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Abstract 19 

The construction of uniform nanostructure with larger surface area electrodes is a 20 

huge challenge for the high-value added energy storage application. Herein, we 21 

demonstrates ZIF67@ZIF8 (core-shell) and ZIF8@ZIF67 (reverse core-shell) 22 

nanostructures using a low-cost wet chemical route and used them as 23 

supercapacitors. Pristine ZIF-67 and ZIF-8 was used as reference electrodes. 24 

Benefiting from the synergistic effect between the ZIF8 and ZIF67, the ZIF8@ZIF67 25 

exhibited the outstanding electrochemical consequences owing to its larger surface 26 

area with uniform hexagonal morphology. As optimized ZIF8@ZIF67 nanostructure 27 

displayed the high-capacity of 1521 F/g at 1 A/g of current density in a three-28 
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electrode assembly in 1 M KOH electrolyte compared with other electrodes. In 29 

addition, the ZIF8@ZIF67 nanostructure employed into the symmetric 30 

supercapacitors (SSCs) with 1 M KOH electrolyte in two-electrode setup and it 31 

exhibited still superior output including capacity (249.8 F/g at 1 A/g), remarkable 32 

repeatability (87% over 10,000 GCD cycles) along with high energy and power 33 

density (61.2 Wh/kg & 1260 W/kg). The present study uncovers the relationship 34 

between the larger surface area and electrocatalyst performance, supporting an 35 

effective approach to prepare favorable materials for enhanced capacity, extended 36 

lifespan, and energy density.  37 

Keywords: ZIF-8, ZIF-67, core-shell, reverse core-shell, supercapacitors, energy 38 

density    39 

1. Introduction 40 

Currently, environmental pollution and serious energy crises have developed 41 

considerable concerns due to the unnecessary combustion of fossil fuels [1, 2]. To 42 

circumvent the environmental challenges and resulting energy crises, renewable and 43 

green energy resources including wind, tidal solar and tidal energy have emerged as 44 

promising candidates [3, 4]. For this purpose, the rechargeable batteries (Li-ion) and 45 

supercapacitors (SCs) plays a significant role in the electrochemical energy storage 46 

(EES) devices. Supercapacitors (SCs) are also called electrochemical ultracapacitors 47 

and have gained immense attention among other EES on the account of versatile 48 

features such as rapid charge-discharge capability, robust extended cycling life, 49 



excellent safety, and high-power density [5-7]. SCs have been categorized in two 50 

classifications including electric double layer capacitive (EDLC) and pseudo-51 

capacitive (PC) based on their charge storage mechanisms [8].  52 

Generally, the EDLC stores energy through the adsorption-desorption of 53 

electrolyte ions at the electrode/electrolyte interface. However, the EDLC-based 54 

materials are largely constrained because of their low capacitance and energy density, 55 

which hinders their utilization in practical applications [9]. By contrast, the PC 56 

encompasses the Faradaic reaction and stores charges allowing too fast and 57 

reversible redox reactions, which leads to the higher capacitance and maximum 58 

levels of energy density than that of EDLC mechanism [5]. Thus, the preparation of 59 

innovative materials, nanostructures, combining the different materials, engineering, 60 

and aiming the desired material features are still a huge challenge to evaluating the 61 

SCs performance [10-12]. 62 

  To this end, Metal-organic frameworks (MOFs) are a class of porous and 63 

crystalline materials which link organic ligands and inorganic clusters through the 64 

coordination bonds [13, 14]. By wise selection of organic and inorganic components, 65 

the desired architecture and tunable properties of MOFs can be attained by 66 

molecular engineering [15]. In recent years, a variety of MOFs have been studied for 67 

the variety of applications including gas storage, drug delivery, gas separation and 68 

catalysis, etc [16-18]. Furthermore, to these high value-added application, 69 

considerable efforts have been paved into the exploitation of their usage in the EES 70 

https://www.sciencedirect.com/topics/engineering/electric-double-layer
https://www.sciencedirect.com/topics/chemistry/inorganic-ion
https://www.sciencedirect.com/topics/materials-science/redox-process


on the account of their built-in redox metal centers, tunable pore size, highly 71 

accessible surface area and versatile functionalities [1, 19, 20].  72 

In this regard, Ziolitic imidazole framework (ZIFs), such as ZIF-8 and ZIF-67, 73 

are a new subclass of the MOFs and composed with the bifunctional materials 74 

including the organic linkers and coordinated inorganic clusters, which can be 75 

employed both as metal precursors and as sacrificial templates [21, 22]. In addition, 76 

the ZIF-67 demonstrates the cage-like structure which is advantageous for preparing 77 

the core-shell morphology, which further facilitate shorten ions diffusion length and 78 

mass transfer additionally to its ability to host other active species in the “small 79 

mouth- big belly” cages as well as they also inhibit its dissolution [23, 24]. Therefore, 80 

these features of ZIF-67 have supported to be considered as auspicious candidate to 81 

fabricate and design the electrodes for SCs high-value added application [25-28].  82 

To date, Zhengfei et al., [29] has been synthesized ZIF-67 metal-organic 83 

framework by employing various derivative strategies for the measurement of 84 

supercapacitor performance. They have fabricated asymmetric SCs, and the specific 85 

capacitance was obtained 120 F/g at 1 A/g of current density with the low energy 86 

density of 19.7 Wh/kg. Rahim et al., [30] then synthesized cobalt based ZIF-67 and 87 

explored the asymmetric SCs performance with the 23 Wh/kg of energy density at 88 

218 W/kg of power density. In the same line, Wang et al., [31] has been prepared 89 

ammonia borane fluoride based ZIF67 through one-step solution strategy for SCs 90 

application. They found high capacitance of 1593 F/g by employing ZIF67 with the 91 
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maximum energy density of 15.1 Wh/kg at 857.1 W/kg.  92 

 Nevertheless, the use of pristine ZIF-67 in EES faces two major challenges: 1) 93 

the intrinsic low conductivity of ZIF-67 hinder the charge transfer in the framework 94 

and therefore notably restrict their electrochemical performance and 2) pristine ZIF-95 

67 showed a limited cyclic stability with low capacitance retention [32-34]. 96 

Consequently, it is highly necessary to create an efficient way to address these 97 

difficulties that further would boost the overall charge storage performance in EES.  98 

To this end, we have demonstrated the ZIF67@ZIF8 core-shell and 99 

ZIF8@ZIF67 revers core-shell nanostructures using a simple and cost-effective wet 100 

chemical route (Figure 1) and employed them as supercapacitor application. Due to 101 

the synergistic effect between the ZIF-8 and ZIF-67, the ZIF8@ZIF67 reverse core-102 

shell nanostructure exhibit uniform structure with larger surface area improved the 103 

overall electrochemical performance in 1 M KOH electrolyte. As optimized 104 

ZIF8@ZIF67 reverse core-shell had capacity of 1521 F/g in three electrode 105 

configurations at 1 A/g of current density compared with other electrodes. In 106 

addition, the optimum ZIF67@ZIF8 and ZIF8@ZIF67 nanostructures embedded into 107 

SSCs in 1 M KOH electrolyte, and the ZIF8@ZIF67 exhibit the 249.8 F/g at the 1 A/g 108 

of current density with noticeable cycling stability (87% over 10,000 GCD at 10 A/g of 109 

current density) which is higher than ZIF67@ZIF8 (179.1 F/g). Based on these 110 

versatile features, we conclude that the ZIF8@ZIF67 reverse core-shell is a good 111 

candidate for supercapacitor application.  112 



 113 

Figure 1. Synthesis schematic illustration of the ZIF8@ZIF67 reverse core-shell.  114 

2. Materials and Methods    115 

2.1. Materials  116 

The 2-methylimidazole (2-MIM, 99%), zinc nitrate hexahydrate (Zn(NO3)2.6H2O, 117 

99%), polyvinyl dene fluoride (PVDF), carbon black, N-methylene propylene (NMP), 118 

ethanol (EtOH, 99.5%) and methanol (MeOH, 99%) were purchased from Sigma 119 

Aldrich, South Korea. All the chemicals were bought from the suppliers directly. The 120 

nickel foam (NF, 1.6 mm thickness) as substrate for working electrode, Nickel plate 121 

(Ni) as current collector, obtained from ALANTUM, South Korea, and they were 122 

carefully cleaned with deionized (DI) water, ethanol, and acetone. 123 

2.2. Synthesis of the ZIF67@ZIF8 (core-shell) and ZIF8@ZIF-67 (reverse core-shell) 124 

The core-shell and reverse core-shell hybrid were synthesized by a simple and 125 

facial wet chemical route. For synthesized the core material initially, 2-126 

methylimidazole was dissolved in 80 mL of methanol through ultrasonication. 127 

Meanwhile, the metal salt (Zn2+ for ZIF-8, Co2+ for ZIF-67) was added and again 128 

sonicate for 5 min under the magnetically stirrer for 2 h at 500 rpm. Thereafter, the 129 



solution was aged for the next 24 h. To prepare the shell material, a similar route 130 

with reverse material was adopted. In detail, 2-methyleimidazole was added in the 131 

precipitates of ZIF8@ZIF67 and sonicate it for 10 min to completely absorb the linker 132 

material on surface of ZIFs. Now add the corresponding metal salt (Zn+ for ZIF-8, 133 

Co+ for ZIF-67) for complete synthesis of core-shell hybrid and sonicate for 5 min 134 

under magnetically stirrer for 2 h at 500 rpm. Afterword the solution was again aged 135 

for next 24 h. The core-shell hybrid precipitates were collected by centrifugation and 136 

washed with MeOH 3 times. Dried in programable oven at 85 oC overnight. Finally, 137 

the obtained product labelled by the ZIF8@ZIF67 reverse core-shell structure and 138 

employed for the further required measurements.  139 

2.3. Electrochemical evolution  140 

All the measurements were performed by using the SP150 Biologic potentiostat 141 

with a standard three-electrode setup. The Hg/HgO and graphite wire were used as 142 

the reference and counter electrodes, respectively. The active material on the nickel 143 

foam was employed as the working electrode. The working electrode was fabricated 144 

by preparing the slurry of carbon black, polyvinyl dene fluoride (PVDF), and 145 

prepare material with the ratio of 10 : 10 : 80, respectively, in NMP solvent which was 146 

then decorated on the NiF and dried in the electric oven at 100 °C for overnight. The 147 

electrochemical parameters including cyclic voltammetry (CV), galvanostatic 148 

charging/discharging (GCD) and electrochemical impedance spectroscopy (EIS) 149 



were investigated in 1 M KOH aqueous electrolyte. The specific capacitance (C) is 150 

determined based on the discharging plots by equation 1.  151 

C = 
𝐼×∆𝑡𝑚×∆𝑉----------------------------------------------------------------------- (1) 152 

Where I correspondence to the current in mA, t denotes the to the discharging 153 

time in s, m and V represents the mass in mg and potential difference in volts, 154 

respectively.  155 

2.4. Symmetric supercapacitor fabrication process 156 

A symmetric supercapacitor was developed by sandwiching a separator (a 157 

piece of filter paper soaked with 1 M KOH electrolyte) along with the cathode and 158 

anode identical electrodes (prepared material). The electrode area was 1 cm × 1 cm, 159 

and the weight of the active material was 3 mg on the NiF substrate. Two pieces of 160 

the Ni plate was employed as a current collector. Then, the device was fabricated by 161 

employing an appropriate pressure and then used for the electrochemical 162 

measurements. The C, Energy and power density were calculated through the 163 

equation 2, 3 and 4.  164 

C = 
2×𝐼×∆𝑡𝑚×∆𝑉 ----------------------------------------------------------------------- (2) 165 

E = 
𝐶×∆𝑉28 -------------------------------------------------------------------------(3) 166 

P = 
3600×𝐸∆𝑡 ------------------------------------------------------------------------(4) 167 

Where E and P denotes the energy and power density.  168 



2.5. Physical characterization 169 

The synthesis compositions and crystallinity of the as-prepared materials were 170 

analyzing by performing the powder X-ray diffraction (XRD) analysis by employing 171 

Panalytical XRD-6100 instrument with Cu Kα radiation (λ = 1.5406 Å) at a scan speed 172 

of 5°/min; (Panalytical, Malvern, UK) in the 2θ range of 10°-80°. The morphological 173 

observations were investigated using field-emission scanning electron microscopy 174 

(FE-SEM; Hitachi (Tokyo, Japan), SU-8010, 5.0 kV, working distance: 6.8 mm) and 175 

high-resolution transmission electron microscopy (TEM; JEM-2010, 200 kV). 176 

The Raman spectra were identified through a confocal Raman microscope along 177 

with the signal wavelength of 632 nm (He-Ne source) by employing a Raman 178 

spectrometer (JASCO, NRS-3100) at ambient conditions. The surface valance states, 179 

and chemical composition analysis of the as-prepared materials were monitored 180 

through X-ray photoelectron spectroscopy (XPS) by handling a Thermoelectric 181 

Multilab-2,000 spectrometer (Al-Kα source). The surface characteristics and porosity 182 

of the as-prepared materials were performed by means of nitrogen (N2) 183 

adsorption/desorption isotherms (BET, Micromet-rics-ASAP-2020; Micromeritics 184 

Instrument, Norcross, GA, USA). 185 

3. Results and Discussions  186 

3.1. Physicochemical analysis 187 

The morphology ZIF67@ZIF8 core-shell and ZIF8@ZIF67 reverse core-shell 188 
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nanostructures were confirmed by TEM at low and high magnifications; and the 189 

results are shown in Figure 2(a-f). The micrographs for ZIF-8 and ZIF-67 exhibited 190 

that they have rhombic dodecahedral morphology with smooth surface and have 191 

uniform size distribution (Figure S1-S2). The ZIF67@ZIF8 micrographs shows little 192 

disturbing morphology and also crystal size increased due to the volume increased 193 

caused by the epitaxial growth. In this case, ZIF-8 was synthesized first as a core and 194 

then ZIF-67 as a shell on the surface of the ZIF-8, therefore resulting in an edge of the 195 

material disturbance; results are shown in Figure 2(a-c).  196 

In contrast, the ZIF8@ZIF67 as reverse core-shell shows the uniform size 197 

distribution with smooth surface and the edges of the crystal did not show the 198 

disturbance. In addition, the as obtained crystal sizes increased may be expanding 199 

the volume through the epitaxial growth method and the detail results are illustrated 200 

in Figure 2(d-f), at low and high magnifications, respectively. In this case, the ZIF-67 201 

was first synthesized as core and ZIF-8 was as shell on the surface of ZIF-67; and the 202 

morphology clearly demonstrated the reverse core-shell like structure. The elemental 203 

analysis and chemical composition of the ZIF67@ZIF8 core-shell and ZIF8@ZIF67 204 

reverse core-shell were analyzed using EDS; and results are illustrated in Figure 2(g-205 

h). Therefore, it is obvious from the results that the ZIF67@ZIF8 and ZIF8@ZIF67  206 

were mainly composed of C (blue), N (sky blue), O (red), Co (green) and Zn (yellow). 207 

Its corresponding EDS analysis was depicted in Figure 2(g-h), which probes the 208 

existence of the C, O, N, Zn and Co with the atomic% of 60.86, 8, 16.24, 5.62, 9.28% 209 



and 65.66, 5.2, 14.24, 10.67, 4.23% for the ZIF67@ZIF8 and ZIF8@ZIF67, respectievly. 210 

Briefly, the ZIF8@ZIF67 was demonstrated via seed epitaxial growth because of the 211 

identical unit cell parameters of ZIF-8 and ZIF-67 (a = b = c = 16.9910 Å) [35, 36] and 212 

topological structure, which was further verified using XRD (Figure 3a). 213 

 214 

Figure 2. TEM images at various magnifications such as (a-c) ZIF67@ZIF8 morphology at 215 

low and high magnifications, (d-f) ZIF8@ZIF67 morphology at low and high magnifications, 216 



and (g-h) the EDX elemental mapping for the ZIF67@ZIF8 and ZIF8@ZIF67 and inset 217 

indicated the pie chart including the atomic percentage.  218 

The phase and crystalline structure of the ZIF67@ZIF8 and ZIF8@ZIF67 were 219 

investigated through the XRD patterns and compared with the ZIF-8 and ZIF-67; 220 

results are presented in Figure 3. As-prepared ZIF67@ZIF8 core-shell and 221 

ZIF8@ZIF67 reverse core-shell, the dominant reflection peaks situated at the 7.62°, 222 

10.8°, 13.4°, 14.9°, 16.6°, 18.2°, 22.4°, 25°, 27.1°, 30.1°, 31.0°, 32.0° and 33.1° belongs to 223 

the characteristics of the crystal planes (011), (002), (112), (022), (013), (222), (114), 224 

(233), (134), (044), (244), and (235). Both nanostructures demonstrated the similar 225 

reflection peaks due to the same hexagonal morphology and the results are well 226 

matched with the state-of-the-art literature [37, 38] and the JCPDS card no. 00-062-227 

1030 [36], which indicate the successful synthesis of all the as-prepared materials. 228 

The XRD pattern of ZIF-8 and ZIF-67 were also indicated the same pattern compared 229 

with the ZIF8@ZIF67 and ZIF67@ZIF8; and the XRD pattern is shown in Figure 3.  230 



 231 

Figure 3. XRD pattern for the ZIF67@ZIF8 (blue) and ZIF8@ZIF67 (peach).  232 

To further identify the chemical compositions and the surface valance state of 233 

the ZIF8@ZIF67 and ZIF67@ZIF8 nanostructures, XPS analysis was conducted [39], 234 

and the results are illustrated in Figure 4. The XPS studies of ZIF-8 and ZIF-67 were 235 

also conducted (as reference samples) and the detailed results are presented in 236 

Figure S3-S4. As Figure S3(a) demonstrate the overall XPS survey spectrum, which 237 

confirms the presence of C 1s, N 1s, O 1s, Zn 2p elements in the pristine ZIF-8 and 238 

also detailed high-resolution XPS profiles were provided in Figure S3(b-d). For ZIF-239 

67, the total XPS spectrum displays in Figure S4(a), proving the existence of C 1s, O 240 

1s, N 1s and Co 2p elements and their corresponding high resolution XPS profiles 241 

were shown detailed wise in Figure S4(b-d). As shown in Figure 4(a), the full survey 242 



XPS spectrum of ZIF8@ZIF67 and ZIF67@ZIF nanostructures, which confirms the 243 

presence of C 1s, O 1s, N 1s, Zn 2p and Co 2p in the resulting spectrum and the 244 

summary of the atomic percentage of elements are provided in inset Figure 4(a). By 245 

Gaussian fitting process, the deconvoluted XPS high-resolution scan of the C 1s 246 

comprises two major signals attributed to the C-C and C-O at the energy levels of 247 

284.6 eV and 286.0 eV [14] for the ZIF67@ZIF8; and the results are depicted in Figure 248 

4(b). In the case of ZIF8@ZIF67, the slight shift was noticed in the C 1s high 249 

resolution scan at the binding energy of 285.5 eV and 284.6 eV corresponds to the C-250 

N and C-C characteristics [40], and the plot is illustrated in Figure 4(c). The high 251 

resolution XPS scan of N 1s for the ZIF67@ZIF8 and ZIF8@ZIF67 can be 252 

deconvoluted into three peaks at the binding energy 398.50, 398.43 eV, 399.08, 399.4 253 

eV and 400.9, 400.3 eV which ascribed to the pyridinic, pyrrolic, and N interacting 254 

with metals or graphitic N species (Figure 4(d-e)), respectievly, and the results are 255 

being consistent with the literature [13, 41]. The high-resolution XPS spectrum of Zn 256 

2p is demonstrated in Figure 4(f), wherein two deconvoluted peaks are noticed at 257 

1020.71 eV and 1043.81 eV for the ZIF67@ZIF8, which are credited to Zn 2p3/2 and 258 

Zn 2p1/2, respectively.  259 

According to Figure 4(g), the high-resolution XPS profile was deconvoluted 260 

into two peaks at 1021.0 eV and 1044.09 eV and these peaks correspond to the Zn 261 

2p3/2 and Zn 2p1/2, respectively, in the presence of ZIF8@ZIF67. The difference 262 

between the two bands were found to be 23.09 eV and 23.1 for the ZIF8@ZIF67 and 263 



ZIF67@ZIF8, which signifies the presence of Zn+2 in both cases with slight peak 264 

shifting [42]. The high-resolution Co 2p spectrum in Figure 4(h-i), two split peaks at 265 

about 780.1, 780.5 eV, and 795.9 eV, 796.2 eV are attributed to the Co 2p3/2 and Co 2p1/2 266 

for the ZIF67@ZIF8 and ZIF8@ZIF67, respectively [43]. The difference in binding 267 

energy between these deconvoluted two peaks are about 15.4 eV and  15.7 eV, 268 

respectively. In addition, the deconvoluted two peaks at 785.2, 786.3 eV and 801.5 269 

and 802.2 eV can be assigned to satellite peaks of Co 2p [44] and the corresponding 270 

results are illustrated in Figure 4(h-i). These observed outcomes indeed clear the 271 

valence, compositions, and synthesis formation of the ZIF67@ZIF8 and 272 

ZIF8@ZIF67, nanostructures. 273 



 274 

Figure 4. XPS spectrums of ZIF67@ZIF8 and ZIF8@ZIF67 such as (a) full survey spectrum 275 

(b-c) high-resolution C 1s spectrum, (d-e) high-resolution N 1s spectrum, (f-g) high-276 

resolution Zn 2p spectrum and (h-i) high-resolution Co 2p spectrum.  277 

  To probe the specific surface area and pore volume of ZIF-8, ZIF-67, 278 

ZIF67@ZIF8 and ZIF8@ZIF67 nanostructures, BET measurement was performed, and 279 

the results are shown in Figure 5. The nitrogen (N2) adsorption-desorption isotherms 280 

of the ZIF-67, ZIF67@ZIF8 and ZIF8@ZIF67 demonstrated a similar hysteresis loop, 281 

which confirms a similar porosity as the results are illustrated in Figure 5(a). They 282 

demonstrates the type-I isotherms because of the strong adsorbent-adsorbate 283 



interactions [45, 46]. In contrast, the N2 adsorption desorption isotherms indicate a 284 

typical IV-class isotherm with H3-type [47] employing the ZIF-8 under the same 285 

conditions as shown in Figure 5(a). Besides this, ZIF8@ZIF67 shows the surface area 286 

of 2500 m2/g, which is much higher than that of ZIF67@ZIF8 (1710 m2/g), ZIF-8 (1210 287 

m2/g) and ZIF67 (731 m2/g). Remarkably, the larger surface area facilitates by the 288 

larger surface contact between the electrolyte and electrode to improve the ion 289 

electron transfer and thus resulting in improvement of electrochemical activity [48, 290 

49]. Furthermore, the pore size distribution as well as pore volume was determined 291 

by means of BJH profiles and the results are illustrated in Figure 5(b). Based on the 292 

BJH calculations, the pore diameter for the ZIF-8, ZIF-67, ZIF67@ZIF8 and 293 

ZIF8@ZIF67 nanostructures were found to be 1.134, 1.93, 1.0134 and 0.6434 nm, 294 

meanwhile their respective pore volume values were 0.695, 0.0257, 0.2035 and 0.3275, 295 

cm3/g, respectively. For these reasons, ZIF8@ZIF67 nanostructures with larger surface 296 

area and mesoporous behaviour area not only provide more active sites but also 297 

enable the electrolyte penetration during the electrochemical reactions and ion 298 

transport due to the more diffusion paths, therefore resulting in substantial 299 

enhancement in energy storage applications, in particular supercapacitor [50, 51].   300 

https://www.sciencedirect.com/topics/engineering/diffusion-path


 301 

Figure 5. Surface properties of ZIF-8, ZIF-67, ZIF67@ZIF8 and ZIF8@ZIF67 302 

nanostructures such as (a) Adsorption-desorption isotherms and (b) BJH profiles.  303 

3.2. Electrochemical characterization of half-cell in 1 M KOH 304 

The electrochemical performance of the ZIF-8, ZIF-67, ZIF67@ZIF8 core-shell and 305 

ZIF8@ZIF67 reverse core-shell were analyzed by means of SP150 Biologic 306 

Potentiostat. A three-electrode assembly was employed to evaluate the  307 

electrochemical behaviour of all the as-prepared samples in 1 M KOH aqueous 308 

electrolyte at the potential window of 0.1 to 0.6 V. The CV of all the mentioned 309 

electrodes with diverse sweep speed reveals a set of reduction and oxidation peaks 310 

in Figure 6(a-d), which exhibits the faradaic nature present in all the materials [52]. 311 

In addition, the CV plots demonstrates an improvement of current by retaining its 312 

shapes while increasing the sweep rate exhibiting an excellent capacitive nature of 313 

the electrode materials and fast diffusion of electrolyte ions to the electrode surface 314 

[53]. Likewise, the as-prepared electrodes with dominating redox peaks displays a 315 

rapid shift while boosting the sweep rates, demonstrating the outstanding rate 316 
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capability of the electrode materials [54]. The CV plots of ZIF-8, ZIF-67, ZIF8@ZIF67 317 

and ZIF67@ZIF8 at a fixed sweep speed of 5 mV/s are displayed in Figure 6(e). 318 

Among all, the ZIF67@ZIF8 exhibited the largest CV-loop integrated area and 319 

superior current response, and hence overall, delivered excellent electrochemical 320 

performance. To further ascertain the electrochemical results, the GCD study was 321 

performed for the ZIF8, ZIF67, ZIF67@ZIF8 and ZIF8@ZIF67 electrodes in the 322 

applied potential window of 0 to 0.6 V under 1 M KOH electrolyte. Significantly, the 323 

GCD test was performed at the various current densities (1, 3, 4, 5, 7, 10 and 13 A/g) 324 

by employing all the electrodes; the results are shown in Figure 6(f-i).  325 

 326 



Figure 6. Electrochemical measurements in the three-electrode configurations for the (a-d) 327 

Cyclic voltammogram (CV) plots for the ZIF-67, ZIF-8, ZIF67@ZIF8 and ZIF8@ZIF67 328 

nanostructures under different sweep rates ranging from 5-130 mV/s, respectively, (e) 329 

comparative CV profiles for the ZIF-67, ZIF-8, ZIF67@ZIF8 and ZIF8@ZIF67 nanostructure 330 

electrodes at the applied fixed sweep speed of 5 mV/s and (f-i) galvanostatic charging-331 

discharging (GCD) profiles for the ZIF-67, ZIF-8, ZIF67@ZIF8 and ZIF8@ZIF67 332 

nanostructured electrodes under a diverse current densities of 1, 2, 3, 4, 5, 7, 10 and 13 A/g, 333 

respectively.   334 

 335 

Owing to the presence of the redox reaction, all the electrodes exhibits non-linear 336 

GCD plots. Figure 7(a) exhibits the comparison of GCD plots of as-prepared 337 

electrodes at the constant current density of 1 A/g. The optimized ZIF8@ZIF67 338 

electrode had a longest discharging time compared to other electrodes at the lowest 339 

current density, which can assurance the highest C and had a strong agreement with 340 

the CV plots. The C of all the as-constructed electrodes were calculated using 341 

equation 1 and the values are assessed to the discharge time from the GCD plots at 342 

the various applied current densities. Their corresponding C as a function of the 343 

applied current densities are demonstrated in Figure 7 (b). The assessed C values of 344 

the ZIF8@ZIF67 electrode was 1521, 1392, 1332, 1140, 915, 840, 660 and 585 F/g at the 345 

applied current densities of the 1, 2, 3, 4, 5, 7, 10 and 13 A/g, respectively. Likewise, 346 

the capacities of the ZIF67@ZIF8 were 1097, 877.7, 804.1, 748, 634, 582, 548.5, 490.2 347 

F/g and the values 788.3, 733.3, 585, 506.6, 450, 396.6, 333.3, and 393 F/g for the ZIF-8 348 

under the current densities of 1-13 A/g. The ZIF-67 showed the lower C values of 349 



571.6, 520, 460, 413.3, 350, 291.6, 266.6 and 216 F/g under the same conditions as 350 

those of all the as-constructed electrodes. This raised C of the ZIF8@ZIF67 reverse 351 

core-shell electrode might be credited to thorough utilization of the 352 

electrochemically active electrode during the charging and discharging process. 353 

Moreover, the high capacitance values of the ZIF67@ZIF8 electrode owing to the 354 

larger surface area (2500 m2/g) and uniform morphology compared with other 355 

electrodes, considerably offered the abundant channels for the quick diffusion and 356 

thus facilitation of electrolyte ions into its inner portion and significantly improved 357 

its electrochemical overall performance [5, 55]. In addition, the obtained results of 358 

the ZIF8@ZIF67 core-shell electrode showed higher performance even the previously 359 

reported the state-of-the art literature (Table S1).  360 

Based on the above findings, we can presume that the ZIF8@ZIF67 core-shell 361 

electrode had the highest C at the low and high current densities. It is remarked that 362 

the C decreased with the raise in discharge current density. In this case, 363 

oxidation/reduction reactions are primarily governed by inclusion or exclusion 364 

of electrolyte ions into or out from KOH solution of the electrode materials. This is to 365 

reveal that the variation in current density has influenced the diffusion of electrolyte 366 

ions onto the surface of the electrode materials. The electrolytic ions have considered 367 

the visible surface only and not the overall material because of which the whole 368 

material is not employed for the redox reactions under the higher current density. 369 

This difference, resultantly, is attributed to the decline in charging-discharging times 370 

https://www.sciencedirect.com/topics/engineering/electrolyte-ion
https://www.sciencedirect.com/topics/engineering/high-current-density


and consequently the C is reduced.  371 

To further justify the charge-transfer resistance, reaction kinetics and interfacial 372 

electrochemistry, EIS analysis was carried out in the frequency range of 10 MHz-100 373 

kHz over the open circuit voltage of 5 mV. As it is evident in Figure 7(c), all the as-374 

constructed electrodes demonstrated an identical trend, comprising a small arc-375 

diameter in the high frequency regions and an inclined prickle in the low frequency 376 

section. It is well identified that the smaller arc diameter can possibly ascribed to the 377 

charge transfer resistance (Rct) in the high frequency region, likewise the inclined 378 

prickle can be attributed to the Warburg resistance in the low frequency region the 379 

slope angle of 45°. Significantly, the arc-diameter of the smaller semi-circle in the 380 

high frequency region was employed to assess the Rct values of the corresponding 381 

electrodes, and the assessed Rct values were 5.78, 9.01, and 11.49 Ω for the for the 382 

ZIF8@ZIF67, ZIF67@ZIF8, ZIF-8 and ZIF-67 electrodes. The solution resistance (Rs) of 383 

the respective electrodes were recognized from the first intercept of the Nyquist 384 

plots with respect to the X-axis, and the estimated Rs values were 0.66, 1.30, and 385 

1.53 Ω, respectively, for the ZIF8@ZIF67, ZIF67@ZIF8, ZIF-8 and ZIF-67 electrodes. 386 

Manifestly, the calculated Rct and Rs values of ZIF8@ZIF67 electrode is considerably 387 

lower compared with other as-constructed electrodes, which undoubtedly signifies 388 

the superior intrinsic conducting properties and enhanced the redox 389 

electrochemistry.  390 



 391 

Figure 7. Electrochemical performance in the three-electrode configuration; (a) comparative 392 

GCD profiles for the ZIF-67, ZIF-8, ZIF67@ZIF8 and ZIF8@ZIF67 nanostructure electrodes 393 

at the applied fixed current density of 1 A/g and (b) Summary of the specific capacitance of 394 

the ZIF-67, ZIF-8, ZIF67@ZIF8 and ZIF8@ZIF67 nanostructure electrodes as a function of 395 

the different current densities and (c) Nyquist plot with fitted equivalent circuit (inset).  396 

3.3. Characterization of a symmetric supercapacitor behaviour in 1 M KOH   397 

To further explore the practical applications of the supercapacitor, a symmetric  398 

supercapacitor (SSCs) device was fabricated with the help of two optimized 399 

electrodes (ZIF67@ZIF8; core-shell & ZIF8@ZIF67; reverse core-shell) and along with 400 

the equivalent mass ratio in 1 M KOH electrolyte. In this study, the effective and 401 

stable working potential window was identified to be 0 to 1.4 V due to the limiting 402 



arising from the oxygen evolution when the potential higher than 1.4 V, as the 403 

corresponding CV results are depicted in Figure 8(a). Significantly, the CV plot does 404 

not include any oxygen or hydrogen evolution peaks at the highest potential of 1.4 V, 405 

which indicates that it possesses stable energy storage characteristics. For this reason, 406 

the potential window was fixed in 1 M KOH electrolyte for further electrochemical 407 

measurements of the SSCs devices. To further investigate the consistency of the 408 

optimized SSCs, the CV and GCD measurements as the function of the sweep rates 409 

and current density in the voltage range of 0-1.4 V.  As shown in Figure 8(b),  the CV 410 

plots of the ZIF67@ZIF8 and ZIF8@ZIF67 SSCs devices at the fixed sweep speed of 5 411 

mV/s was performed. The integrated area of the ZIF8@ZIF67 was reasonably larger 412 

compared with the ZIF67@ZIF8, suggesting that the core-shell hybrid showed the 413 

maximum electrochemical outcomes. Significantly, the CV study at the distinct 414 

sweep rates (executing from 5 to 90 mV/s) by employing the ZIF8@ZIF67 SSCs were 415 

authenticated, and the results are shown in Figure 8(c). Likewise, the CV 416 

performance was also examined for the ZIF67@ZIF8 SSCs under the diverse sweep 417 

rates from 5 to 90 mV/s, and the results are shown Figure S5. The entire CV plot 418 

displayed the quesi-rectangular shape with the little hemp during charging and 419 

discharging process, and the CV current response enhanced as the sweep rate 420 

increased. Therefore, this kind of behaviour attributed to the combination of the 421 

pseudocapacitance and EDLC characteristics in both cases (i.e., ZIF8@ZIF67 and 422 

ZIF67@ZIF8), which is suggested as hybrid supercapacitor. Figure 8(d) illustrates the 423 



CV profiles of the ZIF8@ZIF67 at the 20 mV/s of scan rate over 100 consecutive cycles, 424 

and the CV shape did not alter even after the implications of 100 cycles, which 425 

confirms that the fabricated SSCs device is highly stable.   426 

The GCD plots of the ZIF8@ZIF67 and ZIF67@ZIF8 SSCs under a fixed current 427 

density of 1 A/g within the potential window of 0 to 1.4 V in 1 M KOH electrolyte 428 

was presented in Figure 8(e). As expected, the  ZIF8@ZIF67 core-shell SSCs showed 429 

the longest discharging time while measuring the GCD test at the 1 A/g of current 430 

density compared with the ZIF67@ZIF8 reverse core-shell SSCs, suggesting a higher 431 

capacitance and the obtained results are being consistent with the CV results. When 432 

the applied current increased the GCD plots, the identical shape of the GCD plots of 433 

the ZIF67@ZIF8 and ZIF8@ZIF67 SSCs were obtained even at the higher current 434 

density with the diverse Δt values, respectively, which further confirms the excellent 435 

reversibility and coulomb’s efficiency of the as-constructed the SSCs devices (Figure 436 

S6-S7). The C was determined employing the equation 2 and the values were found 437 

to be 249.8, 226.2, 212.1, 169.1, 133.5, 110, 78.4 and 61.5 F/g for the ZIF8@ZIF67 at the 438 

1, 2, 3, 4, 5, 7, 10 and 13 A/g of current densities, respectively and which is 439 

considerably higher than that of ZIF67@ZIF8 SSCs device  (179.1, 154, 127.7, 94.2, 55, 440 

33, 15.7 and 10.2 F/g) under the identical conditions and the results are shown in 441 

Figure 8(f).  442 

To further evaluate the facilitated charge transfer in the ZIF8@ZIF67 and 443 



ZIF67@ZIF8 SSCs devices, the EIS was investigated at open circuit voltage. Figure 444 

8(g) displays the Nyquist plots of the as-constructed SSCs with the Randle circuit in 445 

inset. The Rs and Rct detailed is provided the 3.2 section. Initially, the X-intercept 446 

denotes the solution resistance (Rs) facilitated by electrolyte-electrode interface at the 447 

low frequency region. The arc semicircle region demonstrate the charge transfer 448 

resistance (Rct) in the high frequency region. As exposed in Figure 8(g), the Rs (5.1 Ω) 449 

and Rct (5.4 Ω) of ZIF8@ZIF67 core-shell SSCs are the lowest values compared with 450 

the ZIF67@ZIF8 (Rs; 10.1 Ω & Rct; 20 Ω). The higher performance of the ZIF8@ZIF67 451 

core-shell SSCs is attributed to the two reasons: (1) The higher surface area of 452 

ZIF8@ZIF67 delivers an improved electrolyte/electrode contact area, consequently 453 

facilitating the accessibility of extra active sites for the faradaic reaction, signifying 454 

the good electrochemical performance and (2) increased the conductivity which can 455 

support the better charge diffusion across the interface, thereby resulting the more 456 

charge storage.  457 

Another vital parameter evaluating the overall efficiency of the SSCs device 458 

is the cycling stability during charging and discharging process to ensure the 459 

practical applicability. A cycling stability study was performed over 10,000 GCD 460 

repeated cycles at 10 A/g of current density and the resulting plot is depicted in 461 

Figure 8(h). Initially, the capacity retention was observed 100% till the GCD plot of 462 

ZIF8@ZIF67 SSCs device was repeated for about 3000 times and then drops by 5% of 463 



capacity when the device was recycled exceeded by 5000 times. Likewise, the 464 

ZIF8@ZIF67 SSCs device withheld 87% of the total capacitance after 10,000 cycles at 465 

10 A/g of current density, indicating superior cycling stability. The ZIF67@ZIF8 SSCs 466 

device showed a slightly lower capacity retention (79% over 10,000 cycles) compared 467 

with the ZIF8@ZIF67 SSCs.  468 

The energy (E) and power (P) density of the as-constructed devices was 469 

assessed through equations 3 and 4, and the obtained E and P values were manifest 470 

in the resultant Ragone plot, as presented in Figure 8(i). The optimized ZIF8@ZIF67 471 

SSCs device yielded the higher E of 61.2 Wh/kg at the P of 1260 W/kg. Furthermore, 472 

the device was well-sustained the E of 15.01 Wh/kg at the P of 163800 W/kg. The 473 

achieved E and P values were considerably comparable to the reported literature on 474 

the ZIF’s based SSCs devices and it was rather larger compared with the ZIF67@ZIF8 475 

SSCs device (43.89 Wh/kg at 1260 W/kg). The E of ZIF8@ZIF67 SSCs device in 476 

Ragone plot is demonstrated much larger than the previously published state-of the 477 

art literature related to the MOF SCs devices [56-64]. Furthermore, the E and P 478 

values along with the cycling stability of the as-constructed ZIF8@ZIF67 SSCs device 479 

were compared with the reported literature in previously, as summarized in Table 1.      480 



   481 

Figure 8. Electrochemical performance of the optimized ZIF67@ZIF8 and ZIF8@ZIF67 482 

nanostructure SSCs in two-electrode setup; (a) CV profiles at different applied voltages 483 

under 5 mV/s of scan rate, (b) comparative CV profiles for the ZIF67@ZIF8 and 484 

ZIF8@ZIF67 nanostructure SSCs at the applied fixed sweep speed of 5 mV/s, (c) CV plots for 485 

the ZIF67@ZIF8 and ZIF8@ZIF67 nanostructure SSCs under different sweep rates ranging 486 

from 5-90 mV/s, respectively, (d) CV profiles for the ZIF8@ZIF67 nanostructure SSCs at the 487 

applied fixed sweep speed of 20 mV/s over 100 cycles, (e) comparative GCD profiles for the 488 

ZIF67@ZIF8 and ZIF8@ZIF67 nanostructure SSCs under a constant current densities of 1 489 

A/g, (f) specific capacitance as a function of the diverse current densities, (g) Nyquist plots 490 

for the ZIF67@ZIF8 and ZIF8@ZIF67 nanostructure SSCs, (h) cyclin stability: capacity 491 

retention as a function of 10,000 GCD cycles and (i) Ragone plot.  492 

 493 



Table 1. Comparable electrochemical performance of various ZIF’s based materials in a two-494 

electrode system.  495 

Electrode Material Electrolyte Cs 

(F/g)/Current 

Density 

(A/g) 

Power 

Density 

(W/kg) 

Energy 

Density 

(W.h/kg) 

Cyclic  

Stability 

(%) 

Ref 

ZIF8@ZIF67 1 M KOH 249.8/1 1260 61.2   87/ 10k This 

work  ZIF67@ZIF8 1 M KOH 179.11 1260 43.89 79/ 10k 

ZIF-67@NPC-800 0.5 M 

H2SO4 

62 / 2  700  19.6  --- [57] 

ZADV@LSC ----------- 250 F/g @ 0.8 

A/g 

586 19.7 89/5000   

ZIF-67@M-Co3O4 2 M KOH 134 / 1  790.7  46.5  86.4/8000  [63] 

ZIF-67@Co3O4-CeO2 3 M KOH 139.9 / 1  849.9  54.9  98/ 6000  [65] 

ZIF-67@3D hollow 

CoWO4 

2 M KOH 81  / 0.5  404  29  --- [59] 

NiCo2O4/MnO2//Biochar 6 M KOH 85 /1  133.5 30.4  85/5000  [61] 

NiCo2O4/CoFe  2 M KOH 64.7 /1  950 28.9 76.9/5000  [58] 

2Fe2O3/RGO/Fe3O4 2 M KOH 6.9 /20  661.5 4.1/ 97/2000  [56] 

MO:ZnO@NF//AC 3 M KOH 125.2 /1  778 39 75.6/8000  [62] 

 496 



Conclusion 497 

In summary, the ZIF8@ZIF67 reverse core shell nanostructure with an 498 

excellent surface area and uniform hexagonal structure provides a platform for 499 

supercapacitor applications. Besides, the ZIF-67, ZIF-8 and ZIF67@ZIF8 core-shell 500 

nanostructures were used as reference electrodes. The electrochemical performance 501 

was analyzed employing these prepared electrodes with 1 M KOH electrolyte. 502 

Among all, the ZIF8@ZIF67 reverse core-shell nanostructure exhibits the high-503 

capacity of 1521 F/g at 1 A/g in three-electrode assembly compared with the 504 

ZIF67@ZIF8 (1097 F/g), ZIF-8 (788 F/g) and ZIF-67 (571 F/g). Basis on the preliminary 505 

studies, the ZIF67@ZIF8 and ZIF8@ZIF67 was then embedded into the SSCs in a two-506 

electrode setup with 1 M KOH electrolyte. As expected, the ZIF8@ZIF67 reverse core-507 

shell nanostructure displayed the maximum capacitance of 249.8 F/g, high energy 508 

and power density of 61.2 Wh/kg and 1260 W/kg under 1 A/g of current density than 509 

that of ZIF67@ZIF8. Significantly, the fabricated ZIF8@ZIF67 SSCs delivers a 510 

noticeable repeatability of 87% over consecutive 10,000 GCD cycles at 10 A/g of 511 

current density. The high performance of the ZIF8@ZIF67 is attributed to the uniform 512 

hexagonal like morphology and higher surface area. All the resultant outcomes 513 

demonstrate that the ZIF8@ZIF67 core-shell nanocomposite have the considerable 514 

potential to be employed as electrode in supercapacitors and other energy related 515 

systems.    516 
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