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ABSTRACT

The specific surface area is an important parameter influencing the storage

capability of materials due to its direct effect on the reaction sites availability. In

this study, ZnFe2O4 nanoparticles with a high specific surface area, 78.9 m2 g-1,

were prepared by a weak ultrasonic irradiation technique. Fe(NO3)3�9H2O,

Zn(NO3)2�6H2O and glucose were used as reagents and the prepared precursor

was calcined in the air at 400 �C for 3 h. The product was characterized by

thermogravimetric analysis, Fourier transform infrared, Raman spectra, X-ray

diffraction, Brunauer–Emmett–Teller, Scanning electron microscopy as well as

Transmission electron microscopy. The charge storage ability, cycling stability,

and ion transport of the produced ZnFe2O4 nanoparticles were examined by

cyclic voltammetry, galvanostatic charge–discharge and electrochemical impe-

dance spectroscopy tests in 1, 3 and 6 M KOH solutions. The highest specific

capacitance of the ZnFe2O4 nanoparticles was obtained 712 F g-1 at the scan rate

of 2 mV s-1 in 6 M KOH electrolyte, and the capacity retention for ZnFe2O4

nanoparticles was still maintained after 2000 cycles at 92.4, 94.2 and 96.6% in 1, 3

and 6 M KOH electrolytes, respectively.

1 Introduction

Increasing demand for nanomaterials with large

specific surface area for a variety of uses (e.g.,

supercapacitors) has recently attracted the attention

of researchers in this field [1]. Supercapacitors are

tools with high power density, long cycle life and

high charging and discharging rates [2–11]. There are

growing demands for the next-generation flexible

and lightweight energy storage devices with high

power and energy densities due to their unique

characteristics and potential applications in various

portable electronic tools such as memory backup

systems [3] smart sensors, flexible touch screen,

electronic newspaper [5, 6], mobiles [5, 6, 9] and

hybrid electric vehicles [3, 8, 9]. Supercapacitors can

be classified as electrical double-layer capacitors

(EDLCs) according to the energy storage mechanism,

which store energy through the formation of electri-

cal double layer at the electrode–electrolyte interface

(e.g., carbon-based materials) and pseudocapacitor,

which store energy by electron transfer Faradaic
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redox reaction [7, 8, 12–18]. Transition metal oxides

having binary and ternary compositions like RuO2,

NiO, CuO, CoO, Co3O4, MnO2, Mn3O4 [16, 19],

NiMoO4, Fe3O4, Fe2O3, MnFe2O4, ZnFe2O4, CuFe2O4,

CoFe2O4 NiCo2O4, and CuCo2O4 have been widely

studied as the pseudocapacitor electrode materials

[16]. The synthesis method of electrode materials are

key challenges because their low energy density

compared to batteries prevents their use as a major

power source. High energy and power along with

better structural stability are important parameters

that must be considered before synthesizing a

supercapacitor electrode material [20]. To improve

the energy density and overall performance, mixed

transition metal oxides (MTMO) with two different

metals have been studied widely as supercapacitors.

The chemical composition and the synergic effect of

multiple oxidation states of the metal cations in

MTMOs are important to get the satisfied electro-

chemical behavior [5, 6]. Among these MTMOs,

ZnFe2O4 is the most promising due to its abundancy

[4], low toxicity [4–6], low-cost [4, 5, 16], environ-

mental benignity behavior [5, 6], excellent chemical,

thermal stability and low resistance [5]. There are

various ways to prepare ZnFe2O4 nanostructures,

such as co-precipitation [19, 21–23], ball milling

[19, 22, 23], sol–gel [19, 21, 23], hydrothermal

[19, 21–23], thermal decomposition [19], ceramic

method [19, 24], electrodeposition [21], ultrasonic [22]

and combustion method [22, 24]. Few studies have

used sonochemical method for the ZnFe2O4 prepa-

ration. In this study, for supercapacitor application,

ZnFe2O4 nanoparticles with high specific surface area

were synthesized in ultrasonic bath. Among alterna-

tive methods of controlling synthesis, the sono-

chemical method was found to produce

nanomaterials with smaller size and larger surface

area than those reported in previous studies [25, 26].

In fact, this method is an effective, useful, low-cost

and simple technique.

2 Experimental

2.1 Materials

All chemicals were purchased from Merck Company

(China) and used with no further purification. In all

the experiments, double-distilled water was used.

2.2 Preparation of ZnFe2O4

In the typical synthesis of ZnFe2O4, stoichiometric

amounts of Zn(NO3)2�6H2O (3 mmol) and Fe(NO3)3-
9H2O (6 mmol) were dissolved separately in (20 mL)

doubly distilled water to form a clear solution and

then mixed together, followed by the adding 1 g

glucose and 2 mL mono ethanol amine under stir-

ring. The pH value of the obtained solution was set to

10 ± 0.5 using ammonia. Then, this solution was

subjected to low ultrasound irradiation for 30 min

under continuous stirring in the ultrasonic bath. Once

the reaction was finished and naturally cooled to

room temperature, the dark precipitate was collected

by centrifugation and washed with water for several

times. Then, it was dried in an oven at 60 �C and

calcined for 3 h at 400 �C.

2.3 Characterization

Using thermogravimetric analysis (TGA), the mass

changes of precursor was evaluated at a temperature

of 25–900 �C and a heating rate of 5 �C per minute

under air atmosphere using NETZSCH TG 209 F1 Iris

device. The X-ray diffraction (XRD) analysis was

used to study the crystalline structure of the samples

using a STOE XD-3A diffractometer using CuKa

radiation at k = 1.5406 Å. For characterizing mor-

phologies, a Zeiss scanning electron microscope and

a Zeiss-EM10C transmission electron microscope

were used. The Fourier transform infrared (FT-IR)

spectra of samples were recorded using a SHI-

MADZU-8400S-series FT-IR spectrometer on KBr

disks within the range of 400–4000 cm-1. Raman

spectroscopy was performed at room temperature

using a charge-coupled device spectrometer for sig-

nal detection and a Nd:YAG crystal laser (power =

10–90 mW). The BET surface area and pore size

distribution of the samples were assessed through

nitrogen adsorption/desorption isotherms measured

at - 196 �C using a Micromeritics ASAP 2020 system.

2.4 Electrochemical measurements

An autolab potentiostat/galvanostat (PGSTAT 204)

was used for the electrochemical measurements

including cyclic voltammetry (CV), galvanostatic

charge–discharge (GCD) and electrochemical impe-

dance spectroscopy (EIS) tests. These measurements

were performed using a standard three-electrode
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configuration, where a platinum wire was used as

counter electrode, an Ag/AgCl reference electrode,

and a Ni foam (with 1 cm2 area) working electrode.

The ZnFe2O4 nanoparticles’ capacitive behaviors

were characterized by CV in 1, 3, and 6 M KOH

electrolyte within the potential range from - 0 to

0.5 V at room temperature compared to Ag/AgCl at

different scanning rates of 1–100 mV s-1. Then, the

specific capacitance (SC) values were determined by

integrating the recorded current over the applied

potential range according to the following equation:

SC ¼ 1

mv Va � Vcð Þ

ZVc

Va

I Vð ÞdV ð1Þ

where I = the measured current (A); Va–Vc = the

potential sweep range (V); m = the mass of electro-

chemically active material (g); and v = the sweep rate

(V S-1).

3 Results and discussion

3.1 TGA and XRD analysis

To obtain calcination temperature, the TGA was

performed under air atmosphere at the temperature

range 25–900 �C and an heating rate of 5 �C per

minute (Fig. 1a). The mass changes were observed in

three steps. Based on this curve, the first step, the

weight loss of 2.42% occurs at 100 8C due to the

release of adsorbed water molecules. The second and

third stages of 41.19% weight loss at 100–380 8C can

be due to lattice water molecule evaporation and

organic matter decomposition. Almost no weight loss

could be observed during 380–900 �C, indicating the

precursor’s complete decomposition at temperatures

above 400 �C.
Structural analysis of ZnFe2O4 nanostructures was

carried out by XRD. The XRD pattern of ZnFe2O was

given in Fig. 1b. According to this figure, evolved

diffraction peaks could be indexed to a cubic phase of

ZnFe2O4 (S.G.: Fd-3m) and the lattice parameters

were obtained such as a, b and c = 8.4409 Å (JCPDS

card No. 01-082-1049). The appeared diffraction

peaks at angles 18.189, 29.917, 35.236, 42.819, 53.112,

56.613,62.160, 70.503, 73.513, and 74.506� matched

with the (111), (220), (311), (400), (422), (333), (440),

(620), (533), and (622) crystal planes of cubic ZnFe2O4,

which confirms the formation of ZnFe2O4 compound

with excellent crystallinity with no other impurity

peaks. The lack of any more by product shows the

sample purity.

3.2 FT-IR and Raman analysis

Figure 2a shows the FT-IR spectrum of ZnFe2O4

nanoparticles recorded over the wavenumber range

from 4000 to 400 cm-1 at room temperature. The

observed broad band at 3323 cm-1 belongs to the O–

H stretching vibrations of the adsorbed water mole-

cules [22, 27]. The appeared peaks at 438 and

553 cm-1 are corresponded to the intrinsic lattice

vibrations of Fe–O and Zn–O, octahedral and tetra-

hedral coordination compounds in the spinel struc-

ture of ZnFe2O4, respectively [22, 28]. Figure 2b

presents Raman spectroscopy results for the ZnFe2O4

nanoparticles in the area from 200 to 800 cm-1 at

room temperature. The normal spinel structure

(AB2O4) had 5 active Raman peaks at 271, 350, 505,

647 and 693 cm-1 related to the Raman modes (A1g-

? Eg ? 3T2g) in ZnFe2O4 cubic spinel. The low-fre-

quency mode at 271 cm-1, which represents the

characteristics of octahedral sites (BO6), is assigned to

Eg symmetry, and the appeared modes at 350 and

476 cm-1 are assigned to T2g symmetry. The high-

frequency modes at 647 and 693 cm-1 are related to

the A1g symmetry, which includes the O atom

vibrations in AO4 tetrahedral groups. Hence, the

Fig. 1 TGA analysis (a) and

XRD pattern of ZnFe2O4

nanoparticles (b)
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observed frequency mode at 647 cm-1 is related to

the oxygen vibrations against zinc, while the other

frequency mode at 693 cm-1 is because of the corre-

sponding oxygen vibrations against iron [29].

3.3 Morphology

The morphology and the size of product were

investigated by means of SEM and TEM. The SEM

image of ZnFe2O4 nanoparticles has given in Fig. 3a.

The TEM image (Fig. 3b) well showed the nanometer

sized ZnFe2O4 particles, which strongly support SEM

analysis. The histogram of the particle size distribu-

tion based on SEM images is illustrated in Fig. 3c.

The diameter of most nanoparticles ranged from 30 to

40 nm. The results of energy dispersive X-ray spec-

troscopy (EDX) analysis (Fig. 3d) confirm the

presence of only iron, zinc, and oxygen elements in

the nanoparticles.

3.4 BET surface area analysis

The specific surface area is an essential parameter

influencing the storage capability of electrode mate-

rials due to its direct effect on the reaction sites

availability [30]. The specific surface area and pore

size of ZnFe2O4 nanoparticles were estimated using

the BET and BJH methods, respectively. Pore struc-

ture of all samples were analyzed by N2 adsorption at

- 196 �C. Before each measurement, sample was

evacuated 3 h at 300 �C. The nitrogen adsorption/

desorption isotherms of ZnFe2O4 nanoparticles and

corresponding pore size distribution curves have

been shown in Fig. 4a, b. In Fig. 4a, nanoparticles had

type IV isotherm with hysteresis loops in a relative

Fig. 2 FT-IR spectrum (a) and

Raman spectrum of the

ZnFe2O4 nanoparticles (b)

Fig. 3 SEM images (a) TEM

image (b) Size distribution

histogram (c) and the energy

dispersive EDX of ZnFe2O4

nanoparticles (d)
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pressure (P/P0) range of 0.6–0.9, indicating the

mesoporous structure formation [31]. The observed

BET surface area of the ZnFe2O4 nanoparticles was

78.9 m2 g-1. High surface area in the ZnFe2O4

nanoparticles led to an enhanced electrochemical

capacity of these nanoparticles. The Barrett–Joyner–

Halenda (BJH) analysis results showed a narrow pore

size distribution centered at 8 nm (Fig. 4b). The

average pore diameters of the ZnFe2O4 nanoparticles

were reported to be in the mesoporous area, which

increases the diffusion of ions to ZnFe2O4 samples,

leading to a higher electrochemical performance [30].

3.5 Electrochemical properties

As mentioned before, the study of the electrochemical

performance of the synthesized sample, as elec-

troactive electrode, was examined by CV, GCD and

EIS methods in KOH aqueous solution (1 M, 3 M and

6 M) under a standard three-electrode system. To

provide working electrode, 80 wt.% of the prepared

sample (0.01 g) was mixed with 15 wt% acetylene

black as a conducting material and 5 wt% of

polyvinylidene fluoride as binder in N-methyl-2-

pyrrolidone solvent. The obtained paste was then

loaded on the Ni foam electrode surface and dried at

70�C for 12 h. To investigate the effect of electrolyte

concentration on the superconducting characteristics

of the synthesized sample, electrolyte selection was

performed according to Yang et al. [6].

Figure 5a shows the CV curves of the ZnFe2O4

nanoparticles electrode in the potential window of 0–

0.5 V vs. Ag/AgCl at scan rate of 50 mV s-1 in 1, 3

and 6 M KOH aqueous electrolytes. Also, show the

CV curve of the blank in 6 M KOH aqueous elec-

trolyte and other conditions mentioned. The anodic

and cathodic peaks emerged in the CV curve because

of the oxidation and reduction process of Zn and Fe

ions accompanied with OH
¯
ion of the electrolyte. The

possible redox reaction takes place in the electrode as

follows [32]:

ZnFe2O4 þ OH� $ ZnFe2O4 �OHþ e�

Based on Eq. (1), the SC values at 50 mV s-1 were

obtained 187, 301 and 455 F g-1 in 1, 3 and 6 M KOH

aqueous electrolytes, respectively. A higher SC was

observed with the increase in electrolyte concentra-

tion. The CV curves of the ZnFe2O4 electrode in 1, 3

and 6 M KOH electrolytes were symmetrical

according to the zero current line and a rapid current

change around the potential reversal at the end each

scan, which shows the ideal pseudocapacitive

behavior of the study sample. The SC value of the

blank was obtained 63 F g-1 at the scan rate of

50 mV s-1 in 6 M KOH electrolyte. Figure 5b shows

the CV curves of the ZnFe2O4 nanoparticles electrode

at a scan rate of 5, 10, 20, 30, 50, 75 and 100 mV s-1 in

6 M KOH electrolyte. According to Fig. 5c, the SC for

the ZnFe2O4 nanoparticles was decreased from 712 to

348, 516 to 212 and 378.3 to 131 F g-1 in 6, 3 and 1 M

KOH aqueous electrolytes with a potential sweep

rate of 2–200 mV s-1, respectively. It can be assumed

that the electrolyte ions of K? or OH2 had enough

time to move through the available pores on the

selected surface at low scan rates, resulting in a more

effective redox reaction or a higher SC value. How-

ever, when the scan rate was increased up to

200 mV s-1, their time became limited and thus the

interaction between the electrolyte ions and the pores

was significantly declined. High values obtained for

SC can be due to the significant increase in the

specific surface area in the synthesized sample [6].

Based on the CV values, supercapacitive performance

of ZnFe2O4 electrode in 6 M KOH electrolyte was

better compared to others presented in Table 1. Also,

the results obtained are comparable to the results

obtained from other electrode materials with high SC

[36–40].Fig. 4 Nitrogen adsorption/desorption isotherm (a) and

corresponding pore size distribution plots of ZnFe2O4

nanostructures (b)
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Cycling stability of the electrode is one of the most

important factors for practical use of supercapacitors.

For ZnFe2O4 electrode, its cyclic stability was tested

for 2000 cycles in 1, 3 and 6 M KOH electrolytes at a

scan rate of 50 mV s-1. The results showed that all

electrodes had very high cyclic stability (Fig. 6). The

SC values were decreased by 7.6%, 5.8% and 3.4% in

1 M, 3 M and 6 M KOH electrolytes after applying

2000 CVs, respectively. It indicates the high stability

of ZnFe2O4 electrode in 6 M KOH electrolyte,

proving that it is suitable for application in fast-

charging devices.

To detect possible changes in the structure of

ZnFe2O4 nanoparticles after stability test, the XRD

patterns of the Ni foam and electrode were recorded

before and after stability test (Fig. 7).

Figure 7a–c represents the XRD patterns of the Ni

foam, the electrode made of ZnFe2O4 nanoparticles

before and after the stability test, respectively.

According to this figure, the XRD patterns of the

Fig. 5 CV curves of ZnFe2O4

nanoparticles nanostructures at

scan rate of 50 mVs-1 in 1, 3

and 6 M KOH aqueous

electrolytes (a), CV curves of

ZnFe2O4 nanoparticles

nanostructures at a scan rate of

5 to 100 mV s-1 in 6 M KOH

aqueous electrolyte. (b), the

calculated SC for ZnFe2O4

nanoparticles electrode at the

potential sweep rate from 2 to

200 mV s-1

Table 1 Comparison of supercapacitive behavior of between ZnFe2O4 nanoparticles synthesized in present work and other works

Supercapacitive materials Electrolyte Potential window Specific capacitance Cycling stability Refs.

ZnFe2O4-based nanofibers KOH (3 M) 0–0.7 V 450 F g-1 (5 mV s-1) 92–95% after 3000

cycles

[4]

ZnFe2O4 NaOH

(1 M)

- 1–0 V 471 F g-1 (5 mV s-1) 2 [5]

ZnFe2O4 KOH (6 M) - 0.2–0.45 V 301.8 F g-1

(2 mV s-1)

140.97% after 5000

cycles

[6]

ZnFe2O4 KOH (3 M) - 1.2–(- 0.4) V 471 F g-1 (2 mV s-1) 80.6% after 3000 cycles [33]

ZnFe2O4 /active carbon fiber

composites

KOH (2 M) - 1.1–0 V 371 F g-1 (5 mV s-1) 92.7% after 20,000

cycles

[34]

ZnFe2O4 NaOH

(1 M)

- 0.1–(- 0.6) V 198 F g-1 (2 mV s-1) – [35]

ZnFe2O4 KOH (6 M) 0–0.5 V 712 F g-1 (2 mV s-1) 96.6% after 2000 cycles Present

work
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electrode, before and after the stability test, show that

the structure of ZnFe2O4 nanoparticles has not

changed after stability test. However, in the XRD

pattern of the electrode, after the stability test, the

intensity of the material peaks has been reduced.

Figure 8a and b shows the SEM images of the elec-

trode made of ZnFe2O4 nanoparticles before the sta-

bility test and the same electrode after the stability

test, respectively. It seems that after the stability test,

the morphology of some of the material has changed

and the nanoparticles have turned into nanoflowers.

Nanoflowers are larger than nanoparticles and

probably have a smaller specific surface area. Mor-

phological changes can reduce the specific capaci-

tance [30, 41].

Galvanostatic charge–discharge performance was

tested to evaluate the supercapacitive properties of

ZnFe2O4 nanoparticles as electrode materials. Fig-

ure 9a shows the charge–discharge curves of the

ZnFe2O4 electrode in 1, 3 and 6 M KOH electrolytes

at 2 A g-1 current density and within the potential

range of 0–0.5 V vs. Ag/AgCl. Also, show the

charge–discharge curve of the nickel foam in 6 M

KOH aqueous electrolyte and other conditions men-

tioned. The SC was defined using the following

equation:

Fig. 6 Cycling stability of

ZnFe2O4 nanoparticles

obtained from CV

measurements at the scan rate

of 50 mV s-1 at 1 M KOH

(a) 3 M KOH (b) and 6 M

KOH (c)

Fig. 7 XRD patterns of the Ni foam (a), the electrode made of

ZnFe2O4 nanoparticles before (b) and after (c) the stability test
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SC ¼ IDt
mDV

; ð2Þ

where I = the discharge current (A), DV = the

potential window (V), Dt = the discharge time (s) and

m = the mass of electroactive material (g).

The SC for our sample at 1 A g-1 current density

and 1, 3 and 6 M KOH electrolytes were calculated

364, 496 and 680 F g-1, respectively. As can be seen,

the values are in agreement with the SC values cal-

culated based on recorded CV, and the time of

charge–discharge increases with the increase in elec-

trolyte concentration. The SC value of the blank was

obtained 104 F g-1 at 2 A g-1 current density and 6 M

KOH electrolyte. Figure 9b shows the charge–dis-

charge curves for characterizing the capacitive

performance of the ZnFe2O4 electrode in the potential

window of 0–0.5 V vs. Ag/AgCl at current densities

of 1, 2, 4, 8 and 16 A g-1 in 6 M KOH aqueous elec-

trolyte. As can be seen, with the increase of current

density, the charge–discharge time becomes shorter.

The SC values for ZnFe2O4 electrode at current den-

sities from 1 to 32 A g-1 are presented in Fig. 9c. The

SC value was decreased from 696 to 320, from 506 to

256, and from 372 to 179 F g-1 in 6, 3 and 1 M KOH

aqueous electrolytes, respectively. Figure 9d presents

the Ragone plot of power density versus energy

density, obtained from the charge–discharge analysis

at different current densities. The maximum energy

density (24.2 W h kg-1) was obtained in tests using

6 M KOH aqueous electrolyte at 250 W kg-1 power

density.

Fig. 8 SEM images of the

electrode made of ZnFe2O4

nanoparticles before the

stability test (a) and the same

electrode after the stability test

(b)

Fig. 9 GCD curves of

ZnFe2O4 nanoparticles

electrode in 1 M, 3 M and

6 M KOH electrolytes at the

current density of 2 A g-1 (a),

GCD curves of ZnFe2O4

nanoparticles electrode at

current densities of 1, 2, 4, 8

and 16 A g-1 in 6 M KOH

aqueous electrolyte (b), the

calculated SC for ZnFe2O4

nanoparticles electrode, at

current densities from 1 to 32

A g-1 (c) Ragone plots

obtained for ZnFe2O4

nanoparticles electrode in 1, 3

and 6 M KOH (d)
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To evaluate the ion transport mechanism, EIS test

was performed in the frequency range of 105–0.01 Hz

at open circuit potential. Figure 10 illustrates the

Nyquist plots and the equivalent circuit (inset) for

ZnFe2O4 nanoparticles, showing the ion diffusion

and electron transfer in 1, 3 and 6 M KOH solutions.

At the high-frequency intercept, the real axis value is

represented by Rs, including the electrolyte’s ionic

resistance, the active materials’ intrinsic resistance,

and the contact resistance at the interface of elec-

trodes and current collector [30]. As shown in Fig. 10,

the ZnFe2O4 electrode spectra consists of two parts;

one charge transfer resistance (Rct)-related semicircle

at the high-frequency region related to the redox

reactions and one straight line in the low-frequency

region represented by Warburg impedance (W),

which is related to the electrolyte diffusion within the

ZnFe2O4 nanoparticles. Cdl represents the electrical

double-layer capacitance at electrode–electrolyte

interface, while CF shows the pseudocapacitance

resulted from the faradic reactions [30, 42]. The val-

ues obtained for each equivalent circuit are given in

Table 2. As can be seen, the Rct value in the 6 M KOH

electrolyte is less than those in the 3 and 1 M elec-

trolytes, indicating that the process of charge transfer

improves by increasing the electrolyte concentration.

The Rs value was almost constant for all of the tested

electrolytes. According to CV test and charge–dis-

charge results, it is expected that the CF value for the

test in 6 M KOH electrolyte be higher than that in

other electrolytes. For this reason, the test in 6 M

KOH solution showed better electrochemical perfor-

mance than in other electrolytes (Table 2). In fact, the

redox reaction was better in the electrolyte with a

higher concentration.

4 Conclusion

In the present study, ZnFe2O4 nanoparticles with

high specific surface area were prepared using a

weak ultrasonic irradiation technique. The diameter

of most ZnFe2O4 nanoparticles was in a range from

30 to 40 nm. The study of electrochemical perfor-

mance of the synthesized sample, as electroactive

electrode, was performed by CV, GCD and EIS in

KOH aqueous solution (1 M, 3 M and 6 M). The

highest SC for ZnFe2O4 nanoparticles was 712 F g-1

in 6 M KOH aqueous electrolyte at scan rate of

2 mV s-1, which is better than the value reported in

studies. Based on the results, it is suggested that the

ZnFe2O4 nanoparticles be used as a promising

material to improve the performance of SC

electrodes.
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