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A B S T R A C T   

The limited energy storage capacities of carbon-based negative electrodes, which rely on conventional double 
layer charge storage mechanisms, have limited the electrochemical performances of hybrid supercapacitors 
(HSCs). The development of nanostructured redox-active materials that serve as alternatives to carbon-based 
negative electrodes is crucial to overcome the limitations of current HSCs. In this work, a coordination chem-
istry approach is utilized to tune the nanostructure of zinc ferrite thin films on flexible stainless steel (SS) foil by 
using several zinc salt precursors, including ZnCl2⋅6H2O, Zn(NO3)2⋅6H2O, and ZnSO4⋅6H2O, while using the same 
iron precursor (FeCl2⋅4H2O). Materials prepared with the ZnCl2⋅6H2O metal salt form porous nanosheets with 
groundnut-like structures that exhibit maximum specific capacities of 544 mA h/g (454 F/g) at current density of 
2.5 A/g. Redox-active solid-state HSCs are assembled by using zinc ferrite as a negative electrode, MnO2 
nanoflakes as a positive electrode, and a polymer gel as the electrolyte. The developed solid-state HSC cells show 
excellent performance as exemplified by a maximum specific capacitance of 123.8 F/g and an energy density of 
55.72 Wh/kg, both of which are superior to those of conventional carbon-based symmetric and HSCs.   

1. Introduction 

Supercapacitors (SCs) with two dissimilar electrodes are called as 
hybrid supercapacitors (HSCs) and generally exhibit higher energy 
storage capacities than conventional symmetric SC cells. HSCs are 
conventionally assembled by using a redox-active positive electrode (for 
example MnO2, Co3O4, NiO, etc.), a carbon-based negative electrode 
(for example activated carbon, carbon nanotubes, graphene, etc.), and 
either a liquid or a solid electrolyte [1,2]. Yet, the low energy storage 
capacities of carbon-based negative electrodes bound the electro-
chemical performances of HSC cells according to the following equation; 
Cd = 1/Cp+1/Cn, where, Cd, Cp, and Cn are the respective capacitances 
of the HSC cell, the positive electrode, and the negative electrode [3]. 
Thus, developing new redox-active materials that can serve as alterna-
tives to carbon-based materials used as negative electrodes are impor-
tant for boosting the energy storage capacities of HSC cells. With this 
motivation, different redox-active negative electrodes, such as Fe2O3, 

V2O5, and Bi2O3 among others, have been explored for applications in 
HSCs, but their energy storage capacities, potential windows, and 
cycling stabilities have yet to supplant conventional carbon-based 
negative electrodes [4] [–] [7]. 

Binary metal oxides have been broadly tested for utilization in HSCs 
because of their higher electrical conductivities and charge storage ca-
pacities versus conventional unitary metal oxides [8]. Most of the re-
ported binary metal oxides works in the positive potential range with 
higher energy storing capacity [9,10]. Among the numerous binary 
metal oxides, metal ferrites are favored as negative electrodes for HSCs 
because of their huge theoretical capacitance, capacity to form complex 
ions in the electrolyte, spinal structure, and, most importantly, their 
ability to foster synergic effects among multivalence metal cations [11] 
[–] [13]. These materials form complex species that are relatively larger 
in size, granting vast surface areas to accommodate electrolyte ions and, 
thus, yielding improved material performances. A characteristic of 
ZnFe2O4 is that it has two different metal cations, Zn and Fe, with O as 
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anion. The cations occupy two different positions in a spinel structure, 
which are tetrahedral (Zn) and octahedral (Fe) sites along the 
face-centered cubic (FCC) lattice formed by O2− cations. The use of 
bimetallic oxides in negative electrode materials could enhance both 
electrical conductivity, by two orders of magnitude, and electrochemical 
activity versus materials prepared with unitary metal oxides [14]. 

In this work, to address the limitations of conventional carbon-based 
HSCs, we developed a facile chemical process for preparing redox- 
active, negative zinc ferrite electrodes with various Zn-metal pre-
cursors on pliable stainless steel (SS) substrates. We established the in-
fluence of different Zn-metal precursors on the structures and 
morphologies of the resulting materials. Moreover, the influence of 
microstructure on the electrochemical properties of these materials was 
also studied. Three-electrode electrochemical measurements were per-
formed in 1 M Na2SO4 electrolyte, while two-electrode electrochemical 
measurements were carried out by arranging HSC cells in polymer gel 
electrolytes. The assembled redox-active HSC cell works in the higher 
working voltage of 1.8 V with capacitance of 123.8 F/g at current 
density of 2 A/g. 

2. Experimental section 

2.1. Preparation of ZnFe2O4 electrodes 

A simple chemical bath deposition (CBD) method was used to pre-
pare ZnFe2O4 thin-film electrodes. Three different Zn-metal precursors, 
including ZnCl2⋅6H2O, Zn(NO3)2⋅6H2O, and ZnSO4⋅6H2O, were used to 
prepare ZnFe2O4. ZnFe2O4 prepared by ZnCl2⋅6H2O, Zn(NO3)2⋅6H2O, 
and ZnSO4⋅6H2O are referred to as ZnC, ZnN, and ZnS, respectively. 
ZnC, ZnN, and ZnS were prepared by initially dissolving the precursors 
(i.e. ZnCl2⋅6H2O, Zn(NO3)2⋅6H2O, or ZnSO4⋅6H2O) at 0.05 M in 80 ml of 
deionized (DI) water in separate glass beakers under continuous soni-
cation for 20 min. Then, 0.1 M FeCl2⋅4H2O and 0.3 M urea were added to 
the Zn precursor solution and the solution was bath sonicated for 15 min 
to obtain a final solution where the Fe and Zn precursor ions were ho-
mogeneously distributed. Furthermore, the solutions were heated to 
90 ◦C and a well-cleaned and pliable SS substrate was submerged into 
each of the prepared solutions for 4 h. Then, the ZnC, ZnN, and ZnS thin- 
film samples were removed from the precursor solution, washed several 
times with DI water, and stored in a vacuum oven for 6 h at 60 ◦C. The 
thin-film samples were then annealed at 450 ◦C for 3 h to obtain uniform 

and adherent ZnFe2O4 thin films, which were subsequently character-
ized by structural, morphological, and electrochemical analyses. The 
mass loading of the active materials on the SS substrates is in the range 
of 2.7–3.0 mg/cm2. 

2.2. Three-electrode electrochemical measurements 

Three-electrode electrochemical measurements were conducted to 
determine the best electrode for application as HSC. Specifically, cyclic 
voltammetry (CV) and galvanostatic charge-discharge (GCD) measure-
ments were performed in 1 M Na2SO4 electrolytes. The three-electrode 
setup employs the prepared electrode (area of 1 cm2) as the working 
electrode, platinum foil as the counter electrode, and a saturated 
calomel electrode (SCE) as the reference electrode. The electrochemical 
measurements were carried out on a Zive SP6 instrument. 

2.3. Fabrication of redox-active solid-state HSC cells 

To assemble an HSC cell, two different electrodes are required to 
have dissimilar working potential windows in the same electrolyte. The 
prepared ZnFe2O4 electrodes can operate in a negative potential window 
in Na2SO4 electrolytes and, thus, act as a negative electrode for HSCs. 
Among the various reported positive electrodes, MnO2 shows excellent 
electrochemical behavior in Na2SO4 electrolytes. Here, MnO2 nano-
flakes were prepared on SS substrates by a simple CBD method, as re-
ported in our previous article [15]. Redox-active solid-state HSC cells 
were arranged by using the top-performing ZnC as the negative elec-
trode, MnO2 as the positive electrode, and carboxymethyl cellulose--
Na2SO4 (CMC-Na2SO4) gel as the electrolyte. Note that CMC-Na2SO4 
acts as an electrolyte as well as a separator. The CMC-Na2SO4 gel elec-
trolyte was prepared by a solution casting method as follows: Initially, 2 
g of CMC powder and 2 g of Na2SO4 were dissolved in 20 ml of DI water 
under constant stirring at 70 ◦C for 60 min. The resulting solution was 
viscous and gel-like. This solution was subsequently painted onto the 
ZnC and MnO2 electrodes, which were then dried in an oven at 60 ◦C to 
remove water from the gel electrolyte. After drying, the two coated 
electrodes were pressed against one another to form the solid-state HSC 
cell, which was used for electrochemical tests including CV, GCD, and 
impedance analysis. 

Fig. 1. Schematic of the methods used to prepare zinc ferrite thin-films on stainless steel substrates using different Zn metal precursors.  
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3. Results and discussion 

The negative electrode always presents obstacles for obtaining 
higher energy storing capacity in HSCs. Typically, carbon-based mate-
rials have been extensively used as negative electrodes for HSC appli-
cations as they can operate on the negative potential side in almost all 
types of electrolytes (acidic, basic, and neutral) [16]. However, the 
lower capacitance (100–200 F/g) of carbon-based electrodes, versus 
those of redox-active positive electrodes, limits the capacitance and 
energy density values of HSCs. To overcome this issue, we prepared 
redox-active zinc ferrite thin-films on pliable SS substrates by using a 
low-cost and binderless CBD method. A variety of Zn metal precursors 
were used to prepare ZnFe2O4 thin-films with nanostructures that pro-
mote greater energy storage capacities. According to Pearson’s acid-base 
concept, metal ions and ligands are classified as either hard or soft [17]. 
Generally, hard acids favor binding to hard bases and vice-versa. In the 
present work, we used this concept to control the resulting nano-
structures of the zinc ferrite thin-films. Specifically, we selected three 
different Zn2+ ion precursors, i.e. ZnCl2⋅6H2O, Zn(NO3)2⋅6H2O, and 
ZnSO4⋅6H2O, where Zn2+ is a hard acid and the basicity of the ligands 
follows the order Cl ̶ > SO4

2 ̶ > NO3 ̶ [18]. Thus, Zn2+ binds more strongly 
to Cl ̶ than either SO4

2 ̶ or NO3 ̶. This phenomenon defines both the re-
action rates and the local concentration of Zn2+ ions, which, in turn, 
influence the particular size and shape of the final product on the SS 
substrate. Moreover, the complexing agent also plays an essential role in 
modifying the nanostructure at the surface of the thin-film. Here, urea is 
used as a complexing agent, the predominant role of which is to provide 
OH− ions by thermal decomposition. Urea undergoes thermal decom-
position during the reaction to produce hydroxide ions according to the 

following: 

NH2CoNH2 + H2O →2NH3 + CO2 (1)  

NH3 + H2O ↔ NH4OH (2) 

The resulting hydroxide species react with the Zn2+ ions to yield 
different architectures on the SS substrates. Lower reaction tempera-
tures and chemical baths that are not stirred promote the slow release of 
Zn and Fe ions, which form hydroxide species according to the following 
reactions: 

2FeCl2 + 4OH− →2FeOOH + 4Cl− (3)  

ZnCl2 + 2OH− →Zn(OH)2 + 2Cl− (4)  

ZnSO4 + 2OH− →Zn(OH)2 + 2SO−
4 (5)  

Zn(NO3)2 + 2OH− →Zn(OH)2 + 2NO−
3 (6)  

Zn(OH)2 + 2FeOOH→ZnFe2O4 + 2H2O (7) 

The Fe and Zn hydroxides react to form zinc ferrite on the SS sub-
strate after thermal annealing at 450 ◦C. Fig. 1 shows the schematic 
procedure for preparing different nanostructured zinc ferrite samples on 
the SS substrates by using various Zn metal ion precursors. The struc-
tural features of the prepared zinc ferrite samples were investigated by 
X-ray diffraction (XRD) analyses, the results of which are presented in 
Fig. 2(a). The XRD patterns match well with the standard cubic spinal 
structure of zinc ferrite thin films, as defined by the standard JCPDS card 
no. 82–1042. As seen in the XRD patterns, there is no difference in the 
diffractions peaks for all zinc ferrite samples, except the peak intensities. 

Fig. 2. (a) XRD patterns acquired from zinc ferrite materials prepared with different Zn metal precursors. (b) Crystallographic characteristics of ZnC, Narrow scan 
XPS spectra of the (c) Zn 2p and (d) Fe 2p of the ZnC sample. 
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The peak intensity for the diffraction peaks enhanced from the ZnC, ZnS 
to ZnN which indicates the ZnC has low crystalline nature than the ZnS 
and ZnN electrode materials. The broad and low intense diffraction 
peaks indicates nanocrystalline nature of ZnC. The broad peaks with low 
intensities of the ZnC sample are suitable for the energy storage purpose 
as it provides rapid ion diffusion in the active electrode material to 
enhance the resultant energy storing capacity [19,20]. 
Three-dimensional (3D) crystal structure of the ZnC sample is presented 
in Fig. 2(b). As seen in the figure, the Fe3+ is bonded to six equivalent 
O2− atoms to form FeO6 octahedra that share corners with six equivalent 
ZnO4 tetrahedra and edges with six equivalent FeO6 octahedra. Detailed 
characterization of the oxidation states and surface compositions of the 
ZnC thin films, which showed optimal electrochemical performance (see 
next section), were performed by X-ray photoelectron spectroscopy 
(XPS) analysis. The wide scan spectra of the ZnC thin film are shown in 
Fig. S2 in the supporting information. The narrow scan XPS spectrum of 
Zn 2p (Fig. 2(c)) shows two major peaks at binding energies of 1021.30 
and 1044.41 eV that relate to Zn 2p3/2 and Zn 2p1/2, respectively. 
Furthermore, the spin-energy separation of Zn 2p3/2 and Zn 2p1/2 is 
23.11 eV, confirming that Zn is in a +2 oxidation state [21]. Similarly, 
the narrow scan XPS spectrum of Fe 2p (Fig. 2(d)) displays two major 
contributions at 724.77 and 710.73 eV that originate from Fe 2p1/2 and 

Fe 2p3/2, respectively. Moreover, the spin-energy separation of 14.04 eV 
shows that Fe is in a +3 oxidation state, as anticipated for a zinc ferrite 
thin film sample [22]. The narrow scan O 1s XPS spectrum for the 
binding energy range of 530–533 eV could be deconvoluted into three 
peaks (Supporting information, Fig. S2). The peak with the lowest 
binding energy (~530 eV) arises from the lattice oxygen species O2 ̶, 
while the remaining two peaks with greater binding energies originate 
from hydroxyl species (OH− ) or defective oxygen [23]. Further, XPS 
analyses reveal that the atomic percentages of Zn, Fe, O, and C are 9.22, 
14.06, 48.9, and 27.82%, respectively. 

The nanostructure at the surface is very important to SC performance 
because most of the electrochemical reactions occur at the surface [24]. 
[25] Scanning electron microscopy (SEM) was performed to interrogate 
the surface morphologies of various thin-film samples, the results of 
which are shown in Fig. 3. The SEM images of the ZnC sample reveal a 
porous groundnut-like structure (Fig. 3(a-c)). The surface of the 
groundnut-like structure is decorated with fine nanosheets, as observed 
in the magnified SEM image (Fig. 3(c)). The fine nanosheets and porous 
groundnut-like structures are favorable for SC applications as they 
provide large active sites for charge storage processes. The SEM images 
of ZnS demonstrate the formation of nanocones, with rigid surface 
characteristics (Fig. 3(d-f)), while randomly distributed nanobricks are 

Fig. 3. SEM micrographs acquired from (a–c) ZnC, (d–f) ZnS, and (g–i) ZnN materials at three different magnifications.  
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observed for the ZnN sample (Fig. 3(g-i)). Still, the nanosheets and 
porous groundnut-like structure of ZnC are more suitable for SCs 
because they provide more active sites for energy storage processes than 
the structures of the ZnS and ZnN samples. Moreover, water contact 
angle measurements (supporting information S3) show that ZnC has a 
lower water contact angle of 19◦ compared to ZnS (35◦) and ZnN (63◦). 
This significantly lower water contact angle of ZnC indicates that this 
electrode has higher surface energy compared to the ZnS and ZnN 
electrodes, which is favorable for interfacial electrochemical reactions 
between the electrode and electrolyte ions [26]. 

Three-electrode electrochemical measurements were performed to 
quantify the energy storage capacities of the prepared thin-film elec-
trodes and to establish their potential applications in HSCs. The exper-
iments used a traditional three-electrode setup where the thin-film 
electrode was used as the working electrode, a platinum plate as the 

counter electrode, a saturated calomel electrode (SCE) as the reference 
electrode, and 1 M Na2SO4 in DI water as the electrolyte. Fig. 4(a) shows 
the CV curves measured for the various prepared electrodes at a scan 
rate of 100 mV/s over a performing potential window of − 1.2 to 0.0 V/ 
SCE. A comparison of the CV curves reveals that the ZnC samples have 
greater energy storage capacities than the other electrodes. Moreover, 
similar trends emerged in the GCD curves, showing that the ZnC elec-
trode exhibits higher charge and discharge times than the ZnS and ZnN 
electrodes. The GCD curves were used to calculate the specific capacity 
and capacitance of the various electrodes, and the results are illustrated 
in Fig. 4(c). At a current density of 2.5 A/g, ZnC, ZnS, and ZnN exhibit 
specific capacity values of 544, 467, and 403 mA h/g, respectively. The 
superior storage capacity of the ZnC electrode is attributed to its nano-
structure, which consists of porous nanosheets, as well as its higher 
surface energy compared to ZnS and ZnN. The CV and GCD 

Fig. 4. Electrochemical behaviors of ZnC, ZnS, and ZnN electrodes in 1 M Na2SO4 electrolyte, including (a) CV and (b) GCD curves acquired at an identical scan rate 
(100 mV/s) and current density (2.5 A/g). (c) Plot of the specific capacitance and specific capacity of the ZnC, ZnS, and ZnN electrodes at a current density of 2.5 A/g. 
(d) CV and (e) GCD curves for the optimized ZnC electrode at various scan rates and current densities. (f)The specific capacity and specific capacity for the ZnC 
electrode at various current densities. 
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measurements were performed at different scanning rates and current 
densities to examine the rate capabilities of the ZnC electrode. Fig. 4(d) 
displays the CV curves acquired from the ZnC electrode at various 
scanning rates. Moreover, a semi-rectangular shape, that establishes the 
redox activity of the electrode, is clearly observed. In addition, the area 
concealed by the CV curves increases with scan rate, indicating better 
rate capabilities for the ZnC electrode. Similarly, the GCD curves illus-
trate non-linear behaviors at all current densities, supporting the CV 
analyses (Fig. 4(e)). Fig. 4(f) shows a graph of the specific capacity 
versus the current density for the ZnC electrode. At a lower current 
density of 2.5 A/g, the electrode shows a maximum specific capacity of 
544 mA h/g, which decreases to 240.4 mA h/g at a current density of 10 
A/g with a rate capability of 44.19%. More importantly, however, the 
specific capacities and capacitance are much greater than previously 
reported for carbon-based SCs [27] [–] [30]. 

The excellent energy storage capacity of the ZnC electrodes, espe-
cially when compared to traditional carbon-based electrodes, encour-
aged the development of HSCs using the ZnC electrode [31] [–] [33]. 
The large working potential of the ZnC electrode on the negative side is 

beneficial for enhancing the energy storage capacities of HSCs. As a 
further development of the HSC cell, we prepared fine MnO2 nanosheets 
on a SS substrate as a positive electrode. A schematic of the assembled 
redox-active carbon-free HSC is presented in Fig. 5(a). Fig. 5(b) shows 
the CV curves for the MnO2 and ZnC electrodes in the three-electrode 
setup at a constant scan rate of 100 mV/s. As shown in the figure, the 
MnO2 and ZnC electrodes show excellent supercapacitive behaviors over 
different potential windows, which results in higher voltages for the HSC 
cell developed here. Similarly, the GCD curves for the positive and 
negative electrodes, at a constant current density, are presented in Fig. 5 
(c). The charges on both electrodes must be balanced in order to obtain 
excellent energy storage capacities. In this study, charges were balanced 
by adjusting the mass proportion of positive to negative electrode. 
Specifically, it was found that the optimized mass proportion of positive 
to negative electrode is 1:1.5. The CV curves at various scan rates, over a 
voltage window of 0–1.8 V, for the MnO2/ZnC HSC are presented in 
Fig. 5(d). The CV contours exhibit similar shapes at low and high scan 
rates without any redox peaks, thus demonstrating the outstanding 
supercapacitive behavior achievable by properly balancing the masses 

Fig. 5. (a) A schematic of the flexible MnO2//ZnC HSC. (b) CV and (c) GCD curves for MnO2 and ZnC electrodes in a three-electrode system with a 1 M Na2SO4 
electrolyte. (d) CV and (e) GCD curves for anMnO2//ZnC HSC at different scan rates and current densities over a voltage range of 0–1.8 V. (f) Plot of specific 
capacitance and energy efficiency of the MnO2//ZnC HSC cell at various current densities. 
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of the positive as well as negative electrode materials. Furthermore, the 
voltage window obtained for the MnO2//ZnC HSC is higher than that of 
other widely studied HSC cells that employ Ni, Co, and carbon-based 
materials as electrodes [34] [–] [37]. Fig. 5(e) presents the GCD 
curves of the MnO2//ZnC HSC at various current densities but in the 
same voltage window. No potential drops were observed, which implies 
excellent intercommunication between the gel electrolyte and the 
working electrode. Moreover, the non-linear behavior of the GCD curve 
demonstrates that both electrodes are redox-active. Analyses of the GCD 
curves for the MnO2//ZnC HSC enables the calculation of the specific 
capacitance and energy efficiency at various current densities, which are 
presented in Fig. 5(f). This figure depicts that the HSC cell delivers a 
maximum specific capacitance of 123 F/g at a relatively low current 
density of 2 A/g, but a lower capacitance of 99 F/g at a higher current 
density of 4 A/g. The energy efficiency can be interpreted as the ratio of 
the discharging and charging energy densities, which is always less than 
one. Energy efficiency is especially important for energy storage sys-
tems, such as HSCs, because it serves as a figure of merit that defines the 
practical capabilities of the developed cells. Here, the MnO2//ZnC HSC 
cell shows energy efficiencies that range from 40 to 50% depending on 
the current density. 

The Ragone plot in Fig. 6(a) compares the MnO2//ZnC HSC cell with 
other reported HSC cells that employ carbon-based materials as the 
negative electrode. The plot shows that the MnO2//ZnC HSC cell ex-
hibits a maximum specific energy of 55.72 Wh/kg at a specific power of 
1800 W/kg and a specific energy of 44.87 Wh/kg at a higher specific 
power of 3600 W/kg. These results demonstrate that the MnO2//ZnC 
HSC cell has a high energy storage capacity as well as the capability to 
operate at high powers. The specific energy of the MnO2//ZnC HSC cell 

is much higher than that previously reported for carbon-based HSCs 
[38] [–] [43]. In addition to the specific energy, the cycling stability of 
an HSC is of great importance for energy storage systems because higher 
cycling stabilities reduce maintenance costs. The plot in Fig. 6(b) illus-
trates the capacitance retention of the MnO2//ZnC cell as it is cycled up 
to 8000 cycles at a high current density of 5 A/g. The cell shows an 
admirable capacitance retention of 89.14% after 8000 cycles, demon-
strating the remarkable compatibility of the positive and negative 
electrodes with the gel electrolyte. The comparative table for the specific 
capacitance, specific energy, specific power and cycling stability for the 
HSC cells are provided in the supporting information SI 3. Deeper in-
sights into the electrochemical interactions between the electrode ma-
terials and the gel electrolytes are gained by using electrochemical 
impedance spectroscopy (EIS) analyses. Fig. 6(c) shows the Nyquist plot 
for the MnO2//ZnC HSC over a frequency range of 100 MHz to 100 kHz 
at a constant bias potential of 10 mV. As seen in the Nyquist plot, the 
semicircle in the high-frequency field corresponds to the charge transfer 
resistance (Rct), which was 13.12 Ω/cm2 for the MnO2//ZnC HSC. 
Furthermore, the first cutoff of the Nyquist plot to the real axis indicates 
the equivalent series resistance (Rs), which was 4.2 Ω/cm2 for the 
MnO2/ZnC HSC cell. This suggests efficient contacts between the current 
collector, the active electrode materials, and the gel electrolyte. The 
relatively low Rs and Rct values likely originate from the binder-free 
approach used to prepare the electrode materials and the painting of 
the gel electrolyte onto the positive and negative electrode materials, 
both of which minimize the contact resistance and enhance the elec-
trochemical performances of the HSC cell. Flexibility tests were carried 
out by measuring the GCD curves for HSC cells that were bent at various 
angles, the results of which are plotted in Fig. 6(d). Moreover, the GCD 

Fig. 6. (a) Ragone plot for the MnO2//ZnC HSC and (b) a plot of capacitance retention versus cycle number for a MnO2//ZnC HSC. The inset shows voltage for the 
1st and 8000th GCD cycles. (c) Nyquist plot for the MnO2//ZnC HSC. (d) The GCD curves for the MnO2//ZnC HSC when bent at various angles at a current density of 
5.66 A/g. 
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curves collected at different bending positions nearly overlap, reflecting 
that the performance of the MnO2//ZnC HSC cell is retained even under 
mechanical stress. The excellent electrochemical features of the 
MnO2//ZnC HSC cell is accredited to (i) the redox activities of the 
positive and negative electrodes that enhance the capacitance and en-
ergy density of the HSC cell, (ii) the binder-free preparation approach 
for both electrode materials to avoid unnecessary dead surface area and 
minimize the resulting resistance, (iii) the nanoporous surface archi-
tecture of the positive and negative electrode materials that provide 
large active sites to support energy storage processes, (iv) painting of the 
gel electrolyte onto the active electrode materials to avoids unnecessary 
resistances that are typically present in HSC or asymmetric cells where a 
gel electrolyte film is used as electrolyte, and (v) the gel electrolyte 
serving as both a separator and electrolyte to minimize the resistance 
that typically results from the separator. 

4. Conclusions 

In summary, we developed redox-active zinc ferrite thin-films for use 
as the negative electrodes in HSC cells to overcome the limitations of 
traditional carbon-based HSC cells. Simple coordination chemistry ap-
proaches were employed to optimize the nanostructure and Zn metal 
precursor of the zin ferrite electrodes. Specifically, the ZnCl2⋅6H2O 
metal salt precursor was used to form optimized zinc ferrite materials 
(called “ZnC”) that consisted of nanosheets organized into groundnut- 
like nanostructured morphologies. Negative electrodes prepared from 
ZnC materials exhibited a maximum specific capacity of 544 mA h/g 
(454 F/g), which is superior to conventional carbon-based negative 
electrodes. Carbon-free redox-active solid-state HSCs with ZnC and 
MnO2 nanosheets electrodes showed an excellent specific capacitance of 
123 F/g in a high voltage window of 1.8 V. Moreover, the cell delivered 
a specific energy of 55.72 Wh/kg, which is significantly higher than that 
of conventional carbon-based asymmetric and hybrid SCs. 
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