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a uniform zeolitic imidazole
framework (ZIF-8) nanocrystal through a wet
chemical route towards supercapacitor
application†

Iqra Rabani,*a Je-Won Lee,a Taeyoon Lim,a Hai Bang Truong,bc Sobia Nisar,d

Sitara Afzale and Young-Soo Seo *a

Exploring larger surface area electrode materials is crucial for the development of an efficient

supercapacitors (SCs) with superior electrochemical performance. Herein, a cost-effective strategy was

adopted to synthesize a series of ZIF8 nanocrystals, and their size effect as a function of surface area

was also examined. The resultant ZIF8-4 nanocrystal exhibits a uniform hexagonal structure with a large

surface area (2800 m2 g−1) and nanometre size while maintaining a yield as high as 78%. The SCs

performance was explored by employing different aqueous electrolytes (0.5 M H2SO4 and 1 M KOH) in

a three-electrode set-up. The SC performance using a basic electrolyte (1 M KOH) was superior owing

to the high ionic mobility of K+. The optimized ZIF8-4 nanocrystal electrode showed a faradaic reaction

with a highest capacitance of 1420 F g−1 at 1 A g−1 of current density compared to other as-prepared

electrodes in the three-electrode assembly. In addition, the resultant ZIF8-4 was embedded into

a symmetric supercapacitor (SSC), and the device offered 350 F g−1 of capacitance with a maximum

energy and power density of 43.7 W h kg−1 and 900 W kg−1 at 1 A g−1 of current density, respectively.

To determine the practical viewpoint and real-world applications of the ZIF8-4 SSC device, 7000 GCD

cycles were performed at 10 A g−1 of current density. Significantly, the device exhibited a cycling stability

around 90% compared to the initial capacitance. Therefore, these findings provide a pathway for

constructing large surface area ZIF8-based electrodes for high-value-added energy storage applications,

particularly supercapacitors.
1. Introduction

Tremendous attempts have been made by the scientic
community to store and convert energy to meet the needs of
renewable and uninterrupted energy and power sources for
portable electronics, power-supply devices and powering vehi-
cles.1,2 To date, themost concerning energy resource is electrical
energy following fossil fuels, which has become the necessity of
life for applications ranging from lighting to communication.3
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Batteries and supercapacitors are considered the two most
prevalent types of electrochemical energy storage devices.4

Depending on the output power delivery, no other electro-
chemical energy storage device can compete with super-
capacitors.5,6 Supercapacitors are classied into two types
depending on the charge storage mechanism: redox capacitors,
in which faradaic reactions are responsible for the capacitance,
and electric double layer capacitors (EDLCs), wherein the
charge separation mechanism occurring at the interface of the
electrode–electrolyte is accountable for the capacitance.7–9

To improve the supercapacitor performance, a breakthrough
in electrode materials is a substantial factor. Up to now, the
most explored electrodes of EDLCs are advanced carbon mate-
rials owing to their exceptional benets, such as an outstanding
electrical conductivity, extraordinary chemical stability, cost-
effectiveness, enlarged surface area, and tailored pore struc-
tures.10,11 As precursors, metal–organic frameworks (MOFs) and
covalent organic materials (COMs) are desirable owing to their
enriched surface areas, structural diversity and pore controlling
characteristics.12–14 Highly nano-porous carbon materials are
obtained from MOFs and COMs, which are excessively utilized
© 2024 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
for clean energy applications, such as an ORR in fuel cells,
sensing, gas adsorption, pollution treatment and
supercapacitors.1,15–20 The reported capacitances of the carbon
supercapacitor electrodes are far less than those of the MOF-
derived carbon materials because of their micropore diame-
ters and high surface areas.21 The design of super capacitive
electrodes remains a challenge to meet the requirements of
high energy density, excellent capacitance, and outstanding
stability.22

To this end, MOFs are the most desired class of crystalline
porous materials and are not only an attractive precursor but
also the best template for the fabrication of carbon-based
porous materials.23,24 The zeolitic imidazolate framework (ZIF)
is a subset of MOFs. The network of ZIF is designed by the
interlinking of metal ions with imidazolate anions whose strong
interaction bestows a highly robust rigid-cage-like structure.25,26

The most crucial components of ZIFs, i.e., metal ions and
imidazole ligands, signicantly impact the pore and topological
structure of ZIFs by changing their types. Different ZIFs possess
the same topological structures, and ZIFs with similar metal
ions and imidazole ligands possess distinct topological struc-
tures.27,28 Among the ZIFs, ZIF-8 is one of the considerable
compositions owing to its low cost, high chemical and thermal
stability, easy synthesis process, high nitrogen content, high
porosity and larger surface area.29,30 Based on the previous
literature, nitrogen atoms can signicantly improve the capac-
itance because of the pseudocapacitance contribution, and the
nitrogen content can improve the wettability of the carbon
interface in aqueous electrolytes and enhance their contact.31–34

However, the use of ZIF-8 nanocrystals in supercapacitor
applications faces two main challenges: (1) their intrinsic low
conductivity of ZIF-based material hinders the charge transfer
in the framework and therefore signicantly restricts their
overall electrochemical consequences and (2) the larger crystal
size averts the electrolyte from contacting deep pores and
outcomes in the inadequate utilization of the surface, reducing
the overall capacitance.35 Therefore, there is a critical require-
ment to construct reasonable approaches for controllable
synthesis with high electric conductivity and a highly accessible
surface area.

In this work, a series of ZIF8 nanocrystals was demonstrated
through a one-step wet chemical route (Scheme 1). Signicantly,
the surface area was improved by decreasing the size of the ZIF8
crystal and then probing supercapacitor performance using
different electrolytes, including acidic (0.5 M H2SO4) and basic
(1 M KOH), in a three-electrode assembly in detail. Signicantly,
SC performance using a basic electrolyte (1 M KOH) was
Scheme 1 An illustration of the synthesis of the ZIF8 nanocrystals.

© 2024 The Author(s). Published by the Royal Society of Chemistry
superior owing to the higher ionic mobility of K+. Among all, the
ZIF8-4 nanocrystals exhibit the faradaic reaction with the
highest capacitance of 1420 F g−1 using 1 M KOH in a three-
electrode assembly at 1 A g−1 of current density compared
with the ZIF8-1 (344.2 F g−1), ZIF8-2 (545 F g−1) and ZIF8-3
(693.3 F g−1) nanocrystal electrodes. Further, a symmetric
supercapacitor (SC) was fabricated using optimized ZIF8-3 and
ZIF8-4 nanocrystal electrodes. As expected, the ZIF8-4 SSC
device exhibited the highest capacity (350 F g−1), maximum
energy and power density (43.7 W h kg−1, 900 W kg−1) at 1 A g−1

of current density, and superior cycling stability (90% over 7000
cycles) at 10 A g−1 of current density.
2. Materials and methods
2.1 Materials

The zinc nitrate hexahydrate (Zn(NO3)2$6H2O), 2-methyl-
imidazole (2-MIM), carbon black, polyvinyl dene uoride
(PVDF), N-methylene propylene (NMP), methanol (MeOH) and
ethanol (EtOH) were bought from Sigma-Aldrich, South Korea.
All the chemicals were purchased from the suppliers directly.
The nickel plate (Ni) as a current collector and nickel foam (NF,
1.6 mm thickness) as a substrate for the working electrode,
obtained from ALANTUM, South Korea, were carefully cleaned
with ethanol, acetone, and deionized (DI) water.
2.2 Synthesis of ZIF8 crystals

The wet chemical method was employed to prepare ZIF8 with
controlled morphology by changing the concentration of the
precursors and reaction time, and the samples were labelled
ZIF8-1, ZIF8-2, ZIF8-3, and ZIF8-4. Scheme 1 presents the
synthesis process of the ZIF8 nanocrystals. In this process, Zn
salt was dissolved in MeOH, and 2-methylimidazole (2-MIM)
was added to MeOH under different ratios. The organic linker
(2-MIM; 800 mg) was then abruptly poured into the inorganic
solution (Zn salt; 800 mg) at a continuous stirring speed of
300 rpm for about 2 h. The obtained white precipitates were
cleansed several times with MeOH; then, the nal product was
dried in a vacuum oven overnight at 75 °C. The nal product
was labelled by the ZIF8-4 nanocrystals, and other ZIF8 nano-
crystals were also synthesized similarly except for the precursor
concentration at constant reaction time (Table 1).
2.3 Material characterizations

The morphology and structural analysis of the as-prepared
samples were investigated through eld-emission scanning
RSC Adv., 2024, 14, 118–130 | 119
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Table 1 Experimental conditions and crystal size variations of synthesized ZIF8

Experiments Sample Zn (NO3)2$6H2O : 2-MIM Crystal size (nm) Reaction time (h)

1 ZIF8-1 2 : 1 250 3
2 ZIF8-2 1.5 : 1 896 3
3 ZIF8-3 1 : 1 660 3
4 ZIF8-4 1 : 1 100 2
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electron microscopy (FE-SEM; Hitachi, SU-8010, 5.0 kV, working
distance: 6.8 mm) and high-resolution transmission electron
microscopy (TEM; JEM-2010, 200 kV). Chemical composition
analysis was performed using the energy dispersive X-ray (EDX)
technique operating at 5 kV and 10 keV. X-ray diffraction
spectroscopy (PANalytical XRD-6100 instrument with Cu Ka
radiation (l = 1.5406 Å) at a scan speed of 5° min−1) was used
for the investigation of the crystal structure in the 2q range of
10–50°. A confocal Ramanmicroscope was employed to conduct
the Raman spectra with a signal wavelength of 632 nm (He–Ne
source) using a Raman spectrometer (JASCO, NRS-3100) under
ambient conditions. The surface characteristics of the as-
prepared samples were studied using nitrogen (N2)
adsorption/desorption isotherms (BET, Micromeritics-ASAP-
2020).
2.4 Electrochemical measurement

The electrochemical analysis was performed in a conventional
three-electrode assembly in an aqueous 1.0 M KOH electrolyte.
A platinum wire and Hg/HgO were employed as counter and
reference electrodes, respectively. The working electrode was
prepared by employing an active material on the substrate. The
nickel foam was used as a substrate, and the as-synthesized
materials (ZIF8-1, ZIF8-2, ZIF8-3 and ZIF8-4 nanocrystal elec-
trodes) acted as active material. Briey, the 80 : 10 : 10 ratio of
the active material, carbon black and polyvinyl dene uoride
(PVDF) were added into the mortar and then ground using the
NMP solvent to obtain the uniform slurry. The slurry was pasted
on the Ni foam and then dried in a vacuum oven (100 °C and 12
h). Cyclic voltammetry (CV) and galvanostatic charging–dis-
charging (GCD) proles were performed using the Biologic SP
150 workstation. The electrochemical impedance spectroscopy
(EIS) measurements were recorded at the frequency range of 100
kHz–0.01 Hz with an AC amplitude of 5 mV under the open
circuit voltage. The specic capacitance (Cs) was calculated
using the following equation:34

Cs ¼ I � Dt

m� DV
; (1)

where I is the current in mA, Dt is the discharging time in
seconds, m is the loading mass in mg, and DV is the voltage
window at the volts.
2.5 Assembly of the symmetric supercapacitor

A symmetric supercapacitor was assembled by sandwiching
a piece of wet separator (the PVDF membrane was immersed in
120 | RSC Adv., 2024, 14, 118–130
1.0 M KOH) between two identical as-synthesized electrodes
(optimized ZIF8-3 and ZIF8-4 nanocrystal electrodes) and
placed between the paralm. Aerwards, constant pressure (100
kPa) was applied on top of the paralm to ensure stable elec-
trical contact between the electrodes and electrolytes. A
symmetric supercapacitor was obtained for further measure-
ment of the electrochemical parameters. The C, energy density
(E) and power density (P) were determined based on the GCD
prole by applying the following equation:36

Cs ¼ 2� I � Dt

m� DV
; (2)

E ¼ Cs � Dv2

8
; (3)

P ¼ 3:6� E

Dt
; (4)

where I, Dt, m, DV, E and P are the current in mA, discharging
time in sec, loading mass in mg, voltage window in volts, energy
density in W h kg−1 and power density in kW kg−1.
3. Results and discussions
3.1 Materials characterizations

The wet-chemical route-based synthesis formation of ZIF8
nanocrystals is illustrated in Scheme 1. To optimize the crystal
size effect for the EES purpose, the inorganic and organic
concentrations and reaction time were varied. The surface
topographies for the series of the ZIF8 nanocrystals under
different synthesis conditions were characterized using FESEM
analysis, and the corresponding images are shown in
Fig. 1(a)–(h). As shown in Fig. 1(a) and (b), the ZIF8-1 (Zn : 2-
MIM :: 2 : 1, 3 h) shows a rough-like surface morphology with
a hexagonal structure, and about 80% yield was obtained. The
crystal size was found to be approximately 250 nm. When the
concentration of the inorganic precursors was low (Zn : 2-MIM ::
1.5 : 1) at the same reaction time, the crystal size of ZIF8-2
increased three times with the visible hexagonal structure, as
depicted in Fig. 1(c) and (d). The productivity loss through
synthesis was only 2%. In the next study, the ZIF8-3 exhibits
a uniform hexagonal structure with the same reaction time at
the same inorganic and organic precursor concentrations (Zn :
2-MIM :: 1 : 1); the corresponding images are depicted in
Fig. 1(e) and (f). The crystal size decreased by 1.3% for ZIF8-2
and expanded by 2.5% for ZIF8-1 with a satisfactory yield
from ZIF8-3 nanocrystals (75%). Unfortunately, the synthesized
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 FESEMmicrographs of the series of ZIF8 nanocrystals: (a and b) ZIF8-1 (Zn : 2-MIM :: 2 : 1, 3 h), (c and d) ZIF8-2 (Zn : 2-MIM :: 1.5 : 1, 3 h), (e
and f) ZIF8-3 (Zn : 2-MIM :: 1 : 1, 3 h), (g and h) ZIF8-4 (Zn : 2-MIM :: 2 : 1, 2 h), and (i) summary of ZIF8 nanocrystals as a function of the yield and
particle size.
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products did not meet the requirements for improving the EES
application. To meet the need for EES, we further optimized the
smaller crystal size while maintaining the yield, thus increasing
the surface area. As depicted in Fig. 1(g) and (h), the images of
ZIF8-4 were obtained for 2 h with the same concentration of
ZIF8-3, which shows a further cutback in crystal size to
approximately 100 nm, while increasing the yield by 3%.
Conspicuously, the ZIF8-4 crystals retained a well-dened
hexagonal morphology with high crystallinity despite their
smaller size. Generally, the reduction in crystal size is credited
to the high nucleation rate of ZIF8 crystals in the beginning
during the synthesis reaction, resulting in the formation of
numerous small crystals that combine to form a larger crystal as
the reaction progresses.37 Reducing the reaction time by modi-
fying the concentration, no well-dened structure was found
when the reaction was performed. Therefore, no further testing
was performed for the synthesis. A summary of all the con-
ducted experiments is presented in Table 1 in detail (Fig. 1i).

To probe the FESEM ndings, TEM analysis was performed
on the optimized ZIF8-4 nanocrystal, as shown in Fig. 2(a)–(d),
at low and high magnications. The obtained results showed
that ZIF8-4 nanocrystals had a hexagonal shape without the
deterioration of sodalite morphology while reducing the reac-
tion time from 3 h to 2 h with a xed concentration (Zn : 2-MIM
:: 1 : 1), as shown in Fig. 2(a) and (b). In a magnied view of the
ZIF8-4 nanocrystals at 10 nm magnications, smooth and
© 2024 The Author(s). Published by the Royal Society of Chemistry
uniform hexagonal edges were observed with high crystallinity;
the micrographs are presented in Fig. 2(c) and (d). To further
conrm the presence of the elemental mapping analysis, the
EDX study was performed, and the resulting images are shown
in Fig. 2(e)–(i). It is obvious from the EDX analysis that the ZIF8-
4 nanocrystals are primarily composed of C (blue), O (green), N
(red) and Zn (yellow), as depicted in Fig. 2(e)–(h). The selected
area of the elemental mapping with the atomic percentage of
the elements is depicted in Fig. 2(i) and inset one, where the
atomic percentages of C, O, N and Zn are 52.03%, 3.02%,
19.85% and 25.1%, respectively. All the above characterizations
support the successful synthesis formation of ZIF8-4
nanocrystals.

The crystallinity and phase compositions of the as-prepared
series of ZIF8-1, ZIF8-2, ZIF8-3 and ZIF8-4 nanocrystals were
investigated by performing XRD analysis, and the obtained
diffractograms are shown in Fig. 3(a). In the case of all as-
prepared ZIF8 nanocrystals, the sharp and prominent reec-
tion peaks situated at 2q = 7.21° and 12.81° correspond to the
crystal planes of (011) and (112)38,39 for the series of ZIF8
nanocrystals. The presence of other characteristics, such as
(002), (022), (013) and (222) at the 2q = 10.3°, 14.7°, 16.3° and
17.9°, respectively, conrms the correct formation of ZIF8-
based nanocrystals. Therefore, these observations are well-
matched with the standard diffraction patterns with JCPDS
card no. 00-062-1030.38,40 However, a low width with a sharp
RSC Adv., 2024, 14, 118–130 | 121
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Fig. 2 TEMmicrographs of the optimized ZIF8-4 nanocrystals: (a–d) ZIF8-4 (Zn : 2-MIM :: 1 : 1, 2 h) and (e–i) EDS mapping with the elements of
(e) C (blue), (f) O (green), (g) N (red), (h) Zn (yellow) and (i) selected area of EDS mapping with atomic% of elements in the inset.
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peak was observed in the ZIF8-4 nanocrystals owing to the
reduced crystal size with uniform morphology, suggesting
a reduction in the crystallinity of ZIF8 nanocrystals. In contrast,
the synthesized ZIF8-1 nanocrystals showed a disturbing
Fig. 3 (a) XRD patterns of the ZIF8-1, ZIF8-2, ZIF8-3 and ZIF8-4 nanocr
nanocrystals.

122 | RSC Adv., 2024, 14, 118–130
pattern for clear visibility, as shown in Fig. S1.† The ZIF8 crys-
talizes in a cubic crystal system with a topology of I�43m space
group symmetry, as depicted in the inset in Fig. 3(a).
ystals and (b) Raman analysis for the ZIF8-1, ZIF8-2, ZIF8-3 and ZIF8-4

© 2024 The Author(s). Published by the Royal Society of Chemistry
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In addition to analyzing the surface chemistry of the
prepared series of ZIF8 nanocrystals, a laser Raman spectros-
copy study was conducted under ambient conditions, and the
results are demonstrated in Fig. 3(b). As depicted in Fig. 3(b),
the high-resolution Raman analysis showed numerous peaks
under an incident laser of 633 nm, resulting in the stretching,
bending, aromatic, out-of-plane and asymmetric bonds for the
ZIF8-1, ZIF8-2, ZIF8-3 and ZIF8-4 nanocrystals, respectively.41

Specically, the band detected at 282 cm−1 corresponds to Zn–N
stretching, while the bands monitored at 686 cm−1 were
attributed to the imidazolium ring puckering, and 1146 cm−1

and 1460 cm−1 described the C5–N stretching and methyl
bending, respectively. Signicantly, themethyl group originated
from the antisymmetric stretching band in C–H at
2930 cm−1.39,42 In addition, the vibrational band around
1313 cm−1 corresponds to the C–H stretching bands of the
imidazole ring. Therefore, a slight shi in the peaks was asso-
ciated with the various crystal sizes of ZIF8.39,42 The availability
of all these vibrational bands validates the successful synthesis
formation of ZIF8 nanocrystals. In particular, the band assign-
ments in a detailed manner have been specied in Table S1†
according to the state-of-art-literature.41,43

To understand the porous nature, including the specic
surface area, pore volume and pore diameter of the as-prepared
series of ZIF8 nanocrystals, BET measurements at 77 K of
temperature in liquid nitrogen were conducted. The resultant
isotherm proles are shown in Fig. 4(a). Based on the IUPAC
classications, the ZIF8-1, ZIF8-2, ZIF8-3 and ZIF8-4 nano-
crystals show the type-IV adsorption with the hysteresis loop H3
because of the capillary condensation, demonstrating the
mesoporous nature,44 and the results are illustrated in Fig. 4(a).
The ZIF8-4 nanocrystals had the highest surface area of 2800 m2

g−1 compared with the other ZIF8-3 (2100 m2 g−1), ZIF8-2 (1138
m2 g−1), and ZIF8-1 (1066 m2 g−1). The pore size distributions
and cumulative pore volume were probed using BJH assess-
ments, and the average pore volumes were 0.231, 0.691, 1.73
and 2.41 cm3 g−1, for the ZIF8-1, ZIF8-2, ZIF8-3 and ZIF8-4
Fig. 4 (a) Adsorption–desorption isotherm plots of ZIF8-1, ZIF8-2, ZIF8-
3 and ZIF8-4 nanocrystals.

© 2024 The Author(s). Published by the Royal Society of Chemistry
nanocrystals, respectively. Thus, the high crystallinity and
uniform hexagonal morphology of the ZIF8-4 nanocrystals
resulted in the improvement of the surface properties, leading
to the creation of open paths for the extraction of electrolyte
ions and diffusion during electrochemical measurements.45

3.2 Electrochemical analysis (three-electrode assembly)

The electrochemical performance was explored by employing
acid (0.5 MH2SO4) and basic electrolytes (1 M KOH) to study the
difference in specic capacitance as a function of the electro-
lytes. It is well accepted that the electrolyte is an essential
constitute for energy storage applications and contributes
a signicant role in the haulage of charge. A series of ZIF8
nanocrystals were used as working electrodes, and their overall
electrochemical performance was examined in a three-electrode
assembly in the applied potential window, ranging from 0.1 to
0.6 V. Initial cyclic voltammetry (CV) and galvanostatic
charging–discharging (GCD) tests were conducted to analyze
the electrochemical response of the prepared three-electrode
set-up. Fig. S2(a)–(d)† illustrates the CV proles of the ZIF8-1,
ZIF8-2, ZIF8-3 and ZIF8-4 nanocrystal electrodes for various
scan rates, including 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100mV
s−1 using 0.5 MH2SO4 aqueous electrolytes. GCD tests were also
conducted for all as-fabricated electrodes using 0.5 M H2SO4

aqueous electrolytes at different current densities, and the
detailed results are shown in Fig. S3(a)–(d).†

The obtained CV and GCD results showed oxidation and
reduction shouter peaks during the charging and discharging
processes for all the as-fabricated electrodes, which is credited
to the pseudocapacitance behaviour. In the case of the ZIF8-4
nanocrystal electrode, the integrated area of CV and the value
of current reached a maximum at a scan rate of 10 mV s−1

compared to the other as-fabricated electrodes, as shown in
Fig. S4(a).† As presented in Fig. S4(b),† the ZIF8-4 nanocrystal
electrode shows consistent performance with CV proles, with
the longest discharging distance covered compared to the other
electrodes. Signicantly, the ZIF8-4 nanocrystal electrode
3 and ZIF8-4 nanocrystals and (b) BJH analysis for ZIF8-1, ZIF8-2, ZIF8-
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expresses a higher charge storage contribution owing to its
larger surface area. According to the measured discharge Dt
from the CV proles, the specic capacitance (C) was deter-
mined using eqn (1), and the corresponding C as a function of
the various current densities is depicted in Fig. S4(c).† The
estimated value of C at 1 A g−1 of current density was found to
be 700 F g−1 for the ZIF8-4, which is higher compared to those of
the ZIF8-3 (350 F g−1), ZIF8-2 (146 F g−1) and ZIF8-1 (118 F g−1)
nanocrystal electrodes, and the detailed performance at the
various current densities are shown in Fig. S4(c).†

To further validate the electrochemical performance, the CV
and GCD studies were performed using 1 M KOH aqueous
electrolytes, and the detailed outcomes are illustrated in Fig. 5.
As shown in Fig. 5(a)–(d), the CV plots under various scan rates
range from 10 to 100 mV s−1 for the ZIF8-1, ZIF8-2, ZIF8-3 and
ZIF8-4 nanocrystal electrodes, respectively. It is envisioned from
the CV proles that all as-prepared electrodes displayed a strong
redox peak with an extended background current, demon-
strating that the behavior of the as-prepared electrodes can be
described mainly as pseudocapacitors.44,46 Importantly, it
Fig. 5 Electrochemical performance of the series of ZIF8 nanocrystals in
the ZIF8-1, ZIF8-2, ZIF8-3 and ZIF8-4 nanocrystals under different sweep
1, ZIF8-2, ZIF8-3 and ZIF8-4 nanocrystals at an applied fixed sweep sp
profiles for the ZIF8-1, ZIF8-2, ZIF8-3 and ZIF8-4 nanocrystals under div

124 | RSC Adv., 2024, 14, 118–130
clearly validates the presence of a faradaic reaction at the elec-
trode–electrolyte interface. Based on the CV plots for all as-
prepared electrodes, they showed a similar trend to the inte-
grated area of the CV, and the current response increased as the
scan rates increased. Additionally, they possess oxidation and
reduction characteristics without any distortion and change in
the position, therefore proving the reversible electrochemical
nature.47,48 As shown in Fig. 5(e), the comparative CV proles of
the ZIF8-1, ZIF8-2, ZIF8-3 and ZIF8-4 nanocrystal electrodes
were characterized in an applied potential window ranging
from 0.1 to 0.6 V at a xed scan rate of 10 mV s−1, where the
exfoliated ZIF8-4 nanocrystals yield the CV highest current
response and maximum integral area. The results demon-
strated that the ZIF8-4 nanocrystal electrode has more capaci-
tance than other as-prepared electrodes because it is more
electrochemically active. A GCD study was performed to probe
the electrochemical performance in 1 M KOH aqueous elec-
trolytes for the ZIF8-1, ZIF8-2, ZIF8-3 and ZIF8-4 nanocrystal
electrolytes, and the corresponding results are portrayed in
Fig. 5(f)–(i). Owing to the presence of a set of redox peaks, all the
the three-electrode assembly: (a–d) cyclic voltammogram (CV) plots of
rates ranging 10–100mV s−1. (e) Comparative CV profiles for the ZIF8-
eed of 10 mV s−1 and (f–i) galvanostatic charging–discharging (GCD)
erse current densities of 1, 2, 3, 4, 5, 7 and 10 A g−1.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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as-prepared electrodes showed non-linear GCD plots, which
conrms the pseudocapacitors, and the results are consistent
with the CV results.

Moreover, the GCD proles for the ZIF8-1, ZIF8-2, ZIF8-3 and
ZIF8-4 nanocrystal electrodes were examined at a xed current
density of 0.5 A g−1, and the results are depicted in Fig. 6(a).
Compared with the ZIF8-1, ZIF8-2, and ZIF8-3 nanocrystal
electrodes, the ZIF8-4 nanocrystal electrode showed a longer
discharging period under a low current density, which can
validate the highest charging capacity. The higher capacity of
the ZIF8-4 nanocrystal electrode may be ascribed to the higher
surface area and mesoporous morphology, which prominently
afforded various channels for the fast diffusion and amenities
of the electrolyte ions into the inside, thereby resulting in
electrochemical performance. The assessed C values of the
ZIF8-4 nanocrystal electrode were 1420, 1352, 1260, 1051.2,
980.7, 756, and 640 F g−1 at current densities of 1, 2, 3, 4, 5, 7
and 10 A g−1, respectively. Meanwhile, detailed C performance
was conducted for the other three electrodes, and their detailed
results are presented in Fig. 6(b). Based on these calculations
and observations, the ZIF8-4 nanocrystal electrode had
approximately 4.1-, 2.6- and 2-fold higher results compared with
ZIF8-1, ZIF8-2 and ZIF8-3 nanocrystal electrodes, respectively.
The obtained consequences were higher compared with previ-
ously published reports (Table S2†). A signicant improvement
in the charge storage performance for the 1 M KOH electrolyte
was perceived owing to the rapid anionic mobility and
maximum conductivity of K+ ions compared to the H+. These
results suggest that the prepared ZIF8-4 nanocrystal electrode
had considerable charging–discharging efficiencies. The elec-
trochemical benets from the ZIF8-4 nanocrystal electrode,
larger surface area and highly mesoporous ZIF8-4 nanocrystal
electrode in the electrochemical reaction.

To further probe the electrochemical behaviour of the elec-
trodes, electrochemical impedance spectroscopy (EIS) was
utilized to examine the equivalent series resistance, as shown in
Fig. S5.† Nyquist plots of the series of the ZIF8 nanocrystal
Fig. 6 Electrochemical performance of the series of ZIF8 nanocrystals
ZIF8-1, ZIF8-2, ZIF8-3 and ZIF8-4 nanocrystals at the applied fixed curren
ZIF8-1, ZIF8-2, ZIF8-3 and ZIF8-4 nanocrystals as a function of differen

© 2024 The Author(s). Published by the Royal Society of Chemistry
electrodes (ZIF8-1, ZIF8-2, ZIF8-3 and ZIF8-4 electrodes) within
a frequency ranging from 100 kHz to 0.01 Hz by employing an
open-circuit voltage of 5 mV in 1 M KOH aqueous electrolyte.
The internal resistance of the electrode (Rs) indicates the elec-
trolyte resistance and contact resistance among the active
electrode material and current collector, and active material
internal resistance, which can be attained from the point of
Nyquist plot's interception on the X-axis.36 Similarly, the charge
transfer resistance (Rct) can be assessed from the arc diameter
of the semicircle that occurred in the high-frequency region.45

The Rs of the electrodes was identied, and the calculated
values were 5.2, 4.2, 3.2 and 2.2 U for the ZIF8-1, ZIF8-2, ZIF8-3
and ZIF8-4 nanocrystal electrodes, respectively. The obtained
Rct values of the ZIF8-1, ZIF8-2, ZIF8-3 and ZIF8-4 nanocrystal
electrodes are 8, 5.4, 3.2 and 1.22 U, respectively. Obviously, the
determined Rs and Rct values of the ZIF8-4 nanocrystal electrode
are considerably lower compared with the other three designed
ZIF8-1, ZIF8-2, and ZIF8-3 electrodes, which undoubtedly
demonstrate excellent conducting properties and thus enhance
redox electrochemistry.
3.3 Symmetric supercapacitor analysis (two-electrode set-up)

The symmetric supercapacitor (SSC) fabrication device of the as-
synthesized materials is prepared by two identical pieces of
electrodes using a wet separator, and the schematic illustration
is presented in Fig. 7(a). The electrochemical behaviour of the
ZIF8-4 nanocrystal SSC device was performed in a two-electrode
set-up by employing the CV, GCD and EIS under ambient
conditions, and the performance was compared with those of
ZIF8-3 nanocrystal SSC devices. The applied potential window is
an essential step in enhancing the energy density, and as the
voltage window increases, the energy density is enhanced. The
CV and GCD proles were evaluated under different voltage
windows of 0.3, 0.5, 0.8 and 1 V at 10 mV s−1 of scan rate and
10 A g−1 of current density, respectively, as depicted in Fig. 7(b)
and (c). Notably, the CV and GCD plots did not contain any
hydrogen or oxygen evolution peaks at a maximum potential of
in the three-electrode assembly: (a) comparative GCD profiles of the
t density of 1 A g−1 and (b) a summary of the specific capacitance of the
t current densities.
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Fig. 7 Electrochemical performance of the optimized ZIF8-3 and ZIF8-4 nanocrystal SSCs in the two-electrode setup: (a) a schematic illus-
tration of the symmetric supercapacitor device; (b and c) CV and GCD profiles at different applied voltages under 10 mV s−1 of scan rate and
10 A g−1 of current density, respectively; (d) comparative CV profiles of the ZIF8-3 and ZIF8-4 nanocrystals at an applied fixed sweep speed of
10mV s−1; (e and f) CV plots of the ZIF8-3 and ZIF8-4 nanocrystals under different sweep rates ranging from 10–100mV s−1; (g) CV profiles of the
ZIF8-4 nanocrystals at an applied fixed sweep speed of 10 mV s−1 over 100 cycles and (h and i) GCD profiles of the ZIF8-3 and ZIF8-4 nano-
crystals under diverse current densities of 1, 2, 3, 4, 5, 7 and 10 A g−1.
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1 V, indicating that they possessed stable energy features. In
this study, the maximum voltage window was xed at about 1 V
for the aforementioned reason. Fig. 7(d) depicts the compared
CV proles at 10 mV s−1 of scan rate in the voltage ranging from
0 to 1 V for the ZIF8-3 and ZIF8-4 nanocrystal SSC device. As
expected, the larger integral area of CV proles for the ZIF8-4
SSC device compared with the ZIF8-3 SSC device indicates
that the ZIF8-4 SSC device shows the highest specic capaci-
tance because of its high conductivity and larger surface area.

To further validate the electrochemical performance of the
ZIF8-4 SSC device, CV scan rates ranging from 10 mV s−1 to
100mV s−1 tests are performed. The CV prole of the ZIF8-4 SSC
device exhibited symmetrical behaviour with a small hemp (set
of redox peaks) during charging and discharging, suggesting
both pseudocapacitance and EDLC behaviours in the ZIF8-4
SSC device, as shown in Fig. 7(e). In contrast, the ZIF8-3 SSC
device CV proles display symmetrical and rectangular shapes,
demonstrating typical EDLC behaviour (Fig. 7(f)). All the CV
shapes for the ZIF8-3 and ZIF8-4 SSC devices did not alter aer
126 | RSC Adv., 2024, 14, 118–130
increasing the scan rates from 10 to 100 mV s−1, indicating
a high capability rate.

To investigate the long-term stability of the optimized ZIF8-4
SSC device, the 100 consecutive CV cycles were performed at
a scan rate of 10 mV s−1. As depicted in Fig. 7(g), the conducted
CV prole at every cycle was constant, conrming that the ZIF8-
4 SSC device was stable. The GCD proles of optimized ZIF8-3
and ZIF8-4 SSC devices at various current densities of 1, 2, 3,
4, 5, 7, and 10 A g−1 were further evaluated to probe the elec-
trochemical behaviour within the voltage range of 0–1 V, as
shown in Fig. 7(h) and (i). Ideal straight and symmetrical GCD
curves for ZIF8-3 SSCs in response to non-redox reactions at the
surface of the electrode–electrolyte (Fig. 7(h)). When the ZIF8-4
device was employed in SSCs, the discharging plots were
nonlinear at a low current density because of the high pene-
tration of electrolyte ions; the results are presented in Fig. 7(i). It
is well-known that the faradaic reaction is expedited at a high
current density, which reduces the diffusion of the electrolyte
ions to the active sites and improves the formation of the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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electrostatic charge layer, thereby dropping the total capaci-
tance. To further evaluate the electrochemical performance, EIS
performed from 100 kHz to 0.01 Hz at the open circuit voltage is
employed in Fig. S6.† The Rs of ZIF8-3 and ZIF8-4 SSC devices
are found to be 8.37 and 7 U, respectively. The Nyquist plots in
the low-frequency region of the ZIF8-4 SSC device show a more
vertical shape, revealing better capacitance behavior. The
semicircle diameter of the ZIF8-4 SSC device is the smallest
compared to the ZIF8-3 SSC device (5.6 U), indicating the lowest
Rct, which is 2.4 U at the high-frequency region. The ZIF8-4 SSC
device exhibits excellent electrochemical performance.

The ZIF8-4 SSC device exhibits the longest discharging,
which is two-fold higher than that of the ZIF8-3 SSC devices. The
performance is consistent with the CV outcomes, and the
consequences are shown in Fig. 8(a). The C values of the SSC
devices were assessed from the discharge curves by employing
eqn (2), and the results are depicted in Fig. 8(b). The C of the
ZIF8-4 SSC device is 384 F g−1 at 1 A g−1 of current density,
which is two-fold higher than that of the ZIF8-3 SSC device (196
F g−1). The corresponding C values of the ZIF8-4 SSC device are
found to be 350, 288, 258, 208, 180, 140 and 100 F g−1 and 196,
168, 108, 75.2, 56, 39.2 and 20 F g−1 for the ZIF8-3 SSC device at
current densities 1, 2, 3, 4, 5, 7 and 10 A g−1, respectively. The
possible reason for the higher C of the ZIF8-4 SSC device is
Fig. 8 Electrochemical performance of the optimized ZIF8-3 and ZIF8-
profile at 1 A g−1 of current density, (b)C values as a function of different c
and (d) Ragone plot.

© 2024 The Author(s). Published by the Royal Society of Chemistry
because of its high electronic conductivity and larger surface
area. The detailed obtained results are shown in Fig. 8(b) for all
the SSC devices as a function of various current densities.

From a practical viewpoint, the cycling stability of
a symmetric device is another important factor. The cyclic
stability of the ZIF8-3 and ZIF8-4 SSC devices was further
determined from the GCD prole at a current density of 10 A g−1

using 7000 cycles, and the results are shown in Fig. 8(c). The C
of the ZIF8-4 SSC device was 100% when the symmetric device
was employed until 3000 cycles. Then, 3%, 5%, 8% and 10%
losses were observed aer employing the 4000, 5000, 6000 and
7000 cycles, respectively, indicating that the device is highly
stable because of the good conductivity compared with the ZIF8-
3 SSC device (86% over 7000 cycles).

Energy density (E) and power density (P) were further deter-
mined using eqn (3) and (4) compared to the Ragone plot, as
displayed in Fig. 8(d). The ZIF8-4 SSC device exhibited
a maximum energy density of 43.7 W h kg−1 at a power density
of 900 W kg−1 when the current density was 1 A g−1, which is
two-fold higher than that of the ZIF8-4 SSC device
(24.5 W h kg−1 at 900 W kg−1), suggesting an even higher
performance of energy and power density compared to the
previously published literature, as detailed studies are illus-
trated in Table 2.
4 nanocrystal SSCs in the two-electrode setup; (a) comparative GCD
urrent densities, (c) cycling stability using GCD profile over 7000 cycles
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Table 2 Comparable electrochemical performance of various ZIFs and TMO based materials in a two-electrode system

Electrode material Electrolyte Cs (F g−1)/current density (A g−1)
Power
density (W kg−1)

Energy
density (W h kg−1)

Cyclic
stability (%) Ref.

ZIF8-4 SSCs 1 M KOH 350/1 900 43.7 90/7000 This work
ZIF8-3 SSCs 1 M KOH 196/1 900 24.5 86/7000
ZIF-67@NPC-800 0.5 M H2SO4 62/2 700 19.6 — 49
ZADV@LSC — 250@0.8 586 19.7 89/5000
ZIF-67@hetero-fNCs Na2SO4 gel 77.9/0.5 1440 30 89.5/5000 50
ZIF-67@M-Co3O4 2 M KOH 134/1 790.7 46.5 86.4/8000 51
ZIF-67@v-CO3O4/CC PVA/LiOH 145/1.3 915 45.3 84.1/5000 52
ZIF-67@Co3O4–CeO2 3 M KOH 139.9/1 849.9 54.9 98/6000 53
ZIF-67@3D hollow CoWO4 2 M KOH 81/0.5 404 29 — 54
NiCo2O4/MnO2//biochar 6 M KOH 85/1 133.5 30.4 85/5000 55
NiCo2O4/CoFe LDH//AC 2 M KOH 64.7/1 950 28.9 76.9/5000 56
2Fe2O3/RGO/Fe3O4 2 M KOH 6.9/20 661.5 4.1/ 97/2000 57
MO:ZnO@NF//AC 3 M KOH 125.2/1 778 39 75.6/8000 58
Nb/Co-NDPC 1 M KOH 293/0.5 — — 82/15 000 59
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4. Conclusion

In summary, we demonstrated a series of ZIF8 nanocrystals
systematically through a cost-effective strategy under diverse
synthesis conditions. The larger size was tuned into nano by
varying the synthesis conditions, resulting in a larger surface
area of ZIF8-4 (2800 m2 g−1). Owing to their larger surface area
with uniform hexagonal morphology, the resultant ZIF8-4
nanocrystals were able to facilitate the larger active channels
for quick diffusion and enable electrolyte ion into the inside of
the electrode, therefore improving their SC performance. The
SC studies were explored using different aqueous electrolytes
(0.5 M H2SO4 and 1 M KOH) in the three-electrode set-up. The
SC performance obtained using the basic electrolyte (1 M KOH)
was higher owing to the higher ionic mobility of K+. Signi-
cantly, the ZIF8-4 nanocrystal electrode showed a pseudocapa-
citance contribution with a maximum capacitance of 1420 F g−1

compared with ZIF8-1 (344.3 F g−1), ZIF8-2 (545 F g−1) and ZIF8-
3 (693 F g−1) at a current density of 1 A g−1 in three-electrode
assembly. In addition, the fabricated SSC device employing
the optimized ZIF8-4 offered 350 F g−1 with a maximum energy
density of 43.7 W h kg−1 at a power density of 900 W kg−1 over
1 A g−1 of current density in a two-electrode setup. The practical
implementations of the constructed ZIF8-4 SSC device were
tested by performing 7000 GCD cycles at 10 A g−1, and only 10%
loss was noticed. These electrochemical ndings demonstrate
that the fabricated ZIF8-4 SSC device is promising from the
viewpoint of applications in high-performance and extended
lifetime energy-storage systems.
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