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Abstract
The current investigation focus on synthesize of nano-crystalline mixed ternary transition metal ferrites (MTTMF) through 
facile hydrothermal method combining post-annealing treatments via tuning the ratio of metallic elements using a nickel 
foam as the substrate. In this research, different transition metal ferrites of  ZnFe2O4 (ZnFe), CoZnFe oxide, CuZnFe oxide, 
NiZnFe oxide, AlZnFe oxide and MgZnFe oxide have been synthesized. X-ray diffraction analysis was used to characterize 
phase development occurred in the MTTMF samples. The Morphologies of the prepared materials have been studied 
by means of field emission scanning electron microscopy and transmission electron microscopy. The electrochemical 
performance of the electrodes was evaluated using galvanostatic charge–discharge, AC impedance measurement and 
cyclic voltammetry analysis. ZnFe electrode prepared at 150 °C shows the highest specific capacitance of 1298 F g−1 at 
10 mV s−1 scan rate in 1 M KOH aqueous solution. It was concluded that higher annealing temperatures (180 °C) for this 
electrode resulted in better capacitive behavior with specific capacitance of 1580 F g−1 at a scan rate of 10 mV s−1. These 
high performance and great capacitive behavior indicated that the ZnFe electrode is a promising material for energy 
storage devices.

Keywords Mixed ternary transition metal ferrite (MTTMF) · Supercapacitor · Hydrothermal method · Cyclic voltammetry

1 Introduction

To provide a reasonable amount of energy, demands for 
energy storage devices with a long cycle life has been 
raised due to development of new emerging technologies. 
Besides growing markets for portable electronic devices 
such as smart watches and phones they need to be flex-
ible, lightweight, compact size, stretchable and more 
importantly bio-compatible energy storage devices with 
high power density [1]. Many investigations have been 
devoted to resolve this issue and also a large number of 
methods have been proposed by different researchers 
[1, 2]. In this regard, development of supercapacitors as 

energy storage devices have been attracted researcher’s 
attention to fulfill the endlessly rising energy needs in the 
world and tackling environmental worries due to their 
high power density and excellent cycle stability. Super-
capacitors (SCs) categorize into three classes based on 
their particular applications: (1) industries and motion-
less consumers, (2) vehicles and transportation systems, 
(3) portable and light-weight personal devices. Nano-
materials for electrodes have been broadly examined in 
SCs as a result of their high surface area, short length of 
diffusion path and high-power density. In general, the 
most prominent electrochemical energy storage devices 
are Lithium-ion (Li-ion) batteries [3], and symmetric and 
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asymmetric supercapacitors [4]. Supercapacitors are also 
classified chemically into two different classes; electrical 
double layer capacitors (EDLC) and pseudo-capacitors. In 
the former case, energy is stored by electrostatic charges 
for the carbon materials at the electrode/electrolyte inter-
face with non-faradaic redox reactions while the latter one 
stores energy by collecting charges electrochemically in 
the electrode/electrolyte interface with faradaic revers-
ible redox reactions for metal oxides and polymers [5, 6]. 
Among all the materials as an electrode for SCs or Li-ion 
batteries purposes, Transition Metal Oxides (TMOs) or 
Mixed Transition Metal Oxides (MTMOs) such as  MFe2O4 
(M = Ni, Co, Cu and Zn) [7–10], which are known as spinel 
metal ferrites, and  MCo2O4 (M = Cu, Ni, Zn, Mg and Mn) 
[11–15] can upgrade energy density of storage devices. 
MTMOs possess complex chemical compositions and 
multiple valences of their metal cations enhanced elec-
trochemical behavior of SCs [16]. Ferrites ability has several 
redox states and its high permeability is considered as a 
breakthrough in making appropriate electrodes for SCs 
[17]. In other words, M and Fe ions in ferrite oxides both 
play a significant role together to make richer redox reac-
tions than non-ferrite metallic oxides that just has metal 
ion contribution in the reactions. Therefore, spinel metal 
ferrites are catalytically active at the surface of electrodes 
where the ratio of divalent ions is a key factor in order to 
control surface properties of the electrodes. In addition, 
the small size and large number of cations in nano-crys-
tallites improve the chemical reactions rate and nowadays 
are becoming more popular as reactive nano-crystallites 
[18]. Finally, it should be noted that charges storing in 
MTMOs originates primarily from the pseudo-capacitive 
mechanism [19].

Among the metal oxides, properties such as bio-com-
patibility, high surface to area ratio, great stability and also 
conductivity of  ZnFe2O4 have made this oxide as an inter-
esting material for SCs [20].  ZnFe2O4 is fabricated in differ-
ent shapes and types such as nanowires [12], nanorods 
[21], nanosheets [22] and nanotubes [23]. Moreover, they 
play a complicated effective role in battery applications 
in the shape of  ZnCo2O4 microspheres [24], mesoporous 
[25] and yolk-shelled particles [26]. So far, different metal 
oxides or hydroxide nanostructures have been produced 
to evaluate supercapacitors performance [27, 28]. It is well 
known that fabrication procedure, active materials mass, 
measurement methods, and materials microstructure have 
serious effects on the electrochemical performance of SCs. 
Therefore, several factors such as chemical composition, 
sintering time and temperature, preparation conditions as 
well as dopants determine electrical properties of spinel 
ferrites [29]. In this regard, wet chemical methods such 
as microwave-hydrothermal [30–32], co-precipitation 
reaction [33], solvothermal [34], hydrothermal [35, 36] 

and micro-emulsion [37, 38] methods have been used to 
optimize the production properties. Among them, hydro-
thermal process [39, 40] has been recognized as the most 
notable approach to make ferrite powders, while several 
studies [30, 36, 41–43] proved that holding reaction tem-
perature higher than 130 °C is also necessary. In this study, 
we describe a facile hydrothermal process to produce 
MTTMF nanocomposites. Structural and surface morpho-
logical characteristics of the synthesized nanocomposites 
are evaluated and supercapacitive behavior of electrodes 
has been assessed in 1 M KOH electrolyte through different 
examination techniques.

2  Experimental

2.1  Reagents, materials and synthesis

All the chemical reagents were purchased from Merck 
and Fluka chemical companies without any further puri-
fication. The chemical substances used in this work were 
nickel nitrate hexahydrate (Ni(NO3)2∙6H2O), copper nitrate 
trihydrate (Cu(NO3)2∙3H2O), cobalt chloride hexahydrate 
 (CoCl2∙6H2O), zinc nitrate hexahydrate (Zn(NO3)2∙6H2O), 
iron chloride hexahydrate  (FeCl3∙6H2O), aluminum nitrate 
nanohydrate (Al(NO3)3∙9H2O), Mg nitrate hexahydrate 
(Mg(NO3)2∙6H2O), urea (CO(NH2)2), ammonium fluoride 
 (NH4F), potassium hydroxide (KOH) and hydrochloric acid 
(HCl). In addition, a piece of Ni foam was also used as the 
electrode’s substrate.

2.2  Sample characterization

The surface characteristics and structure of the materials 
were inspected by X-ray Diffraction (XRD) with copper tar-
get (Kα, λ = 1.5406 A°) in the range of 10°–70° with 0.04° 
and 2 θs−1 step size. Raman spectra data were recorded 
and stored on a Renishaw Raman instrument. The Fou-
rier Transform Infrared (FTIR) spectra of the samples was 
logged by a spectrometer (FTS 165, wave number from 
500 to 4000 cm−1). The morphologies and the sizes of the 
as-prepared samples were observed using Field Emission 
Scanning Electron Microscopy (FESEM, Hitachi S4160, 
15  kV) and Transmission Electron Microscopy (TEM, 
PHILIPS, CM30).

2.3  Synthesis of MTTMF thin film

A 100 mL autoclave chamber (with no agitation) was uti-
lized successfully to carry out the hydrothermal synthe-
sis. Ni foam pieces were used in the current investigation 
as the substrates and before using, they were washed in 
HCl acid (2 M), Acetone and distilled water, respectively, 



Vol.:(0123456789)

SN Applied Sciences (2019) 1:1303 | https://doi.org/10.1007/s42452-019-1355-x Research Article

followed by ultrasonic treatment (35 min for each steps) to 
remove any oxide layer. The cleaned Ni foam pieces were 
kept at 60 °C in an oven for 1 h to become dry. RAMAN 
test was applied before and after acid cleaning of Ni foam 
while in results related to the after cleaning test s strong 
peak at 3300 cm−1 was detected that could be assigned to 
 OH− bond (Fig. 1). In fact with this method elemental ions 
could attach to foam surface easily during hydrothermal 
method.

To produce the  ZnFe2O4 electrode (ZnFe), stoichio-
metric amounts of Zn and Fe ions (1:2) in the solution 
were used. It was began by dissolving 3.33 mL of 0.01 M 
(Zn(NO3)2∙6H2O) and 6.66 mL of 0.01 M iron chloride hexa-
hydrate  (FeCl2∙6H2O) in 100 mL of double distilled water. 
Then, the mixture was co-precipitated during adding 
10 mL of 0.02 M ammonium fluoride  (NH4F) and 10 mL of 
0.05 M urea to the 100 mL prepared solution. Afterward, 
a well-cleaned piece of nickel foam was soaked in the 
solution poured into the autoclave which was sealed for 
the hydrothermal treatment. The temperature was kept 
at 150 °C and 180 °C for 5 h, and then the autoclave was 
cooled down to room temperature. Finally, the products 
were rinsed with deionized water several times to remove 
any contaminations or loose bonds and then they were left 
at 300 °C for an hour to dry. In order to synthesis CoZnFe, 
CuZnFe, NiZnFe, AlZnFe and MgZnFe oxides, the half of 
Zn ions in the solution was replaced with Co, Cu, Ni, Al, Mg 
ions in the solution using a same method to prepare the 
electrodes active materials. For example, to prepare CoZ-
nFe oxide electrode, the  CoCl2.6H2O (1.66 mL of 0.01 M), 
Zn(NO3)2∙6H2O (1.66 mL of 0.01 M),  FeCl2∙6H2O (6.66 mL 
of 0.01 M) were mixed with CO(NH2)2 (10 mL of 0.05 M) 
and  NH4F (10 mL of 0.02 M) into 100 mL deionized water. 

Table 1 shows the stoichiometric amounts of different ions 
dissolved in 100 mL of double distilled water to prepare 
the desired different electrodes.

2.4  Electrochemical characterization

The metal ferrites samples were investigated for superca-
pacitor applications by an electrochemical cell equipped 
with a three-electrode measurement system. The galva-
nostatic charge–discharge, electrochemical impedance 
analysis and Cyclic Voltammetry (CV) experiments were 
executed using Autolab PGSTAT 302 N potentiostat. CV 
curves were obtained at scan rates of 10 to 200 mV s−1. 
The electrochemical cell was made up of platinum and 
saturated calomel electrode (SCE), as the counter and ref-
erence electrodes, respectively while the prepared thin 
film on the nickel foam was the working electrode and 
1 M KOH was used as the electrolyte. From CV curves, the 
specific capacitance of the thin films were calculated by 
the following Eq. 1 [44]:

where, ‘Csp’ represents the specific capacitance (F  g−1), 
‘ ∫ I ⋅ dV  ’ is equal to the area enclosed by the CV diagram, 
‘ΔV’ is the applied potential window, ‘S’ stands for the scan 
rate (mV s−1) and ‘m’ designates the deposited mass of the 
sample material on the nickel foam substrate. The galva-
nostatic charge–discharge experiments were conducted 
over a potential window from 0 to 0.5 V at 20 A  g−1 density 

(1)Csp

(

F g−1
)

=
∫ Vb
Va

I ⋅ dV

m ⋅ S ⋅ ΔV

Fig. 1  Raman spectra of Ni foam after and before acid treatment

Table 1  The stoichiometric 
amount of different ions 
dissolved in 100 mL of double 
distilled water to prepare 
different electrodes

Sample Ions Stoichiometry

CoZnFe Co 0.5
Zn 0.5
Fe 2

AlZnFe Al 0.5
Zn 0.5
Fe 2

MgZnFe Mg 0.5
Zn 0.5
Fe 2

CuZnFe Cu 0.5
Zn 0.5
Fe 2

NiZnFe Ni 0.5
Zn 0.5
Fe 2

ZnFe Zn 1
Fe 2
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current. The electrochemical impedance spectra (EIS) was 
taken over the frequency range of 10–100 kHz.

3  Results and discussion

The schematic depicted in Fig. 2 illustrates the preparation 
method of ZnFe on the nickel foam substrate. The film pro-
duced by a heterogeneous reaction and its growth kinetics 
follows the ion-by-ion growth principle. The zinc and iron 
hydroxides participate in this regard and are absorbed by 
the nickel foam nucleation sites. The process consists of 
three steps: first, the nucleation or incubation time followed 
by the growth period. In this step, several chemical reactions 
take place in the deposition bath based on the participated 
materials, then in the growth period the film thickness 
increases linearly proportional to the deposition time. At this 
time, the solution concentrate from ionic product above its 
solubility and therefore the solution become supersaturated 
maximally leading to the nuclei growth and the film deposi-
tion. As the reagent becomes depleted in the solution, the 
film thickness growth stops and the process will be termi-
nated. Ni foam electrodes with mesoporous ZnFe or other 
metal ferrite thin films make a strong contact between the 
substrate and the active material, which contributes to trans-
portation of electrons and ions and therefore forms a low 
contact resistance with great electrochemical properties.

The hydrothermal method followed by calcination at 
300 °C was used to synthesize the ZnFe electrode by the 
following reactions. At the first, CO(NH2)2 and  NH4F dissoci-
ate in water during heating at a high temperature (150 and 
180 °C). Afterwards, zinc and iron ions (1:2 molar ratio) react 
with  OH−1 and uniformly precipitate on the surface of the 
Ni foam under the hydrothermal condition. In the next step, 
Zn-Fe hydroxide transform into Zn-Fe oxide by calcination at 
300 °C. The reactions are summarized as follow:

(2)CO
(

NH2

)

2
+ 2H2O ⇌ 2NH3 + CO2

(3)NH3 + H2O ⇌ OH−
+ NH+

4

In order to clarify the mechanism of metallic ferrite 
nanocrystalline development over the nickel foam, the 
grown products at two different temperatures (150 and 
180 °C) in the post-annealing treatment were investigated 
by FESEM. The MTTMF precursors coated on the substrate 
present intriguing structures with three different morphol-
ogies (depending on the reaction temperature 150 °C and 
180 °C) were observed: nano wires, flower-like nano flakes 
and nano particles. In Fig. 3a–f numerous flower-like nano 
flakes and nano wires is shown covered the skeleton of Ni 
foam.

By changing the hydrothermal temperature from 150 to 
180 °C, the nanostructures transformed from nano flakes 
to inter connected porous nano particles, as shown in 
Fig. 4b, c, e, f, in which annealing of materials led to for-
mation finer crystalline morphologies. Also, it was revealed 
that as the temperature increased, the thin films became 
more porous. The pores formation could be ascribed to 
the release of  CO2 and  H2O during the heating treatment 
of the precursor which increases the surface area. It seems 
that, nano-porous thin films formation for supercapaci-
tors result in an excellent electrochemical performance of 
the devices because of their high surface to area feature, 
easy ions transportation and extra active sites for the fast 
reversible faradaic redox reactions.

Figure 5a–f show TEM images of MTTMF nanostructures 
which are composed of many flakes, wires and sheets with 
different sizes. However, for the ZnFe prepared at 180 °C 
(Fig. 5d) a unique microstructure was detected which con-
tained a large surface to area in order to improve elec-
trochemical performance. As it is visible in Fig. 5e–f some 
well-defined nano particles with thin hexagonal plate-
lets were observed by SEM observations. In the nuclea-
tion stage during the hydrothermal process, numerous 

(4)NH4F + H2O ⇌ OH−
+ NH+

4
+ HF

(5)2Fe+2 + Zn+2 + 6OH−
⇌ ZnFe2(OH)6

(6)ZnFe2(OH)6 + 0.5O2 ⇌ ZnFe2O4 + 3H2O

Fig. 2  Schematic presentation 
of preparation method of ZnFe 
electrode
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 ZnFe2O4 precursor nano-seeds derived from combination 
of the  Zn2+,  Co+2 and  OH−1 ions. With the reaction pro-
ceeding, the crystal growth stage transferred to a kineti-
cally controlled process, and small nano-wires or nano-
sheets began to grow from the nucleation site depending 
on growths mechanism. As the autoclave temperature 
increased from the 150 to 180 °C, kinetics of the reaction 
were changed in terms of the nucleation, aggregation, 
coalescence and growth rate of CuZnFe and AlZnFe sam-
ples. The increasing temperature altered Brownian motion 
or short-range interaction of the solution particle. What is 
more, it changed inside pressure of the autoclave, modify-
ing the surface morphology from nanowires to nanoparti-
cles. The increasing temperature limits vertical growth of 

the nanomaterial, which reduces its surface energy. The 
hydrothermal method works on principle of controlled 
precipitation under influences of temperature, pressure 
and composition of dissolved ions in the hydrothermal 
autoclave reactor. The increasing reaction temperature 
may alter chemical reaction rate, which leads to forma-
tion of different nanostructures.

FTIR spectra of different samples are presented in Fig. 6. 
Usually, ions in the crystal lattice have specific peaks asso-
ciated with their vibrations could be detected in the range 
of 500 to 4000 cm−1 [45]. Consequently, the band in the 
frequency range of 555–600 cm−1 could be assigned to the 
tetrahedral complexes of spinel ferrites [46]. The vibration 
bands at 1625 cm−1 and 3460 cm−1 could be associated to 

Fig. 3  FESEM images of a ZnFe, b CoZnFe, c MgZnFe, d NiZnFe, e CuZnFe, f AlZnFe prepared at 150 °C for 5 h
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O–H bending and stretching, respectively, this is related to 
water absorption on the ferrite nanomaterial surfaces [47]. 
In other samples at 3460 cm−1, there is a peak correspond-
ing to O–H stretching, however, in CoZnFe, the O–H peak 
was slightly moved to higher frequencies with a lower 
magnitude as a result of hydroxides release to form oxides 
[16]. In addition, the peak at 1125 cm−1 is connected to 
Zn–O–Fe bond formation. Moreover, in ZnFe hydroxide, a 
peak was observed at 1095 cm−1 reveals the presence of 
iron oxide hydroxide bonds (γ-FeOOH) [13].

X-ray diffraction (XRD) patterns of the different sam-
ples (ZnFe, CuZnFe, CoZnFe, AlZnFe, MgZnFe, NiZnFe) 
synthesized via the hydrothermal method are shown in 
Fig. 7. To avoid the results interferences, MTTMF films were 

separated from the nickel substrate. All the samples exhibit 
the features of ferrite materials with the strongest peak 
at (311) occurred at around 2θ = 36° and therefore verify 
their cubic spinel structure. XRD results were the same 
as the  ZnFe2O4 JCPDF card: 89-4926 standard spectra. In 
the XRD results of the ZnFe electrode, the strong peaks 
at 32.5°, 41°, 55.2°, 56.9°, 62.5° could be indexed to (220), 
(311), (400), (422), (511), (400) planes of  ZnFe2O4 phase. 
XRD patterns indicate that CuO (tenorite, JCPDS card No. 
48–1548), cubic  Cu2O (cuprite, JCPDS card No. 05-0667) 
exist in the CuZnFe sample. The peaks of the prepared 
CoZnFe sample can be attributed to CoO (JCPDS card No. 
48-1719) [48]. XRD results of all these MTTMF materials 

Fig. 4  FESEM images of a ZnFe, b CoZnFe, c MgZnFe, d NiZnFe, e CuZnFe, f AlZnFe prepared at 180 °C for 5 h
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disclose significant wide peaks, which could be related to 
the presence of infinitesimal crystallites [49].

A three electrodes cell system was used to investi-
gate the supercapacitive properties of the electrodes 
produced in different heat treatment temperatures. 
CV of MTTMF thin films was examined at different scan 
rates (rate capability). In this regard, Figs. 8 and 9 show 

CV curves obtained from all the MTTMF thin films pre-
pared at 150 and 180 °C in 1 M KOH electrolyte at differ-
ent scan rates of 10–200 mV s−1 in the voltage range of 
-0.5 to 0.5 V, respectively. In the higher scan rates, the 
area under the curves is larger which results in higher 
redox peaks at the maximum current density along with 

Fig. 5  TEM images of a ZnFe, b CuZnFe, c AlZnFe prepared at 150 °C for 5 h, d ZnFe, e CuZnFe, f AlZnFe prepared at 180 °C for 5 h

Fig. 6  FTIR spectra of a ZnFe, b CoZnFe, c MgZnFe, d NiZnFe, e 
CuZnFe, f AlZnFe electrodes prepared at 150 °C for 5 h Fig. 7  XRD of a ZnFe, b AlZnFe, c MgZnFe, d CuZnFe, e CoZnFe, f 

NiZnFe electrodes prepared at 150 °C for 5 h
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a lower specific capacitance. There are various redox 
peaks for each sample due to the faradaic redox reac-
tions between metal oxide and metal oxide hydroxide 
bonds in each MTTMF samples [50].

All the MTTMF thin film electrodes responses at 150 °C 
are presented in Fig. 8 and a similar sequence of images 
for the samples prepared at 180 °C is depicted in Fig. 10. 
Unfortunately, the voltammogram did not define well 

the presence of the oxidation/reduction peaks. They are 
unlike the EDLCs where the CV has ideally a rectangular 
form signifying their pseudocapacitive behavior [51]. For 
instance, in Fig. 8a a pair of redox peaks would bring 
to mind that the capacitance is caused from a pseu-
docapacitive property like reversible electrochemical 
reactions associated to Zn (or Fe)-O/Zn(or Fe)-O-OH 
although they are typical faradaic behavior of ZnFe in 

Fig. 8  CVs of a ZnFe, b CoZnFe, c MgZnFe, d NiZnFe, e CuZnFe, f AlZnFe electrodes at different scan rates of 10 up to 200 mV s−1 prepared at 
150 °C 5 h
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such electrolytes. Also, there are principal differences 
between pseudocapacitive, EDLC, battery and other 
storage devices in their shape of CVs. In general, pseu-
docapacitive behavior doesn`t only depend on the linear 

relation between the stored charge to the potential win-
dow (or the scan rate) [52], therefore, we must denote 
these MTTMF electrode materials as typical energy stor-
age devices to make it clear for further researches.

Fig. 9  CVs of a ZnFe, b CoZnFe, c MgZnFe, d NiZnFe, e CuZnFe, f AlZnFe electrodes at different scan rates of 10 up to 200 mV s−1 prepared at 
180 °C 5 h
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Specific capacitance was analyzed by CV results for 
all the MTTMFs at different scan rates and are shown 
in Figs. 10 and 11. The results demonstrate the specific 
capacitance retentions of MTTMFs electrodes as a func-
tion of the applied scan rate. The specific capacitance was 
decreased in higher scan rates as a result of inaccessible 
sites of pores while in lower charge-discharging rates, ions 
find enough time to access and utilize outer and inner sites 
of pores hence the calculated specific capacitance under 
slow scan rates is considered as the full capacity of the 
device [53]. The largest specific capacity was about 1298 
F g−1 at 10 mV s−1 scan rate in 1 M KOH aqueous solu-
tion for ZnFe electrodes prepared at 150 °C. This figure 
also shows decreasing of the specific capacity of this elec-
trode with increasing the scan rate to 200 mV s−1. It has 
been deduced that higher annealing temperatures result 
in better capacitive behavior based on the CV assessment 
in which at a scan rate of 10 mV s−1 a superior specific 
capacitance of 1580 F g−1 was obtained for the same elec-
trodes prepared under the 180 °C condition. Figures 10d 
and 11d show the charge storing behavior of the ZnFe 
electrode decreased with incorporation of another metal 
oxide to the spinel structure. As shown in these figures, the 

specific capacitance of CoZnFe, CuZnFe, NiZnFe, AlZnFe 
and MgZnFe electrodes is less than ZnFe in all the scan 
rates. Furthermore, as is shown in Fig. 10d, compared with 
Fig. 11d, the electrochemical performance was considera-
bly boosted in nearly all of the mixed ternary metal oxides 
prepared at 180 °C, while, increasing the temperature had 
no effects on NiZnFe electrode and even had destructive 
outcomes on MgZnFe electrode.

Metal oxide or hydroxide composites are compared 
electrochemically in Table  2. Lin et  al. [40] reported a 
porous structure of  ZnFe2O4 fabricated by polystyrene 
(PS) microspheres as a hard-template. The resulted poros-
ity exhibited specific capacitance of 301.8 F g−1 at the scan 
rate of 2 mV s−1 and noticeable cyclic stability of 140.97% 
after 5000 cycles in 2 A g−1 current density. The sol–gel 
method and subsequent calcination resulted in quasi-
honeycomb-like biological structures of  ZnFe2O4 in which 
electrode surface area significantly increased and showed 
high specific capacitance of 279.4 F g−1 at 10 mV s−1 and 
80% capacity retention after 1000 charge/discharge cycles 
[54]. Lin et al. [55] represented another method to develop 
promising electrodes in supercapacitors with proper chem-
ical properties. Etched coral-like ZnFe particles with 200 

Fig. 10  CVs of all electrode at a 10 mV s−1 b 50 mV s−1 and c 200 mV s−1 prepared at 150 °C 5 h. d Capacity dependence of electrodes as a 
function of scan rate from 10 to 200 mV s−1
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times larger specific area obtained higher specific capaci-
tance of 471 F g−1. They also displayed excellent cyclic sta-
bility of 80.6% specific capacitance retention after 3000 
cycles. ZnFe thin films synthesized through a facile and 

low-priced successive ionic layer adsorption and reaction 
(SILAR) method, offered 471 F g−1 specific capacitance at 
5 mV s−1 scan rate in 1 M NaOH aqueous solution.  ZnFe2O4 
solid-state symmetric (SSS) materials also showed great 

Fig. 11  CVs of all electrode at a 10 mV s−1 b 50 mV s−1 and c 200 mV s−1 prepared at 180 °C 5 h. d Capacity dependence of electrodes as a 
function of scan rate from 10 to 200 mV s−1

Table 2  Comparing of electrochemical properties of some similar devices with different preparation methods

Material Electrolyte Specific 
capaci-
tance  
(F  g−1)

Potential 
window 
(V)

Discharge cur-
rent

Capacity retention Method Refs.

Porous  ZnFe2O4 6 M KOH 301.8 0.45 2 A g−1 140.97%(5000 
cycle)

Template-
assisted(polystyrene)

[26]

ZnFe2O4 replica 2 M KOH 279.4 0.55 1 A g−1 80%(1000 cycle) Sol–gel [54]
Coral-like  ZnFe2O4 3 M KOH 471 − 0.8 1 A g−1 80.6%(3000 cycle) Etch process [55]
ZnFe2O4 thin film 1 M NaOH 471 − 0.1 2.72 A g−1 72%(1000 cycle) SILAR [56]
ZnFe2O4 nano flake 6 M KOH 2083 0.4 5 mA cm−2 98%(12000 cycle) Reflux condensation 

mediated deposition
[57]

ZnFe2O4 6 M KOH 615 – 3 mA cm−2 74% 3000 cycles SILAR [58]
ZnFe2O4 nano particle 2 M KOH 352.9 1.2 1 A g−1 92.3% 10000 cycles Solvothermal [59]
ZnFe2O4 fibers 3 M KOH 590 0.7 1 A g−1 95% 3000 cycles Electrospun [60]
ZnFe2O4 microspheres 1 M KOH 131 0.45 0.1 A g−1 92% 1000 cycles Solvothermal [29]
ZnFe2O4 1 M KOH 1580 0.5 10 mV s−1 94% 5000 cycles Hydrothermal This work
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properties (32 F g−1 specific capacitance, 4.47 W h kg−1 
energy density and 277 W kg−1 power density at 1 A g−1 
current density) reported by Raut et al. [56]. Vadiyar et al. 
reported utilization of cobalt oxide  (Co3O4) nanosheets as 
an active material for the positive electrode and zinc fer-
rite  (ZnFe2O4) nano-flakes for the negative electrode, which 
grew directly on a stainless steel (SS) substrate; increased 
stability up to 12000 cycles with 98% retention of capaci-
tance in solid-state asymmetric assembled devices. This 
device also stored 36 W h kg−1 energy density while the 
power density was about 8.8 kW kg−1 [57]. Vadiyar et al. [58] 
established the SILAR technique to synthesize nano sphere 
particles of  ZnFe2O4 with a diameter in the range of 200 to 
600 nm on SS substrates. The annealed  ZnFe2O4 thin films 
demonstrated excellent specific capacitance of 615 F g−1 
at 3  mA  cm−2 current density. An asymmetric device 
was made using two electrodes  (ZnFe2O4/SS||Mn3O4/SS) 
which provided specific capacitance of 81 F g−1 and the 
energy density of 28 W h kg−1 while power density was 
7.97 kW kg−1. 74% capacitance retention was recorded in 
3000 cycles for this device as well. Yang et al. [59] reported 
at a current density of 1  A  g−1 specific capacitance of 
352.9 F g−1, which showed a superior value as good as 
other ZnFe based electrodes. It also shows significant cyclic 
stability (92.3% retention after 10,000 cycles) and good rate 
performance. Although a low voltage of 1.2 V was applied, 
the energy density of the ZnFe/rGO (reduced graphene 
oxide) supercapacitor in a 1 M KOH electrolyte could rise to 
above 6.7 W h kg−1. Agyemang and Kim synthesized ZnFe-
based nanofibers by electro-spinning using ferric/zinc 
acetonate as the metal oxide precursors and the polyvinyl 
pyrrolidone (PVP) as the main polymer in different compo-
sition ratios. Various produced compositions had distinc-
tive properties for supercapacitor applications. The maxi-
mum specific capacitance calculated from the obtained 
CV curves for the  Fe2O3–ZnFe2O4 electrode was 590 F g−1 
at 5 mV s−1 scan rate [60]. Zhu et al. [29] reported feasible 
and cost effective synthesize of ZnFe microspheres using a 
solvothermal approach without any template. Characteri-
zation of the produced samples revealed that many ZnFe 
nanoparticles with the size of smaller than 20 nm were 
assembled to form ZnFe microspheres with a high specific 
surface in addition to great optical and magnetic proper-
ties. Besides these, ZnFe microspheres exhibited excellent 
electrochemical characteristics with a great cycling life of 
92% capacitance retention after 1000 cycles and specific 
capacitance of 131 F g−1.

Figure 12 illustrates galvanostatic charge–discharge 
measurements of MTTMF electrodes at 20 A g−1 current 
density under applied potential of voltage between 0 
and 0.5 V. Notably, the almost-linear variation of the 
charge–discharge curves for MTTMF electrodes in addition 
to their symmetrical triangular shape indicate a suitable 

capacitive behavior as well as great reversibility [61, 62]. 
However, for these MTTMF electrodes, redox reaction or 
irreversible adsorption of electrolyte ions are responsible 
for the charged potential value. No significant I × R drop 
is detected in the curves suggesting a favorable contact 
between the electrodes and the active material. This fig-
ure shows that longer times to charge and discharge ZnFe 
electrodes was needed rather than other electrodes, which 
means larger specific capacity for this electrode.The fol-
lowing equations evaluate electrodes maximum specific 
energy and power:

where Csp is the specific capacitance, V is the potential 
after IR drop and ∆t stands for the discharge time. Maxi-
mum specific energy of ZnFe, CoZnFe, CuZnFe, NiZnFe, 
AlZnFe and MgZnFe electrodes were measured to be 55.5, 
36.11, 13.8, 15.2, 8.3, and 12.5 W h kg−1, respectively at 
20 A g−1 discharge current. The maximum specific power 
of electrodes was measured to be 4.99 kW kg−1 at 20 A g−1 
discharge current.

Electrochemical impedance spectroscopy (EIS) is used 
to estimate supercapacitor properties of the electrodes 
by relating their structure to the molecular relaxation of 
the system measured in a wide range of frequencies [63]. 
In MTTMF electrodes, electrochemical impedance was 
measured in the frequencies of 0.1 Hz–10 kHz with an 
applied potential magnitude of 5 mV. The EIS data were 

(7)ESp =
0.5CspV

2

3.6
(Wh kg

−1
)

(8)PSp =
Esp

Δt
(W kg−1)

Fig. 12  Galvanostatic charge–discharge curves of electrodes pre-
pared at 180  °C over a potential window between 0 and 0.5 V at 
20 A g−1 charge–discharge current
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analyzed using Nyquist, Phase and Bode plots where each 
data point is obtained in a different frequency. As is shown 
in Fig. 13a, with decreasing the frequencies, all the elec-
trodes phase angle approaches to − 90° indicating better 
capacitive behavior. Invariable impedance amplitude is 
recorded in Fig. 13 b in the high frequencies for all the 
electrodes indicating an equivalent solution resistance 
for them. The Nyquist data (Fig. 13c) are modeled by an 
equivalent circuit (inset in Fig. 13c), where,  Rs is affected 
by the electrolyte and active materials resistivity as well as 

the electrode and current collector interface quality [64, 
65].  Rct is the charge-transfer resistance of the electrodes 
during cycling. All the Nyquist plots consist of a quasi-
semicircle in their high frequencies revealing the charges 
transfer phenomena at the electrode/electrolyte interface. 
A constant line at low frequencies assign to the diffusion 
of ions in the electrolyte [66]. The  Rs and  Rct are calculated 
from the Nyquist plot (Fig. 13c) and are shown in Table 3. 
The  Rct value of the energy storages increases in order of 
ZnFe < NiZnFe < MgZnFe < CuZnFe < CoZnFe < AlZnFe.

Fig. 13  Impedance spectroscopy plots of prepared electrodes at 150 °C for 5 h at 10,000 to 0.1 Hz sweep. The equivalent electrical circuit is 
shown and consisted of a resistor in series with a parallel combination of a resistor and capacitor
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Cycling life is a main parameter that determines the 
practical applications of all the storage devices such as 
supercapacitors and batteries. Figure 14 shows variation of 
the capacitance retention of electrodes as a function of the 
cycle number. As shown in this figure, after 5000 continu-
ous cycling, the specific capacitances were revealed to be 
94%, 90%, 94%, 93%, 85% and 84% of their initial value for 
ZnFe, CoZnFe, CuZnFe, NiZnFe, AlZnFe and MgZnFe elec-
trodes, respectively. Relatively good cycling stability of this 
electrode could be attributed to electrochemical stability 
of the active materials and proper contact between the 
current collector and the electrode materials because of 
direct growth of active nanostructures of the electrode on 
the substrate surface. The ZnFe electrode shows the best 
cycling stability and this sample shows the highest specific 
capacitance as compared to other electrodes.

4  Conclusion

Innovative MTTMF nanocomposites have been synthe-
sized via a facile hydrothermal procedure combining a 
post-annealing treatment on nickel foam substrate. It has 
been concluded that temperature increasing resulted 
in positive effects on morphologies and electrochemi-
cal behavior of the MTTMF nanomaterials. Single-phase 

formation of spinel ferrites was characterized by the XRD 
analysis. SEM images revealed porous structures with 
high electrochemical active sites that enable electrolyte 
ions transfer. Among all the electrodes, ZnFe presented 
better pseudocapacitive behavior in 1 M KOH aqueous 
electrolyte.
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