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The role of Preparation Technique on the Structure, Electrical Properties of CoxZn1-xFe2O4 
and its Electrocatalytic Effect on Hydrogen Evolution Reaction
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Zinc-ferrite ZnFe2O4 and CoxZn1-xFe2O4 (x= 0.2, 0.5 and 0.8) were prepared by two different 
techniques. The first was the solid state reaction based on utilizing electric arc furnace dust (waste 
material), and the second was the microwave treatment (pure materials). The structure and characterization 
of the prepared samples were studied by using XRD and SEM which ensured the formation of cubic 
spinel structure with some hematite phases. The physical properties as the density and porosity were 
measured where the microwave samples showed lower porosity and higher density than the solid state 
samples. Semiconducting properties has been observed for the prepared samples. The electrocatalytic 
activity of the hydrogen evolution reaction (HER) has been studied for all the samples in 1.0 M 
KOH (25 °C) by cyclic voltammetry, linear sweep voltammetry, and electrochemical impedance 
techniques. The results showed that the catalytic activity increased with increase of Co content as 
the surface area and the total pore volume increases in the ferrite prepared by solid state method 
while Co0.2Zn0.8Fe2O4 prepared by microwave method showed the highest surface area and optimum 
improvement in the apparent HER catalytic activity. Lower resistance and faster charge transfer were 
shown for CoxZn1-xFe2O4 than the pure phase.
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1. Introduction
A lot of interest was attained for spinel ferrite due to 

their unique properties as the catalytic properties, magnetic, 
dielectric, thermal and electrical conductivity1-3. Zinc ferrite 
is a normal spinel structure, all of the A(Zn2+) sites are 
tetrahedral coordinated while the B(Fe3+) sites are octahedral 
coordinated by oxygen atoms. Synthesis and applications of 
nanoparticles of spinel structured ferrite (AB2O4) are amid 
the most important research topics due to their remarkable 
chemical, physical and magnetic properties. The probability 
of preparing ferrites in the form of nanoparticles has opened 
a new and exciting research field, with revolutionary 
applications not only in the electronic technology but also 
in the field of biotechnology. Several techniques have been 
developed for the synthesis of such nanoparticle such as 
sol-gel, hydrothermal, co-precipitation, aerosol, etc4-7.

Among the various methods reported in literature, 
microwave combustion technique is the most effective and 
feasible route for the rapid synthesis of nanomaterials with 
high homogeneity, purity and improved characteristics. 
Unlike conventional heating method, microwave energy is 
an internal means of heat energy generation and conversion. 
The microwave energy is transformed into heat energy by 
strong inter-molecular friction and rises the temperature of 
the precursor materials suddenly8. Conventional sintering 
method is usually used for the preparation of Ferrite with 
a slow heating rate where the process takes long time and 

coarsening in the microstructure occurs. The microwave 
sintering method can avoid these problems9 and produces 
materials with attractive properties10,11. As a result, the 
morphology, surface area, crystallite size, textural, and 
other physicochemical properties are largely altered. Also, 
the use of microwave energy as heating source speeds up 
the chemical reaction and kinetics, which reduces energy 
loss and improves the economic viability12,13.

Electric arc furnace (EAF) dust is a complex material 
generated during the steel making process varies essentially 
from one steel production unit to another by their morphological 
and chemical composition to a significant extent14-19. The EAF 
dust is rich in oxides and in many cases contains heavy metals 
such as cadmium, lead, zinc and chromium14,16. Due to the 
presence of these heavy metals, the steel dust is considered 
as an industrial toxic waste and is listed as a K061 hazardous 
industrial solid waste by the Environmental Protection Agency 
(EPA) in United States and tabulated as a hazardous material 
with the code 100213 in European Union waste catalogue16. 
Depending on the type of steel produced, it composed mainly 
of Fe and Zn in addition to variable amounts of Ca, Pb, Ni, 
Cd, Co, etc. Moreover, the most content of zinc in EAF dust 
comes from the scrap coatings15-18,20,21. Nearly, 15–20 kg of 
the EAF dust is formed as a by-product per one ton of steel 
produced through the EAF15-19,21. There are three suggested 
ways for dealing with the EAF dust: firstly, recycling the EAF 
dust back into the EAF22, secondly treating the EAF dust at a 
certain temperature for extraction of zinc and other valuable *e-mail: amfathi70@yahoo.com
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metals18-20,23, such as iron20, lead23, and finally processing the 
EAF dust by stabilization for landfill disposal. The structural 
and electrical properties of ferrites are sensitive to preparation 
method, sintering temperature, sintering time, rate of heating 
and rate of cooling24,25. The study of electrical resistivity 
produces valuable information on behaviour of free and 
localized electric charge carried in the sample.

The spinel structure allows the doping of different metal 
ions without altering the spinel structure and modifying 
electrical structural, dielectric, or magnetic properties of 
spinel ferrites via substituting M+2 ions9-11,26 due to the 
modification of the distribution of the ions in the spinel 
assembly. The concentration of third metal ion alters the 
distribution of Fe+3 and M+2 ions affecting the magnetic, 
catalytic, and electrical or dielectric properties27,28.

In recent years, different materials was used to catalyse the 
water splitting in both acidic and alkaline media29-32, However 
spinel oxides have attracted an interest in catalysing the 
oxygen evolution reaction (OER) due to their efficiency and 
cost-effectiveness2,33,34. Nowadays, finding low cost electrode 
materials with good electrical and kinetic properties was the 
main aim. Thus, in this paper, we will focus more light on using 
EAF waste to prepare useful materials CoXZn1-XFe2O4 with 
different Co concentrations 0.2, 0.5 and 0.8) which can be 
used as electrocatalyst for water electrolysis. The effect of 
the preparation technique, sintering temperature and Co 
concentration on the structure, characterization, and electrical 
properties of the prepared spinel has been be studied and 
tested as an electrocatalyst for hydrogen evolution reaction 
(HER) and oxygen evolution reaction (OER).

2. Experimental Methods
2.1. Starting materials

The EAF dust was supplied by Ezz Flat Steel Company. 
Suez, Egypt. XRF analysis of the representative dust was 
determined in Table 1. Highly pure chemical materials Zinc 
acetate (99,9%) and hydrate ferric chloride (FeCl3. 6H2O, 
99.9%) were supplied by Fluka and Alpha, respectively. Zinc 
oxide (ZnO) was supplied by VEB (Germany) and cobalt 
oxide Co3O4 was supplied by (SRL, India). Cobalt(II)-cholride 
hexhydrate was supplied by AppliChem.

2.2. Samples preparation
2.2.1. For batches prepared by microwave combustion 

method
Firstly, four spinel compositions of CoxZn1-xFe2O4 (0, 

0.2, 0.5 and 0.8 Co contents and designed as Co0, Co0.2, 
Co0.5 and Co0.8) were prepared with stoichiometric 
ratios using urea as a fuel. The starting materials used for 
preparing this composition are Zinc acetate, hydrate ferric 
chloride and cobalt chloride hexahydrate. Millipore water 
was used as solvent during sample preparation processes. 
The compounds were dissolved separately in Millipore water 
and mixed together in a glass beaker at room temperature 
for about 1 h to obtain a homogeneous solution. While urea 
was served as a fuel, the inorganic materials in the precursors 
were the oxidizers in the combustion method. The fuel to 
oxidizer ratio (F/O) was equal to 1:1 M ratio. Then pouring 
the homogeneous solutions into a silica crucible and placed 
inside the microwave-oven for irradiation. Then subject the 
crucible to power 1000 W for 10 min at temperature 300 °C 
and frequency 2.45 GHz. Initially, the solution boiled and 
underwent dehydration followed by decomposition with the 
evolution of gases. After that these powders were calcined 
at 800 °C; then pelletized (1 cm x 1 cm) and sintered at 
temperatures; 1400°C.

2.2.2. For batches prepared by solid state reaction 
based on utilizing electric arc furnace dust

Four batches were prepared based on utilizing electric 
arc furnace dust, ZnO and Fe2O3 oxides to prepare the spinel 
CoxZn1-xFe2O4 structure (0, 0.2, 0.5 and 0.8 Co contents). 
The powders were well mixed and uniaxially semi-dry pressed 
at 50 MPa in a disc shape mold having ½ inch diameter 
and height. The pressed specimens were then sintered at 
800, 850, 900oC for 2 h in an electric furnace to follow the 
phase composition.

2.3. Characterization
The bulk density and apparent porosity of the fired samples 

were determined by Archimedes method. To investigate the 
phase composition, a computer-interface X-ray diffractometer 
(XRD) (Bruker D8 diffractrometer) using nickel-filtered 
CuKα radiation was used.

Scanning electron microscopy (SEM) was applied to 
determine the morphological nature of the prepared samples. 
The SEM measurement device was a high-resolution Quanta 
field-emission gun (FEG) 250 (FEI company) attached 
to an EDAX unit to perform elemental analysis using an 
accelerating voltage of 30 kV, a magnification from 10x up 
to 400,000x, and a wavelength resolution of 3.5 nm.

The surface area and porosity were determined from 
nitrogen adsorption isotherms measured at 77 K with 
NOVA 2200 Gas Sorption Analyzer (Quantachrome). Prior 
to the measurements, the sample was outgassed overnight 
at 300 oC. The specific surface area (SBET) was estimated 
by Brunauer- Emmett- Teller (BET) equation. The amount 
of nitrogen adsorbed at the relative pressure of p/p0 = 
0.96 was employed to determine the total pore volume (VT). 
The micropore volume (VDR) was calculated by applying 
the Dubinin-Radushkevich equation. The mesopore volume 

Table 1. XRF of the EAFD dust.

Oxide Wt.-%
SiO2 3.03
TiO2 0.07
Al2O3 0.45
Fe2O3 46.69
ZnO 9.10
CaO 11.08
K2O 1.81
Na2O 8.10
P2O5 0.17
SO3 2.32

MgO 2.92
Br 0.08
Cl 2.50

L.O.I 8.59
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(Vmes) was calculated as a difference between VT and VDR. 
The pore size distributions were determined by means of 
the Quenched Solid Density Functional Theory (QSDFT).

2.4. Electrical studies
The conductivity of the prepared samples was measured 

using an LCR Hi Tester (HIOKI, 3532-50) on a frequency 
range of 42 Hz to 1 MHz with a 0.1 V applied voltage in 
the temperature range 25–250 °C. The samples have been 
performed in the form of pellets of about 10 mm in diameter, 
and thickness ranged from 0.51 to 1.07 mm, which was 
prepared by pressing powdered samples at 10 ton /cm2.

The real part of the dielectric function (constant) ε` of 
the samples was calculated from the measured capacitance 
(Cp) according to the equation:

`  p

o

C d
A

ε
ε

=

where ω is the angular frequency, d is the thickness of the 
sample (m), εo is the permittivity of free space (8.85x10-12), 
and A is the sample effective surface area (m2).

2.5. Electrochemical behaviour
Electrochemical investigations will be carried out in 

a three-electrode conventional glass cell in 1.0 M KOH 
solution at 25oC using Origalys OGS 200 potentiostat/
galvanostat. The potential of the working electrode will be 
measured against Ag/AgCl reference electrode (Eo = 0.203V 
vs. SHE) and pure Pt-foil will be used as counter electrode. 
Cyclic voltammetry curves will be used to characterize the 
electrochemical behaviour of electrodes at 50 mV s−1 potential 
with sweep rates covering a potential range between -1.4 and 
1.0 V (vs. Ag/AgCl) after 5min of immersion in 1.0M KOH 

(25oC). Cathodic and anodic polarization curves will be 
measured under a sweep rate of 1.0 mV s−1.

The electrochemical impedance spectroscopy (EIS) of 
the electrode surface in 1.0 M NaCl at the apparent hydrogen 
evolution potential has been carried out with an ac voltage 
amplitude of 10mV using an electrochemical impedance 
system. The frequency range used in the study was 0.1–105 Hz.

3. Result and Discussion
3.1. Characterization
3.1.1. XRD analysis

The XRD patterns for all the samples of Cobalt-Zinc 
ferrites prepared by microwave combustion and solid 
state methods are shown in Figures 1 and 2, respectively. 
The Figures show cubic spinel structure. The peaks at 2θ 
values of 18.59º, 31.14º, 35.74º, 42.02º, 57.53ºand 62.81º 
are indexed to (111), (220), (311), (400), (511) and (440) 
reflections planes of cobalt-zinc ferrites spinel. Some of 
the miner hematite phase was also observed for P, Co0.2, 
Co0.5 samples.

Figure  1a-c shows the XRD pattern for CoXZn1-

XFe2O4 samples prepared by microwave combustion method 
and sintered at 800, 1000 and 1400oC. It is observed that the 
intensities of CoXZn1-XFe2O4 peaks increase up to 1000°C. 
The hematite contents decreases with increasing the cobalt 
contents as seen at 800 ºC. Then, almost pure spinel is shown 
for Co0.8Zn0.2Fe2O4 sample. In case of the samples sintered 
at 1000 oC, the more decrease of hematite is observed for all 
samples. At 1400ºC, the reformation of hematite is observed 
beside the spinel phase with decreasing of cobalt contents. 
This is likely related with the decomposition of cobalt-zinc 

Figure 1. XRD for Cobalt-Zinc ferrites with different Co concentration prepared by microwave method at (a) 800ºC (b) 1000oC 
(c) 1400oC.
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ferrite and loss of zinc by evaporation35 at high temperature. 
XRD patterns for CoXZn1-XFe2O4 samples prepared by 
EAFD waste materials at 800, 850 and 900oC are shown in 
Figure 2a-c. As seen from Figure 2b, 2c, the intensities of 
CoXZn1-XFe2O4 increase with increasing the cobalt contents 
up to 0.5 cobalt content with small traces of hematite and 
ZnO. After that, the intensity of spinel decreases with smallest 
amount of other impurity phases (Co0.8Zn0.2Fe2O4). In addition, 
the ZnFe2O4 and Co0.2Zn0.8Fe2O4 samples show the formation 
of spinel with some hematite phases. Formation of hematite 
phase for these samples can be explained as shown previously 
by decomposition of some spinel at this temperature.

The samples prepared from waste materials indicated 
that the highest phase of CoXZn1-XF2O4 is determined after 
sintering at 900oC compared with the samples sintered at 
850oC and 800oC. In general the sintering of this sample is 
stopped at 900oC due to the melting of sample at 1000oC. 
This is due to the high CaO content in EAFD waste materials 
(Table 1). As seen from Figure 2c, the ZnFe2O4 sample with 
cobalt shows the formation of mainly spinel phase. In addition, 
the highest content of spinel structure is obtained for the 
Co0.2Zn0.8Fe2O4 combined with some amounts of ZnO. This 
behaviour is due to larger ionic radius of Zn2+ than Co2+, 
as Zn2+ contributes in increasing the lattice parameter36. 
For Co0.8Zn0.2Fe2O4 sample at 900oC, the highest purity of 
this phase is obtained with less amount of ZnO phase. It is 
also observed that CoXZn1-XFe2O4 spinel phase formation 
decreases with increasing Co content at 900oC. This may 
be explained by the dependence on both ZnO and Fe2O3 as 
extra additions on the EAFD with cobalt oxide to optimize 
the stoichiometric of CoXZn1-XFe2O4. It was found that 
increasing cobalt content leads to addition of extra Fe2O3 on 
the expense of ZnO. Fe2O3 extra addition leads to enhance 

the liquid phase formation due to the reaction of some 
Fe2O3 with CaO that retard the spinel formation. Decreasing 
the intensity of pure ZnFe2O4 at 900oC compared with that 
prepared at 800 oC may be explained the formation of liquid 
phase i.e. this batch depended mainly on dust that containing 
high amount of CaO oxide.

Comparing the XRD pattern in Figures 1a and 2a of 
the samples fired at 800oC prepared by the two different 
methods, It is observed that the diffraction peaks of the 
samples fired at 800oC are broader for samples prepared 
by solid state method based on utilizing EAFD than the 
prepared by microwave combustion method. In addition 
the increase of cobalt content enhances the formation of 
single cubic spinel phase. This behaviour may be due to 
the difference in the ionic radii between Zn+2 (0.74Å) and 
Co+2(0.65Å)36. The microwave enhances the formation of 
high intensities of spinel structure compared with the solid 
state method at the same firing temperature. This is behaviour 
due to the interaction between microwaves and materials via 
different types of conductions and polarizations losses37,38, 
it is believed that microwaves interfacial (grain boundary) 
polarization and relaxation have contributed significantly to 
the observed enhanced the grain boundary36,37.

3.1.2. SEM analysis of CoXZn1-XFe2O4 sintered ceramic 
samples

SEM is determined for the samples at the optimum selecting 
temperature. For CoXZn1-XFe2O4 prepared by microwave, 
1000ºC is selected to detect the morphology Figure 3. As seen 
from 0.2 Co containing sample, there are dark gray and light 
gray particles. The light gray particles are in rounded form 
with nano sizes that referred to Fe2O3 (hematite). The dark 
gray particles are in prism shapes embedded between the 

Figure 2. XRD for Cobalt-Zinc ferrites with different Co concentration prepared from EAFD by solid state method at (a) 800ºC (b) 
850ºC (c) 900ºC.
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Fe2O3 particles in size ranged from 1-5 µm, that are referred 
to spinel phase. With increasing the cobalt content, the 
enhancement of spinel structures is observed.

Figure 4 shows the SEM images of CoXZn1-XFe2O4 samples 
prepared from EAFD wastes and sintered at 900 oC. 
It is observed that the sizes of the particles are larger 
than the samples prepared by microwave. As seen from 

Figure 4b, the most crowded of the spinel appeared for 
Co0.2Zn0.8Fe2O4 samples that grow like agglomerated 
layer spinel structures with small particles of ZnO. 
The ZnO particles appear in small white rounded forms. 
For Co0.8Zn0.2Fe2O4 image, the well prism forms of spinel 
structures in larger sizes and the least amounts of ZnO 
white particle appears in this Figure 4d.

Figure 3. SEM of a) ZnFe2O4 (b) Co0.2Zn0.8Fe2O4 (c) Co0.5Zn0.5Fe2O4 (d) Co0.8Zn0.2Fe2O4 samples prepared by microwave and sintered at 
1000ºC with magnification 12000x.

Figure 4. SEM of (a) ZnFe2O4 (b) Co0.2Zn0.8Fe2O4 (c) Co0.5Zn0.5Fe2O4 (d) Co0.8Zn0.2Fe2O4 samples prepared by solid state method and 
sintered at 900ºC with magnification 12000x.
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3.1.3. Physical properties
The physical properties in term of the bulk density and 

the apparent density are shown in Figure  5a-d. Physical 
properties for the samples prepared by Microwave and 
sintered at 1000 and 1400ºC are shown in Figure 5a, 5b. 
For solid state method, the physical properties are shown in 
Figure 5c after firing at 800, 850, 900ºC. It was observed that 
the bulk density increases and the apparent porosity decreases 
with increasing the temperature and decreasing in cobalt 
contents for dust samples. The more decreasing in porosity 
and increasing in density is observed for microwave samples 
especially samples sintered at 1400ºC. This behaviour is due 
to ionic radius of Zn2+ is larger than Co2+, as Zn2+ contributes 
in increasing the lattice parameter39.

3.1.4. Surface area and porous texture analysis of the 
samples

Nitrogen adsorption-desorption isotherms and Brunauer-
Emmett-Teller (BET) equation were used to determine 
the surface properties and the pore-size distribution 
of the prepared spinel. As shown from the isotherm in 
Figures S1 & S2 (supplementary data), the hysteresis loop 
proves the mesoporous character of the spinel samples which 
results in good contact with the electrolyte and the enhancement 
of electrocthemical behavior40. The type of isotherm is IV of 
hysteresis type H4 that confirms the mesoporous properties 
of the materials and indicates narrow slit- like pores slit-like 
with inner voids and broad size distribution41

The values of the total pore volume VT, BET surface 
areas Sbet, and the mean pore size are summarized in Table 2. 
It is noted that the surface area and the pore volume for the 
samples prepared by solid state method increases with the 
increase in Co content, however, the sample 0.2Co prepared 
by microwave method at 1000oC was the largest one and the 
high surface area provides more active sites for the HER. 
The values of the mean pore diameters for all the samples 
are < 50 nm which indicates mesoporous size.

3.2. Electrical properties of CoxZn1-xFe2O4 
ceramic

3.2.1. Electrical properties of CoxZn1-xFe2O4 ceramic 
prepared by solid state method

Electrical conductivity and dielectric constant studies 
are very important for materials that are used as electronic 
devices, sensors and electrocatalyst. Moreover, the frequency 
and temperature are two essential parameters when studying 
ac conductivity. Therefore, the dependence of the logarithm 
of ac electrical conductivity (σac) on frequency-temperature 
for Zn-ferrite ceramic samples with (0.2, 0.5 & 0.8 Co) 
prepared from dust by solid state method at different sintered 
temperatures 800, 850 and 900oC are shown in Figure 6a-c. 
The ac conductivity increases with increasing frequency, at 
low frequency, a plateau region in which the conductivity is 
independent of frequency is obtained and disappeared in some 
cases. The dispersion of the conductivity with increasing the 

Figure 5. Apparent porosity and bulk density at different temperatures for (a, b) microwave samples and (c, d) for solid state samples.
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frequency may be correlate to the jump of ions forward and 
backward42. As shown from Figure 6, ceramic samples with 
0.2 and 0.5 Co show the highest conductivity values at low 
sintered temperature while the sample with 0.8Co shows 
the highest conductivity values at 900oC. This behaviour 
is attributed to the decrease in porosity with increasing the 
sintered temperature and decrease in Co content as discussed 
in the previous report, and the decrease in porosity results 
in decreasing the conductivity43.

The slope of the linear part of the curve at high frequency 
which represents the frequency exponent s (0 < s≤ 1) according 
to the simple universal power law of Jonscher44 as given as:

( )    s
dc Aσ ω σ ω= +

where σ(ω) represents the total conductivity, σdc is the dc 
conductivity, A is a constant that depends on the temperature, 
and  ω is the angular frequency. The value of s measures the 
interaction of the charge carriers with the environment and 
helps to indicate the mechanism of conduction45.

Figure 6d represents the plot of the frequency exponent 
(s) at different temperatures for the complexes Zn-Ferrite 
containing 0.2Co, 0.5Co and 0.8Co sintered at different 
temperature. The values of s are ranging from 0.5 to 1.2. 
The conduction mechanism has a remarkable relationship with 
the nature of the plots46, where the presence of two behaviour 
indicating two mechanisms for conduction. For Zn-ferrite 
with 0.2 Co, the s values increase with temperature range 
from 25-150oC indicating small polaron hopping mechanism 
while it decreases for temperature higher 150oC which means 
that it fits the CBH model45.

The change in the conductivity with the inverse of 
temperature for the heat treated ceramic samples with (0.2, 
0.5 & 0.8 Co) at low frequency (100 Hz) is shown in Figure 6e. 
The studied conductivity values for Zn-Ferrite containing 
0.5, 0.8 Co are linearly dependent on the temperature and 
increases with increasing temperature, suggesting that the 
conduction may be due to the hopping of charge carriers. 
While the conductivity values increase nonlinearly with 
increasing temperature for sample with 0.2Co, and the 
curve shows two distinct regions. The different regions 
indicated different activation energies, which were attributed 
to different conduction mechanisms. The linear region in 
the low temperature range can be assigned to electronic 
conduction, while that in the high temperature region can be 
attributed to the participation of ions as well as electrons in 
conduction47. From the slope of the linear part, the activation 
energy ΔE for each sample is calculated according to the 
following Arrhenius equation:

  
E

KTT oeσ σ
−∆

=

Table 2. Porous structure parameters determined by sorption at 
77 K for Co-Zinc Ferrite with different Co content prepared by 
solid state at 800oC and microwave at 1000oC.

Samples SBET (m
2/g) VT (cm3/g)

Mean pore 
diameter 

(nm)
0.2Co/800oC 19.07 0.0759 15.91
0.5Co/800oC 21.07 0.0868 16.47
0.8Co/800oC 29.58 0.1015 13.72

0.2Co/1000 oC/MW 42.85 0.137 12.77
0.5Co/1000 oC/MW 20.46 0.043 7.87
0.8Co/1000 oC/MW 22.07 0.036 6.68

Figure 6. Variation of conductivity with frequency for Zn-ferrite with different concentration of Co ion (a) 0.2, (b) 0.5 (c) 0.8 samples 
prepared by solid state method and sintered at different temperature (d) The relation between frequency exponent s and the temperature 
(e) The relation between conductivity and the reciprocal of temperature at 100 Hz.
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where σT is the conductivity at temperature T(K), σo is the 
pre-exponential factor and K is the Boltzmann constant. 
The increase in conductivity with increasing temperature 
indicates that Zn-ferrite doped with Co ions have a positive 
temperature coefficient and semiconducting properties48. This 
increase in conductivity was attributed to the presence of a 
d-d* transition in the metal49.

The values of activation energy for the three samples 
and the conductivity at low and high frequency are listed 
in Table 3. The value of the conductivity at low frequencies 
is in the range of 10-7 Ω-1.cm-1, and in the range of 10-3 at 
high frequencies and the low values of Ea (0.013-0.073 eV) 
suggest that the samples have semiconducting properties50,51.

The frequency and temperature dependence of the 
dielectric constant (έ), which was calculated from the 
measured capacitance for Zn-ferrite with 0.2Co and sintered 
at 800oC/2hr, is shown in Figure 7a. In general, the normal 
dielectric behaviour in most ferromagnetic materials was 

observed where the dielectric constant decreases with 
increasing frequency of the alternating electric field. This 
decrease is rapid at low frequencies and becomes slow at 
high frequencies. At certain frequency depending on Co ion 
concentration, it becomes independent on frequency. This 
behaviour was reported previously by Lott et al.52 which 
may be due to the interfacial polarization. There is a strong 
relationship between the dielectric constant values and 
conduction mechanism53, the dielectric constant of ferrite 
depends upon the hopping of electrons between Fe2+ and 
Fe3+, and Co2+ and Co3+ which results in local movement 
of electrons that gives high dielectric values. The presence 
of Co ions forms magnetic cobalt-Ferrite barrier which 
segregates at grain boundaries results in an increase of Fe2+ 
and decrease of Zn2+ inside the grain which leads to an increase 
in έ. Moreover, different types of defects and dislocations 
in the crystal lattice encourage the interfacial polarization 
to be active in low frequency region54,55.

Table 3. The activation energies (Ea), dc conductivity, capacitance, dielectric constants of the samples prepared by solid state method at 
room temperature and ac conductivity at 1 MHz and 1 kHz with an experimental error of ±2%.

σac

ε’ , 289K, 1KHz
σdc Ea, eV

Sample No.
,289K, 1MHz  , 289K 

100 Hz
High T Low T

3.00 x10-6 59.7 1.29x10-10 0.029 0.2Co/800oC
1.31 x10-5 1.7 5.15 x10-15 0.026 0.5Co/800oC
1.37 x10-7 13.2 1.08 x10-11 0.029 0.8Co/800oC
8.79 x10-6 32.4 1.35 x10-11 0.073 0.014 0.2Co/900oC
3.78 x10-6 56.9 1.65 x10-10 0.056 0.013 0.5Co/900oC
8.33 x10-3 138x104 3.41x10-3 0.044 0.018 0.8Co/900oC

Figure 7. (a) The frequency and temperature dependence of the dielectric constant (έ) for Co0.2Zn0.8Fe2O4 prepared by solid state and 
sintered at 800oC/2hr (b) The dependence of dielectric constant on the composition at 10 KHz (c)) The dependence of dielectric constant 
for Co0.2Zn0.8Fe2O4 on the sintered temperatures at 10KHz.
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According to the recorded data, the dielectric constant 
is compositional dependent as shown in Figure 7b and the 
highest values of the dielectric constant (έ) recorded for 
0.8Co sintered at 800oC which may be due to the formation of 
magnetic Ferrite due to the high content of Fe2O3 as discussed 
in XRD section which segregates at the grain boundaries as 
the concentration of Co2+ increases. The dielectric constant 
is also dependent on the sintered temperature as shown in 
Figure 7c and the highest values of the dielectric constant 
(έ) recorded for the samples sintered at 800oC.

3.2.2. Electrical properties of CoxZn1-xFe2O4 ceramic 
prepared by microwave method

The frequency effect on ac electrical conductivity (σac) 
at room temperature for Zn-ferrite ceramic samples which 
prepared by microwave method at 1000oC are shown in 
Figure 8a. Independent behaviour of the conductivity on the 
frequency was shown in low frequencies values followed by 
an increase with increasing the frequency. The conductivity 
values increases also with the temperature increase. 
The frequency dependence of the logarithm of ac electrical 
conductivity (σac) at 300oC for Zn-ferrite ceramic samples 
with (0.2, 0.5 & 0.8 Co) prepared by microwave method 
at 1000oC was shown in Figure 8b. The ac conductivity of 
Zn-ferrite with 0.2Co is higher than the pure Zn-ferrite, as 
the Co content increases, the conductivity decreases but still 
higher than the pure sample. This behaviour may be attributed 
to the formation of hematite beside the spinel phase with 
decreasing of cobalt contents as mentioned in XRD section.

The dependence of the conductivity on the temperature 
(in the part of the curve where the conductivity is independent 
on frequency) for Zn-ferrite ceramic samples with (0.2, 0.5 & 
0.8 Co) prepared by microwave method at 1000oC was shown 

in Figure  8c. The conductivity of the samples increases 
linearly with increasing the temperature except the sample 
0.8Co where the change of conductivity with increasing the 
temperature shows two linear regions indicating two different 
conduction mechanisms. The activation energy ΔE for each 
sample was calculated from the slope of the linear part and 
was listed in Table 4. The values of activation energy for the 
samples and the conductivity listed in Table 3. The values 
of the conductivity at low frequencies are in the range of 
10-7 Ω-1.cm-1, and in the range of 10-2 at high frequencies 
and low values of Ea suggest semiconducting properties for 
the samples47,48.

The frequency-temperature dependence of the dielectric 
constant (έ) of sample with 0.2Co prepared by microwave 
method at 1000oC was shown in Figure 9a where a normal 
dielectric behaviour was observed. The dependence of the 
dielectric constant (έ) of Zn-ferrite with and without different 
concentrations of Co on the temperature at 100 Hz was 
shown in Figure 9b. It was noted that the dielectric constant 
(έ) decreases with the increase in temperature below 100oC 
while after that it increases. The values of the dielectric 
constant (έ) ranges from 25 to 54 which are lower than the 
values of the samples prepared by solid state that may be 
due to the decrease of hematite phase in the samples sintered 
at 1000 oC and as a result there is a decrease in the hopping 
of electrons between Fe2+ and Fe3.

3.3. Electrochemical behaviour
3.3.1. Voltammetric studies

Cyclic voltammetry (CV) technique was used to 
characterize the prepared materials towards hydrogen 
evolution in alkaline solution. Figure 10a shows the typical 

Figure 8. Variation of conductivity with frequency for (a) Zn-ferrite prepared by microwave method at 1000oC (b) for pure Zn-ferrite and 
Co-Zn-ferrite at at 300oC (c) The relation between the variations of conductivity as a function of the reciprocal of temperature at 100 Hz.
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cyclic voltammograms of Zn-ferrite sample (pure) with 
different cobalt concentrations (0.2, 0.5 & 0.8) prepared by 
solid state method at 800oC in the potential range (-1.5-1.0V) 
at scan rate 50 mV/s. As observed from the voltammgrams, 
the presence of Co increases the current of both the anodic 
and cathodic branch. For 0.8Co content, an increase in the 
cathodic current density due to the hydrogen evolution 
reaction was observed with the oxide reduction followed 
by H+ intercalation and the corresponding anodic current 
peak due to the de-intercalation process33. Also, as the Co 
content increases in the sample, the potential of the hydrogen 
evolution shifts to more positive. Thus cyclic voltammetry 
results demonstrated that the increase in Co content in the 
ferrite results in good catalytic activity of the ferrite prepared 
by solid state method for HER reaction.

The typical cyclic voltammograms of ferrite sample (pure) 
and the cobalt ferrite with different cobalt concentrations (0.2, 
0.5 & 0.8) prepared by microwave method at 1000oC in the 
potential range (-1.5-1.0V) at scan rate 50 mV/s was shown in 
Figure 10b. The voltamograms look like that corresponding 
samples prepared by solid state method. However, the values 
of the anodic and cathodic current densities are larger than 
in case of the samples prepared by solid state method due 
to the enhancement in the formation of spinel structure 
by using microwave. This behaviour suggests the use of 
CoxZn1-xFe2O4 as anode and cathode electrocatalysis. The first 
replacement of Zn by 0.2Co (Co0.2Zn0.8Fe2O4), the cathodic 
and anodic current density increases then it decreases as the 
Co content increases but still higher than the pure sample. 
The change in the elctrocatalytic behaviour of the samples 

Table 4. Room temperature values of the activation energies (Ea), dc conductivity, capacitance, dielectric constants of the samples prepared 
by microwave method and sintered at 1000oC and ac conductivity at 1 MHz and 1 kHz with an experimental error of ±2%.

σac

ε’ , 289K, 1KHz
σdc Ea, ev

Sample No.
,289K, 1MHz , 289K

100 Hz
High T Low T

2.0 x10-3 19.5 1.45x10-7 0.029 0.2Co/1000oC
8.4 x10-4 13.2 2.67 x10-7 0.019 0.5Co/1000oC
4.1 x10-5 6.23 4.20 x10-8 -0.048 0.018 0.8Co/1000oC

Figure 9. (a) The frequency and temperature dependence of the dielectric constant (έ) for pure Zn-ferrite prepared by microwave method 
at 1000oC (b) The dependence of dielectric constant on the composition and temperature at 100Hz.

Figure 10. Cyclic voltammetry at scan rate of 50 mV/S in 1.0 M KOH for Zinc Ferrite and Co-Zinc Ferrite prepared by (a) solid state 
at 800oC (b) microwave at 1000oC.
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prepared by solid state and microwave may be due to the 
variation of phases (zinc oxide or hematite) formed beside 
the spinel as discussed in XRD section

To systematically study the electrochemical activity of 
the zinc ferrite and Co-zinc ferrite ceramic samples prepared 
by solid state method and microwave method, steady state 
polarization curves were measured in 1.0M KOH at scan 
rate 1mV/s and shown in Figure 11a, 11b.

The current density of the cathodic branch increased rapidly 
as the potential increased to more negative values. The initial 
potential at which hydrogen evolved for the solid state samples 
(onset potential) for 0.5Co and 0.8Co are -1.37 V and -1.55V 
respectively. Although the current of hydrogen evolution 
for 0.8Co sample is larger than 0.5Co, the onset potential 
of the hydrogen evolution shifts to more negative values as 
the Co content increases. This may be due to segregates of 
Fe2O3 at the grain boundaries as the concentration of Co2+ 
increases as discussed in XRD section which decreases 
the electron transfer at the high content Co ferrite sample 
where spinel with two metal elements would increases the 
feasibility to tune the energy density and working voltage 
by varying the metal content56-58. However, the increase in 
Co contents in the microwave samples at 1000oC decreases 
the current of hydrogen evolution then it increases in case 
of 0.8Co content but still lower than the base.

In alkaline electrolyte, the hydrogen evolution represented 
the cathodic-half cell reaction where water transfer to 
molecular hydrogen and hydroxyl ions (2H2O + 2e ↔ H2 + 
2OH-) and the oxygen evolution represented by the anodic-
half cell reaction, which is a far more complex process, 
where the OH- ions of the cathodic reaction oxidized as the 
anode to produce oxygen and water molecules (4OH- ↔ O2 + 
2H2O+4e). As shown from Figure 10, the prepared samples 
showed electrocatalyic behaviour for both the cathodic and 

anodic branch, therefore the anodic electrocatalytic behaviour 
was also studied for the samples prepared by microwave 
method at 1000 oC as shown in Figure 11c. A region of OH 
adsorption on the CoOOH oxyhydroxide was observed at 
0.6-1.0V followed by rapid increase in current due to oxygen 
evolution. As the Co content increases the anodic current 
density increases and the onset potential of oxygen evolution 
shifted to low positive values till 0.8Co content where the 
onset potential increases and the current density decreases.

To quantify the kinetics analysis of the hydrogen evolution 
reaction, Tafel plots were represented by drawing the over 
potential versus the logarithm of current density (η vs. log i) 
as shown in Figure S3a, S3b, and the linear regions of the 
Tafel plots were fitted into the following Tafel equation:

2.3 2.3  logo
RT RTlogi i
F F

η
α α

= −

where η is the overpotential, R is the ideal gas constant 
(8.314 J/mol.K), oi  is exchange current density, F is the 
Faraday constant, and T is the absolute temperature. The 
values of η at 10 mA/cm2 (η10) for the samples 0.2Co, 0.5Co 
and 0.8Co prepared by solid state method at 800oC were 
estimated to be 1.07, 1.01, and 0.4V respectively, and the 
Tafel slopes (b) were found to be 119, 37.2 and 65 mV/dec 
for 0.2Co, 0.5Co and 0.8Co, respectively. However η10 for 
0.2Co, 0.5Co and 0.8Co prepared by microwave method 
at 1000oC were estimated to be 0.472, 0.496 and 0.522V, 
respectively and the corresponding Tafel slopes are 42, 76 
and 82 mV/dec.

The stability for Co0.8Zn0.2Fe2O4 prepared by solid state 
method at 800oC and Co0.2Zn0.8Fe2O4 prepared by microwave 
method at 1000oC were tested by continuously cycled for 
500 cycles from in 1.0M KOH at a scan rate of 100 mV/s. 
As shown from Figure 12a, 12b, the current density was 

Figure 11. Linear sweep voltammetry at scan rate of 1.0 mV/S in 1.0 M KOH for Zinc Ferrite and Co-Zinc Ferrite prepared by (a) solid 
state at 800oC (b, c) microwave at 1000oC.
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slightly changed after 500 cycles which may be due to the 
adsorption of H2 bubbles on the electrode surface. Both 
samples show good durability as electrocatalyst for hydrogen 
evolution in alkaline solution.

EIS was used to investigate the kinetics of the HER 
reaction. In Figure 13a, the Nyquist plots of the ZnFe2O4 (pure) 
and CoxZn1-xFe2O4 with different Co content (0.2, 0.5 and 
0.8) prepared by solid state method and sintered at 800oC 
show a small semicircle at high frequencies representing 
the sample film, while the large one at intermediate and 
low frequencies representing with the HER. The diameter 
of the semicircle at low frequencies for CoxZn1-xFe2O4 is 
smaller than that of the ZnFe2O4 (pure) indicating faster 
charge transfer during HER.

The Nyquist plots of the ZnFe2O4 (base) and CoxZn1-

xFe2O4 with different Co content (0.2, 0.5 and 0.8) prepared 
by microwave method at 1000oC was shown in Figure 13b, 
where the behaviour of the samples was the same as the 
samples prepared by solid state.
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The following online material is available for this article:

Figure S1 – N2-adsorption/desorption isotherms plots for (a) Co0.2Zn0.8Fe2O4 (b) Co0.5Zn0.5Fe2O4 (c) Co0.8Zn0.2Fe2O4 samples prepared by 
solid state method and sintered at 800ºC.
Figure S2 – N2-adsorption/desorption isotherms plots for (a) Co0.2Zn0.8Fe2O4 (b) Co0.5Zn0.5Fe2O4 (c) Co0.8Zn0.2Fe2O4 samples prepared by 
microwave method and sintered at 1000ºC.
Figure S3 – Tafel plots for Co0.2Zn0.8Fe2O4, Co0.5Zn0.5Fe2O4, Co0.8Zn0.2Fe2O4 samples prepared by (a) solid state method at 800ºC (b) 
microwave method at 1000ºC.


