be determined from the plot of log(i) vs. 
log(ν). If the b-value is close to 0.5 pertains to the ionic diffusion process, 
while the b-value closing to 1.0 pertains to pseudocapacitive behavior 
[91]. The b-values of Graphene, ZIF-67, Graphene/ZIF-67, and 
Graphene@ZIF-67/PANI-NT electrodes obtained 0.78, 0.81, 0.85 and 
0.86 (Fig. 6a). This shows that the charge storage mechanism is of 
involving a pseudocapacitive process. The contribution of the 
diffusion-controlled and capacitive processes has been calculated using 
Eq. (8): 

i= k1v + k2v1/2 (8) 

Using of the reformulated equation (8) to i/v1/2 = k1v1/2 + k2, the k1 
and k2 values can be determine [92]. Fig. 6b–e demonstrate the capac-
itive contribution percentage at various scan rates. As a result, the 
capacitive contribution of Graphene@ZIF-67/PANI-NT, Graphe-
ne/ZIF-67, ZIF-67, and Graphene electrodes at 30 mV s− 1 scan rate are 
61.26%, 59.82%, 50.87%, and 42.25%, respectively. The high 

capacitive contribution percentage of Graphene@ZIF-67/PANI-NT 
electrode indicates abetter performance of electrode that is compatible 
with obtained b-value. Fig. 6f shows the charge storage contribution of 
Graphene@ZIF-67/PANI-NT. The total area is related to the summation 
of capacitive current and diffusion current, and the calculated contri-
bution of the capacitive process is 48.34% at 15 mV s− 1. 

The areal and specific capacitances of all of the electrodes were 
computed from the discharge process and drawn versus the current, as 
shown in Fig. 7a and b. The Graphene@ZIF-67/PANI-NT electrode ex-
hibits high areal capacitance of 122.5, 114.6, 101.15, 95.4, 86.85, 
77.125, 71.5, 61.125, 57, 55, 45 mF cm− 2, and specific capacitance of 
20416.70, 19100, 16858.40, 15900, 14475, 12854.17, 11916.70, 
10187.5, 9500, 9166.70, 7500 mF g− 1 at different current densities of 
0.05, 0.06, 0.07, 0.08, 0.09, 0.1, 0.2, 0.3, 0.4, 0.5, and 1 mA cm− 2, 
respectively. It can be found that the specific capacitance value of all 
these electrodes reduces with increasing the current density from 0.02 to 
1 mA cm− 2. The reason is that at higher current densities, the deposited 
active materials on the electrode may have suffered from deep perme-
ation that cannot maintain to keep up changing the potential instanta-
neously, and eventually, the Cs decrease. While at lower current 
densities, the ionic species of electrolyte have adequate time to permeate 
into the deposited active material on SS during the GCD process [93]. 
For comparison, the Graphene, ZIF-67, and Graphene/ZIF-67 electrodes 
represent maximum Cs and areal capacitance 245.8 mF g− 1 and 1.475 

Fig. 5. (a–d) CV curves of Graphene, ZIF-67, Graphene/ZIF-67, and Graphene@ZIF-67/PANI-NT composite, (e) GCD curve of Graphene/ZIF-67 and Graphene@ZIF- 
67/PANI-NT in 1 mA cm− 2 current density, (f–i) GCD curves of Graphene, ZIF-67, Graphene/ZIF-67, and Graphene@ZIF-67/PANI-NT in different current densities. 
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mF cm− 2 at 0.02 mA cm− 2, 1019.08 mF g− 1 and 6.125 mF cm− 2 at 0.02 
mA cm− 2, 15135.41 mF g− 1 and 90.812 mF cm− 2 at 0.05 mA cm− 2, 
respectively. For further review of the performance of the synthesized 
electrode materials in SC, the Ragone plot was applied to show the 
relationship between power density and energy density. Based on the 
acquired results of the GCD curves, the densities energy and power of the 
Graphene/ZIF-67 and Graphene@ZIF-67/PANI-NT electrodes are 
calculated using Eqs. (3) and (4) and are shown in Fig. 7c. It was found 
that E and P values increased with induction of PANI-NT into ZIF-67 
crystals. The energy density and power density electrodes enhanced 
from 1340 to 1814 mWh kg− 1 at a current density of 0.05 mA cm− 2 and 
90250–134000 mW kg− 1 at a current density of 1 mA cm− 2, respec-
tively. In addition, the long-range cycling stableness of electrodes is also 
a significant need for applied supercapacitor applications. It was studied 
by the repeated charge and discharge cycles in a voltage window of 
0.0–0.8 V at a current density of 0.5 mA cm− 2 for 3000 cycles, as shown 
in Fig. 7d. During the first 2200 cycles, excellent cyclic stableness 
operation may be ascribed to the high conductance of the 

Graphene@ZIF-67/PANI-NT. This is due to the proper adhesion of the 
active material to the substrate [94]. After 2200 cycles, there was a vivid 
decrement in the increment of the cycle number. Finally, it becomes 
stable after 2300 cycles and reaches 75%. The drop in capacitance 
retention is presumably due to the scant destruction of the hierarchical 
nanostructures when the electrolyte ions are induced into/elicited from 
the hierarchical nanostructures [95]. As presented in the inset of Fig. 7d, 
the Graphene@ZIF-67/PANI-NT nanostructures were deformed after 
3000 cycles. 

The frequency response of the Graphene@ZIF-67/PANI-NT and 
Graphene/ZIF-67 electrodes were studied by EIS measurement. EIS of-
fers physical factors such as electron-transfer resistance at the electrode/ 
electrolyte interface and penetration of the electrolyte inward the acti-
vated materials [96]. The Nyquist plot is exhibited in Fig. 8a, in which 
an imaginary component of impedance (Z′′) is plotted against a real 
component of impedance (Z′). The EIS experimental data are fitted by 
the equivalent circuit model obtained by the EIS Spectrum Analyzer 
software, and the results are abridged in Table 1. The equivalent circuit 

Fig. 6. (a) Relationship between the peak currents and scan rates in logarithmic format, (b–e) diffusion-controlled and capacitive contributions Graphene@ZIF-67/ 
PANI-NT, Graphene/ZIF-67, ZIF-67, and Graphene at various scan rates, (f) charge storage contribution of Graphene@ZIF-67/PANI-NT electrode at 15 mV 
s− 1scan rate. 
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Fig. 7. (a, b) The calculated specific and areal capacitance as a function of the current density for the synthesized materials; (c) Ragone plot of power density vs. 
energy density for the as-synthesized materials; (d) Cycling performance of the Graphene@ZIF-67/PANI-NT electrode at current density 0.5 mA cm− 2 in 3000 cycles 
(inset, the SEM of the Graphene@ZIF-67/PANI-NT after 3000 cycles at 0.5 mA cm− 2). 

Fig. 8. (a) Nyquist plots, (b) magnified view of the plots, (c) equivalent circuit of fit, (d) Bode plot, (e) plot of real capacitance, and (f) imaginary capacitance against 
the frequency of the Graphene/ZIF-67 & Graphene@ZIF-67/PANI-NT electrodes. 

S. Ramandi and M.H. Entezari                                                                                                                                                                                                              



Journal of Power Sources 538 (2022) 231588

11

proposed is exhibited in Fig. 8c to calculate its parameters. Also, the 
magnified high-frequency region is displayed in Fig. 8b. It is shown that 
the Nyquist plot consists of two semicircles. The first incomplete semi-
circle in high frequency is attributed to the bulk electrolyte and shows a 
shift with the inserting of PANI-NT into Graphene/ZIF-67 composite. 
Another semicircle in low frequency is considered impedance behavior 
of electrode/electrolyte interface. The electrical circuit in Fig. 8c com-
prises R1, which has been placed in parallel with capacitance (C1) have 
corresponded to the electrolyte solution. The circuit also comprises the 
diffusion capacitance (C2), the diffusion resistance (R2), the double-layer 
capacitance in the metal surface/electrolyte interface (C3), and the 
charge transmission resistance throughout the metal surface (R3). As 
shown in Table 1, the values of electrolyte, diffusion, and charge 
transmission resistances reduce with the embedment of PANI-NTs inside 
ZIF-67 crystals placed on Graphene flakes which leads to facilitating 
electronic conduction from ZIF-67 interconnected PANI-NT to the cur-
rent collector. Furthermore, the C1, C2, and C3 increase in 
Graphene@ZIF-67/PANI-NT due to an increase in surface area. It also 
contains W1, which is the Warburg component and indicates the pene-
tration of ions into the porous electrodes in the intermediate frequency 
region, which is a consequence of the frequency dependency of this 
penetration. The value of W, indicating the obstacle of the deposited 
material to electrolyte diffusion, has remarkably decreased from 1.6443 
× 105 Ω s− 0.5 to 1.1945 × 105 Ω s− 0.5, which may be likely because of 
increasing specific capacitance after insertion PANI-NT into composite 
and electrolyte diffusion within the electrode materials. Fig. 8d displays 
the Bode plot of Graphene/ZIF-67 and Graphene@ZIF-67/PANI-NT 
samples in different frequencies, which reflects electrochemical 
impedance behavior. At high and low frequencies, the electrochemical 
system acts as a resistor and a capacitor, respectively [97]. The 
maximum phase angle of 0.01 Hz for the Graphene/ZIF-67 and 
Graphene@ZIF-67/PANI-NT composites were 67◦ and 74◦, respectively. 
At the about frequency of 1000 Hz, both curves demonstrate a valley and 
then increase. This valley changed to higher frequencies at 
Graphene@ZIF-67/PANI-NT composite due to the reduction of charge 
transfer and diffusion resistances [98]. 

From EIS results, the real and imaginary capacitances were obtained 
at various frequencies. As shown in Fig. 8e, the real capacitance is 
reduced with increasing frequency. At fewer frequencies, SCs reach their 
maximum value owing to electrolyte ions permeation inward the depths 
of the pores. However, in high frequencies, the electrolyte ions can only 
reach the surface of the pores since C′(ω) induces [99]. It exhibits that 
the Graphene@ZIF-67/PANI-NT electrode has higher C’(ω) than 
Graphene/ZIF-67 at 0.01 Hz. Fig. 8f indicates the alteration in C′′(ω) 
with frequency for Graphene/ZIF-67 and Graphene@ZIF-67/PANI-NT 
electrodes and reaches a maximum at a particular frequency (f0). The 
relaxation time constant (τo), τo = 1/f0, which is the minimum time 
required to discharge all the energy, can be obtained from the plot of C′′

(ω). The value was found to be 2.19 μs and 2.88 μs for the 
Graphene/ZIF-67 and Graphene@ZIF-67/PANI-NT composites, respec-
tively. This indicates that the Graphene@ZIF-67/PANI-NT electrode 
material has a high energy storage ability for supercapacitor [100]. 

4. Conclusion 

First, the few-layered Graphene flakes were prepared with electro-
chemical methods from waste zinc-carbon battery electrodes. Then, a 
novel Graphene@ZIF-67/PANI-NT composite was synthesized by a 
general and effective strategy as an efficient supercapacitor electrode 
material by in situ growth of ZIF-67 crystals joined by conductive PANI- 
NTs on graphene sheets. The resulting Graphene@ZIF-67/PANI-NT 
composite was specified by a high specific surface area and good elec-
trochemical operation. Due to its high porosity, the nanocomposite act 
as an ion repository with short propagation passage and hence enabling 
quick transportation of ions. These features of composite lead to its use 
as a supercapacitor electrode to achieve high specific capacitance 
(20416.70 mF g− 1 at a current density of 0.05 mA cm− 2) with cyclic 
stability (75% even after performing 3000 cycles of charg− discharg). 
This fabricated electrode material demonstrated a high power density of 
134000 mW kg− 1 and a high energy density of 1814 mWh kg− 1. The 
results demonstrated that Graphene/ZIF-67/PANI-NT composite could 
be an appropriate option for high operation electrode material of the 
supercapacitor. 
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