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3.1. Abstract 

The present research work describes the fabrication of zinc ferrite nanoparticles with varying 

stoichiometric compositions (ZnxFe3-xO4; x= 0.25, 0.5, 0.75, and 1) and their electrocatalytic 

performance for OER. Egg white was employed as a precursor material during the thermal 

decomposition process to produce the catalysts. OER performances of four synthesized 

catalysts were investigated by physicochemical (XRD, FTIR and SEM) and electrochemical 

(CV, EIS, Tafel polarization) processes. Among four Zn ferrite catalysts of different 

stoichiometry, just Zn0.25Fe2.75O4 exhibited the optimum catalytic activity, with the current 

density of 1 mA cm-2 at the overpotential of 454 mV, and with Tafel slope of 107 mV dec-1. 

The Arrhenius plot was applied to determine thermodynamic parameters such as activation 

energy and electrochemical entropy of reaction, which were found to be 54.22 kJ mol-1 and -

74 J K-1 mol-1, respectively. 

3.2. Introduction 

Due to the wide range of use going from basic research to commercial usage in the field of 

medicine, magnetic storage, chemical industries [1], and biomedical applications including 

drug delivery, tissue repair, cell and tissue targeting and transfection, hyperthermia [2], 

magnetic oxide nanoparticles are now generating a lot of attention. Because of their electronic, 

optical, electrical, magnetic, and catalytic capabilities, spinel ferrite nanoparticles are 

recognized as one of the most significant inorganic nanomaterials. The structure of spinel 

ferrite is AFe2O4, where A and B represent the tetrahedral and octahedral cation sites, 

respectively, and O denotes the oxygen anion site [3]. Metal spinel ferrite nanoparticles have a 



Chapter 3 

 
 

 

Department of Chemistry, IIT (BHU)  75 

 
 

face-centered-cubic (fcc) compact packing structure and the general molecular formula 

MFe2O4 (e.g., M=Zn, Ni, Co, Mn, or Mg). Zinc ferrite (ZnFe2O4) has gained the most attention 

among the spinel ferrite compounds because of its excellent chemical stability, robust 

electromagnetic performance, mechanical toughness, low coercivity, and mild saturation 

magnetization [4–6].  

The main emphasis of the associated research and development operations is now put 

on the various processes for producing zinc ferrite nanoparticles. Numerous production 

processes, such as the ball-milling, sol-gel, co-precipitation [7], the aerogel process [3], the 

hydrothermal method [8], the reverse micelles process [9], and the micro-emulsion 

method [10] have been described to produce spinel zinc ferrite. Different precipitation agents, 

such as metal hydroxide in the co-precipitation process, surfactant and ammonia in the reverse 

micelles process, different micro-emulsion processes, and organic matrices in the sol-gel, have 

all been utilized to create specified size to form zinc ferrite nanoparticles. The majority of these 

processes have produced particles with necessary sizes and shapes, but because of their costly 

and complex processes, high reaction temperatures, lengthy reaction times, toxic reagents and 

by-products, and potential environmental harm, they are challenging to use on a large scale.  

It becomes clear that employing egg white as a precursor provides a special and 

beneficial way when synthesizing Zn ferrite nanoparticles is contrasted with other approaches. 

Research has shown that egg white is a good complexing agent for material synthesis because 

of its water solubility and its capacity to bind metal ions. This allows for the successful 

synthesis of nano-crystalline Zn ferrites [11,12]. This process is notable for being effective, 

easy to prepare, and low cost. The desired structural and magnetic characteristics that the 
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produced nanoparticles displayed, underscoring the promise of egg white as a precursor in the 

production of functional materials [13]. When compared to alternative synthesis processes, egg 

white offers a viable path toward the economical and sustainable synthesis of Zn ferrite 

nanoparticles with customized characteristics [14,15]. Many literatures have been reported the 

synthesis of Zn ferrite via different synthesis routes, with electrocatalytic OER, summarized in 

Table 3.1. 

Numerous proteins found in egg white, including globulin, ovomucin, and ovalbumin 

that have great nutritional value, strong gelling, foaming and emulsifying properties, and are 

soluble in water and readily amalgamate with metals. The ability of egg white proteins to foam 

aids in the creation of ferrites nanoparticles [16]. Egg white has been utilized as a binder 

combining gel for materials, especially bulk and porous ceramics, because of its solubility in 

water and capacity to combine with metal ions in solution [17]. The use of egg white 

contributes, and the procedure offers a different method as an option for the quick and 

affordable production of Zn ferrites [18]. 
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Table 3.1. Comparison of various parameters of electrocatalytic OER for Zn ferrite-based 

materials reported in the literature. 

Material 

Synthesis 

technique 

Support 

electrode 

Overpotential 

(mV)  / 

10 mA cm-2 

Tafel 

slope / 

mV dec-1 

Electrolyte References 

ZnFe2O4 RF sputtering ITO 497 91 1 M KOH [19] 

ZnFe2O4 - NF 323 143 1 M KOH [20] 

Co1-xZnxFe2O4 Pyrolysis NF 317 79 1 M KOH [21] 

ZnFe2O4 Pyrolysis NF 343 43 1 M KOH [21] 

ZnxCo3−xO4 Hydrothermal Ti Foil 320 51 1 M KOH [22] 

ZnCo2O4 Hydrothermal NF 340 183 1 M KOH [23] 

Co–Zn/PNC Pyrolysis GCE 348 112 1 M KOH [24] 

ZnFe2O4 Solvothermal NF 280 70 1 M KOH [25] 

ZnFe2O4/NG Solvothermal NF 240 63.5 1 M KOH [26] 

ZnCo2O4/rGO Solvothermal GCE 300 59.2 1 M KOH [27] 
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ZnFe2O4 

Spray 

pyrolysis 

NF 

319 115 1 M KOH [28] 

ZnFe2O4/ 

ZnFe2S4 

Hydrothermal NF 

222 73.2 1 M KOH [29] 

ZnxFe3-xO4 

Thermal 

decomposition 

GCE 

454 107 1 M KOH This work 

Alternative energy sources are not a novel idea for humans, but in the twenty-first 

century, energy has emerged as the world's top worry. Fossil fuel reserves are finite, and by the 

middle of this century, they would be depleted [30]. The hunt for alternative and clean energy 

sources has quickened, especially as efforts are made to limit CO2 emissions to lessen the 

effects of global warming. As an alternative, processes like photocatalytic water splitting have 

also been suggested as a potential method for creating pure hydrogen using solar energy 

[31,32]. This discussion has led to the discovery that producing hydrogen will be an essential 

part of our future energy systems [33], because the hydrogen and oxygen generated by water 

oxidation have no adverse effects on the environment [34]. It is challenging to produce 

minimal electrical energy consumption in the electrolytic cell, which is necessary for effective 

water electrocatalysis [35]. In order to do this, the right electrocatalysts must be used, and the 

hunt for materials that can lower overpotential value of both anodic and cathodic reactions has 

been increased [36].  

Hydrogen energy is produced by the electrochemical water splitting. RuOx and IrOx, 

two metal oxide-based electrocatalysts used in this approach, exhibit strong OER activity 
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[37], even if they are less economical. Perovskites as electrocatalysts, also demonstrate the 

encouraging catalytic activity [38–40]. Therefore, the creation of an accessible, affordable 

metal-oxide based electrocatalyst is necessary. 

Considering many electrocatalytic uses of synthetic zinc ferrite-based materials, the 

present work describes the use of Zn ferrite as an electrocatalyst in water splitting 

electrocatalysis. This material performs better when compared to other synthetic zinc ferrite-

based material classes, other spinels, and perovskite oxides. 

3.3. Experimental 

3.3.1. Materials 

Egg white, zinc nitrate hexahydrate (Zn(NO3)2.6H2O) (AR, Sigma Aldrich, 99.9%), ferrous   

sulphate (FeSO4) (AR, Merck, 99.9%). 

3.3.2. Synthesis of zinc ferrite 

ZnxFe3-xO4 (x = 0.25, 0.5, 0.75, and 1.0); nano-sized zinc ferrites were produced via thermal 

decomposition method utilizing egg white as a precursor [27]. In 20 mL of double-distilled 

water, the stoichiometric ratios of pure zinc nitrate hexahydrate (Zn(NO3)26H2O) and ferrous 

sulphate (FeSO4) as metal precursors were dissolved (Table 3.2). 
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Table 3.2. Required stoichiometric amounts of metal precursors used for the synthesis of zinc 

ferrite nanoparticles. 

Catalysts 

 

Zn(NO3)2.6H2O FeSO4 

No. of 

moles 

Amount 

(g) 

No. of 

moles 

Amount 

(g) 

Zn0.25Fe2.75O4 0.008 1.655 0.109 16.6748 

Zn0.5Fe2.5O4 0.017 3.2583 0.098 15.006 

Zn0.75Fe2.25O4 0.025 4.917 0.088 13.505 

ZnFe2O4 0.034 6.556 0.079 12.004 

The metal salts solution was then added dropwise into the egg white solution while 

vigorous stirring. The solution (30 mL) of egg white was agitated at room temperature until 

the solution turned milky white. At 100 oC, the resulting gel precursors were broken down and 

evaporated to create the light solid powder. The fluffy powder was thermally decomposed into 

the required oxide nanoparticles over the course of five hours in an electrical muffle furnace at 

550 oC (Figure 3.1). 
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Figure 3.1. Schematic representation showing the thermal decomposition process used 

to create zinc ferrite nanoparticles from egg white. 

3.3.3. Preparation of working electrode 

An electrode made of glassy carbon served as support for the working electrode catalyst ink. 

To make the catalyst ink, 1 mg of the prepared catalyst (zinc ferrite nanoparticles) was 

dissolved in a solution of 20 L Nafion (5%) and 40 L ethyl alcohol, and 

then ultrasonicated for about an hour. The total resulting oxide ink (60 µL) was then dropwise-

casted with the smallest droplet each followed by drying at room temperature. Before the drop 

casting, the GCE surface was cleaned and polished using alumina powder of sizes 1, 0.3, and 

0.05 m, respectively, for about 15 to 20 minutes. The prepared electrodes were then dried at 

room temperature. 
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3.3.4. Electrode preparation for spectro-electrochemical study 

The obtained ink from the aforementioned method is used to prepare the working electrode for 

the operando spectro-electrochemical study. By immersing the platinum grid in the catalyst 

ink and then drying it at room temperature, the platinum grid is made ready to be used as a 

working electrode. 

3.4. Characterizations 

3.4.1. Physicochemical characterizations 

In order to examine the structure of the ZnFe2O4 nanoparticles, diffraction patterns were made 

from powder crystalline samples at room temperature in the diffraction angle range of 5° to 

80° using Shimadzu XRD 6000 diffractometer. FT-IR spectra were recorded in the range of 

400 – 4000 cm–1 using a PerkinElmer model 1650 FT-IR spectrometer. The morphology of 

oxide powder was further studied by scanning electron microscope using Nova Nano-SEM 

450 [FE-SEM] at different magnifications. 

3.4.2. Electrochemical characterizations 

A three-electrode, single compartment pyrex glass cell with 8 cm2 area of Pt foil (Aldrich 

99.9% pure) as a counter electrode, a working electrode of GC/oxide with a 0.07 cm2 area, and 

a reference electrode of Hg/HgO/1M KOH, was used for all electrochemical studies. The 

Luggin capillary salt bridge was prepared using agar-agar and KCl. It connected the cell 

electrolyte to the reference electrode. All potentials provided in this study apply to the 

Hg/HgO/1M KOH reference electrode, having standard potential (E0
Hg/HgO) equal to 105.3 mV 
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vs. NHE [41]. Using CHI-608C (CH instrument, USA), all electrochemical characterizations 

were performed using the same approaches as described above. These include cyclic 

voltammetry, impedance measurements, and Tafel polarization investigations [42–44]. 

According to the following Equation 3.1, all potential values measured by the Hg/HgO 

reference were converted to the reversible hydrogen electrode (RHE): 

ERHE = EHg/HgO + 0.0592×pH + E0
Hg/HgO                                (3.1) 

3.4.3. Spectro-electrochemical characterizations 

During spectro-electrochemical studies in a quartz cuvette, the catalyst ink immersed platinum 

grid served as the working electrode, platinum wire served as the counter electrode, and 

Hg/HgO in 1M KOH served as the reference electrode. The Luggin capillary salt bridge, which 

connected the reference electrode to the cell electrolyte, was built using agar-agar and KCl. 

During cyclic voltammetry, the spectra were captured at 20 mV s-1 scan rate closest to the onset 

potential. The operando spectro-electrochemical studies were carried out on ocean optics, 

FLAME-T-XR1-ES Assembly, 200 nm to 1025 nm range. 

3.5. Results and discussion 

3.5.1. Structural and morphological analysis 

3.5.1.1. FT-IR study 

The produced zinc substituted ferrite functional groups are visible in the FT-IR spectra in the 

400 – 4000 cm–1 wave number range. Figure 3.2 shows the recorded FT-IR spectra and 

displayed the typical absorption peaks at 430 cm-1 and 570 cm-1, which are attributed to Fe-O 
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stretching vibrations in octahedral and tetrahedral voids, respectively. Position of bands 

corresponding to 430 cm-1 and 570 cm-1 are related to the bond lengths and their different 

position in the spectra is due to the different bond lengths of Fe3+–O2− at A and B sites [45]. 

Thus appearance of peak corresponding to higher frequency is attributed to the shorter bond-

length of tetrahedral cluster and peak corresponding to lower frequency is attributed to longer 

bond length of octahedral cluster [46]. Another absorption band at 1110 cm-1 is attributed to a 

tetrahedral Fe3+-O2- stretching vibration. The stretching vibration of the C=C atom on the 

surface of the ZnFe2O4 nanoparticles was responsible for the extremely tiny band seen nearly 

1580 cm-1 and the symmetric and asymmetric stretching causes the splitting around the band 

[47,48]. The band around 3000 cm-1 are due to the absorbed moisture from the atmosphere 

[49]. Water molecules were found on the surface of ZnFe2O4 nanoparticles as shown by the 

wide band absorption peak at 3590 cm-1 (bending mode of H2O). The observed splitting in the 

bands at 3500 cm−1 in this spectra is due to the effect of terminated –OH on the tetrahedral, 

octahedral and bridging –OHs [49]. 
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Figure 3.2. FT-IR spectra for ZnxFe3-xO4 (x = 0.25, 0.5, 0.75 and 1.0) nanoparticles 

synthesized at 550 oC: a) Zn0.25Fe2.75O4, b) Zn0.5Fe2.5O4, c) Zn0.75Fe2.25O4, d) ZnFe2O4. 

3.5.1.2. XRD study 

According to the JCPDS file No. 89-1009 for ZnFe₂O₄, the characteristic diffraction peaks for 

the spinel phase appear at specific 2θ angles, corresponding to the crystallographic planes 

(220), (311), (222), (400), (422), (511), and (440) of the spinel structure [50].These planes are 

indicative of the cubic spinel crystal structure of ZnFe₂O₄. The XRD powder patterns of the 

synthesized samples, as illustrated in Figure 3.3, exhibit prominent peaks that align with these 

planes, confirming the development of the spinel phase in the zinc-substituted oxides. In 

addition to the spinel phase peaks, the XRD patterns also reveal the presence of additional 

peaks that do not conform to the ZnFe₂O₄ spinel structure. These extraneous peaks suggest the 

presence of secondary phases, identified as α-Fe₂O₃ (hematite) and ZnO (zincite), which are 
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common impurities in the synthesized samples [51,52]. This iron oxide phase is a common by-

product in the synthesis of ferrites and is characterized by its distinct diffraction peaks. The 

phase corresponds to zinc oxide also exhibits unique diffraction peaks distinguishable from the 

spinel structure. The occurrence of these impurity phases, despite the high-temperature 

synthesis, can be attributed to incomplete reaction or segregation of precursor materials during 

the calcination process. Their presence in all calcined samples suggests a systematic issue 

related to the synthesis conditions or the inherent stability of these phases under the given 

conditions [53]. 

 

Figure 3.3. XRD patterns of zinc ferrite nanoparticles prepared at 550 oC: a) Zn0.25Fe2.75O4, 

b) Zn0.5Fe2.5O4, c) Zn0.75Fe2.25O4, d) ZnFe2O4. 
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3.5.1.3. SEM study 

The FE-SEM micrographs in Figure 3.4 (a–d) depict ZnFe₂O₄ and Zn0.25Fe2.75O4 samples. 

These images illustrate that most particles adopt a nearly square clustered shape and are 

unevenly distributed throughout the samples. From the obtained results, it was clear that the 

synthesized particles were slightly agglomerated with grain boundaries due to their 

ferrimagnetic nature [54–56]. However, the particle sizes are noticeably non-uniform. To 

determine the average particle size, the particle size distribution histograms were analyzed and 

fitted to a log-normal distribution function (Equation 3.2) [57].  

 

Where D corresponds to average particle size and σ is the standard deviation. Typical 

fitting of log normal distribution function to particle size distribution histogram for 

Zn0.25Fe2.75O4 sample is illustrated in Figure 3.4 (e). 

 

(3.2) 
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Figure 3.4. SEM micrographs; a, b) ZnFe2O4 at different magnifications, c, d) 

Zn0.25Fe2.75O4 at different magnifications, e) particle size distribution of ZnFe2O4 fitted 

with log normal distribution function. 

3.5.2. Electrochemical analysis 

Inks of catalysts deposited on glassy carbon (GCE) conductive substrates, i.e., zinc ferrites, 

ZnxFe3-xO4 (x = 0.25, 0.5, 0.75, 1) were examined for their electrocatalytic activity. To detect 

the occurrence of redox reaction on the oxide/electrolyte interface, the cyclic voltammogram 

of each oxide on a GCE support was recorded in the potential range of 0.9 to 1.6 V vs. RHE at 

20 mV s-1 scan rate in 1 M KOH. Typical cyclic voltammograms of GCE/ZnxFe3-xO4, which 

show the lack of redox peaks in the chosen potential area, are shown in Figure 3.5. On a Ti 

support, cyclic voltammograms of Fe3O4 showed a similar appearance [58]. 
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Figure 3.5. iR corrected cyclic voltammograms of GC/ZnxFe3-xO4 electrode at 20 mV s-1 

in 1 M KOH at 25 oC. 

Linear polarization (i-E) curves of GCE/ZnxFe3-xO4 measured at 0.5 mV s-1 scan rate 

in the range of OER within 1.4 V to 1.8 V vs. RHE are shown in Figure 3.6. Again, the highest 

activity for OER, seen as the highest current density with lowest overpotential values is 

observed for GC/Zn0.25Fe2.75O4, and the lowest current density with highest overpotential for 

GC/ZnFe2O4 electrode. The incorporation of zinc into the catalyst significantly enhances the 

anodic current density, signaling strong OER activity. This improvement is due to the formation 

of densely packed granular particles, which offer a favorable surface-to-bulk ratio, thereby 

promoting efficient electron and ion transfer and facilitating charge transport at the interface 

[59]. Additionally, the presence of zinc influences the grain boundaries (areas where different 

crystal grains converge and can obstruct charge carrier movement) [60]. The reduction in the 

number and impact of these grain boundaries due to zinc substitution leads to improved charge 
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transport and higher current density. Furthermore, substituting zinc enhances the electronic and 

chemical interaction among the cations. Zinc, with its lower resistivity, enhances electron 

transport by reducing ion diffusion pathways and accelerating water molecule adsorption, 

ultimately boosting the electrode's performance in the OER [61]. The loss of catalytic activity 

beyond Zn = 0.25 might be due to collapsing the structural morphology or by lowering oxygen 

vacancies [62]. 

 

Figure 3.6.  iR corrected linear polarization curves for GC/ZnxFe3-xO4 electrodes at 0.5 mV 

s-1 scan rate in 1 M KOH at 25 oC. 

The Tafel polarization curve was used to determine the electrocatalytic activity in terms 

of log current density (log j) at overpotential (). The formal overpotential, commonly referred 

to as the anodic overpotential, was established by the relationship  = E – EO2/OH
-
 [63], where 

E and EO2/OH
-
 = 0.303 V vs. Hg/HgO, are the applied potential across the electrocatalyst/1 M 

KOH interface and the theoretical equilibrium Nernst potential vs. Hg/HgO in 1 M KOH at 25 
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oC, respectively. The overpotential was further calculated from the Equation 1.19 after 

converting the potentials to RHE which is already discussed in Chapter 1. 

The lowest overpotential is found for GC/Zn0.25Fe2.75O4 electrode because of the faster 

electron transfer process at the interface and hence higher electrocatalytic activity [64]. Table 

3.3 lists the kinetic parameters of the prepared electrodes.  

Table 3.3. Electrode kinetic parameters for OER on GC/ZnxFe3-xO4 (0 ≤ x ≤ 1) electrodes in 1 

M KOH at 25 oC. 

Catalyst Overpotential 

(mV) at 

1 mA cm-2 

Current density at 

E = 893 mV 

(mA cm-2) 

Cdl (F cm-2) Rf ECSA 

(cm2) 

Tafel Slope 

(mV dec-1) 

  japp jtrue jspecific     

Zn0.25Fe2.75O4 480 3.4 0.44 3.4 309.5 7.7 0.539 107 

Zn0.5Fe2.5O4 590 

(0.67 mA cm-2) 

0.67 0.335 0.67 80 2 0.14 112 

Zn0.75Fe2.25O4 530 1.3 0.16 1.3 325.5 8.1 0.569 137 

ZnFe2O4 596 

(0.45 mA cm-2) 

0.45 0.3 0.45 59.5 1.5 0.104 143 
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Moreover, electrode having lowest overpotential shows the highest current density that 

implies the better electrocatalytic activity among all the other prepared stoichiometrics. To 

normalize the electrode roughness and material loading on the substrate, the activity was also 

calculated in terms of true current density and current density per mg (specific current density) 

[65]. Apparent current density (japp), true current density (jtrue) and specific current density 

(jspec) values, together with the estimated values of overpotential (at denoted current densities) 

for four prepared zinc ferrite samples are listed in Table 3.3 (calculated from different plots of 

other catalysts shown in Figure 3.7, 3.8, 3.9, and 3.10). Either apparent current density (japp) 

or true current density (jtrue), normalized by the geometric surface area of the electrode or the 

oxide roughness factor, could be used to represent the rate of electrochemical oxygen 

evolution. 
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Figure 3.7. GC/Zn0.5Fe2.5O4; a) Cyclic voltammograms in non-faradaic region at different scan 

rates in 1 M KOH at 25 oC, b) Tafel polarization curves at different temperatures at a scan rate 

of 0.5 mV s-1, c) Tafel polarization curves at different concentrations at a scan rate of 0.5 mV 

s-1, d) Cdl plot, e) Arrhenius plot at 1.6 V vs. RHE, f) order of reaction. 
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Figure 3.8. GC/Zn0.75Fe2.25O4; a) Cyclic voltammograms in non-faradaic region at different 

scan rates in 1 M KOH at 25 oC, b) Tafel polarization curves at different temperatures at a scan 

rate of 0.5 mV s-1, c) Tafel polarization curves at different concentrations at a scan rate of 0.5 

mV s-1, d) Cdl plot, e) Arrhenius plot at 1.6 V vs. RHE, f) order of reaction. 



Chapter 3 

 
 

 

Department of Chemistry, IIT (BHU)  95 

 
 

 

Figure 3.9. GC/ZnFe2O4; a) Cyclic voltammograms in non-faradaic region at different scan 

rates in 1 M KOH at 25 oC, b) Tafel polarization curves at different temperatures at a scan rate 

of 0.5 mV s-1, c) Tafel polarization curves at different concentrations at a scan rate of 0.5 mV 

s-1, d) Cdl plot, e) Arrhenius plot at 1.6 V vs. RHE, f) order of reaction. 

By conducting cyclic voltammetry experiments in 1 M KOH at various scan rates 

within the potential region of 0.975 to 1.025 V (vs. RHE) at 25 oC, the surface roughness factor 

(Rf) of each oxide electrode was ascertained by calculating double layer capacitance. 

According to Figure 3.5, only capacitive currents due to double-layer charging-discharging 

predominate in this potential region. Representative cyclic voltammograms at varying scan 

rates and a plot of current density vs. scan rate are given in Figure 3.10 (a) and (b), 

respectively. By assuming the double layer capacitance value of a smooth oxide surface equal 

to 40 F cm-2, the oxide roughness factors (Rf) of Zn ferrite samples were determined (From 
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Equation 1.24 in Chapter 1) [66]. Additionally, electrochemically active surface area was 

determined that tells us about the active sites during OER. Rf, together with Cdl (From 

Equation 1.23 in Chapter 1) and ESCA values (From Equation 1.22 in Chapter 1), are also 

listed in Table 3.3. 

 

Figure 3.10. a) Cyclic voltammograms in non-faradaic region of GC/Zn0.25Fe2.75O4 

electrode at different scan rates in 1 M KOH at 25 oC and b) capacitive current density vs. 

scan rate plot of GC/Zn0.25Fe2.75O4 electrode. 

Tafel polarization curves are shown in Figure 3.11. The Tafel slope, which is a measure 

of catalytic activity, was calculated using the analytical Tafel equation (From Equation 1.21 

in Chapter 1) [67]. Among all stoichiometrics of spinel ferrite, just Zn0.25Fe2.75O4 coated on 

GCE showed the best electrocatalytic activity with lowest Tafel slope 107 mV dec-1 that 

indicates faster kinetics for OER. The obtained values of Tafel slopes are given in the Table 

3.3.  

The Tafel slope of Zn0.25Fe2.75O4 is lower than that of other samples, suggesting high 

improvement in electrocatalytic activity. Changes in the electrical and magnetic characteristics 
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of the oxide catalyst cause an increase in electrocatalytic activity when metal ions are 

substituted in the Fe3O4 lattice [68]. Additionally, Iwakura et al. discovered that metal 

substitution in the Fe3O4 lattice increased saturation magnetization [69,70]. They also noticed 

that when Bohr magneton levels rose, so did the electrocatalytic activity for oxygen evolution 

reaction. 

 

Figure 3.11. Tafel polarization curves of GC/ZnxFe3-xO4 electrodes in 1 M KOH at 25 oC: 

a) Zn0.25Fe2.75O4, b) Zn0.75Fe2.25O4, c) Zn0.5Fe2.5O4, d) ZnFe2O4. 

To explain the reaction mechanism, the anodic Tafel polarization curves of GC/ZnxFe3-

xO4 electrodes were recorded at various KOH concentrations (0.25 M - 1.5 M), maintaining 

the medium ionic strength constant ( = 1.5), in order to determine the order of reaction (p) 

with regard to [OH-] (Figure 3.12 (a)). When determining the value of reaction order, the slope 

of the log j vs. log [OH-] plot (Figure 3.12 (b)) across the oxide film/KOH interface at the 
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lower overpotential region particularly at potentials 1.55 V, 1.60 V, and 1.65 V vs. RHE was 

measured, and observed to be almost 2. This confirms the 4e- OER mechanism in strongly 

alkaline medium [71]. 

 

Figure 3.12. a) Tafel polarization curves of Zn0.25Fe2.75O4 at different concentrations of 

KOH and 25 oC; b) plots of log j vs. log [OH-]. 

Figure 3.13 shows Bode plots of Zn0.25Fe2.75O4 recorded in the frequency range of 100 

kHz to 1 Hz, at the constant potential of 0.95 V vs. RHE. Any contribution from a faradaic 

process is observed to be minimal at this potential [65]. The measured impedance spectra of 

interface was analyzed by fitting appropriate Randles circuit, R(Q(R(C(R(RW)))))(CR). The 

agreement between measured and simulated data was excellent. The chi-squared value of 10-4 

speaks for the quality of the model [72].  

The first part of Bode plots at the highest frequencies corresponds to the solution 

resistance of the electrolyte, Rs, and the second part at other frequencies shows mainly 

capacitive impedance response, as is expected for the electrode at potentials without faradaic 
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reaction(s). In that a case, the impedance due to double layer charging/discharging would 

dominate in the impedance spectrum. The corresponding phase angles in Figure 3.13, 

however, are much lower than expected -90, which is usually related to not ideal electrode 

response due to interfacial irregularities such as porosity, roughness, and geometry [43,44], or 

possible influence of some other impedance. A clear deep in the phase angle response seen at 

low frequencies suggests a possible contribution of some additional impedance (resistive-

capacitive combination due to oxide film perhaps) which parameters could eventually be 

estimated by curve fitting procedure of a proper model [74]. The capacitance value roughly 

estimated from the impedance magnitude Z of 500  cm2 at 1 Hz is 318 F cm-2, which is 

good agreement with Cdl value in Table 3.3 for Zn0.25Fe2.75O4. 

 

Figure 3.13. Typical Bode plot: Zn0.25Fe2.75O4 in 1 M KOH at 0.95 V vs. RHE. 
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The simulated values of circuit parameters are given under the Table 3.4. 

Table 3.4. Circuit Parameters 

Catalysts 

 

R Q 

 

Q R C 

 

R R W 

 

C R 

Zn0.25Fe2.75O4 0.01 1.22 e-6 0.99 2.88 2.06 e-6 1.67 2.39 0.001 0.007 69.8 

Zn0.5Fe2.5O4 0.42 9.98 e-5 0.79 3.29 7.61 e-6 0.64 4.28 6.91 0.001 47.3 

Zn0.75Fe2.25O4 0.01 2.27 e-7 0.94 2.72 1.87 e-5 1.14 1.05 0.001 0.007 74.3 

ZnFe2O4 0.27 3.08 e-5 0.80 2.85 1.16 e-5 0.57 2.03 9.48 0.001 157 

Zn ferrite electrodes were tested for the measurement of standard electrochemical 

activation energies (Hel
0≠), entropies (S0≠), and enthalpies (H0≠) in order to understand the 

impact of temperature on OER. With this goal in mind, anodic polarization curves were 

recorded in 1 M KOH at various temperatures ranging from 25 oC to 55 oC (Figure 3.14 (a)). 

For this purpose, Tafel polarization curves were recorded in the potential range of 1.4 V to 1.8 

V vs. RHE at a scan rate of 0.5 mV s-1 at different temperatures. The temperature of the 

reference electrode was maintained constant during conducting of this experiment (25 oC). For 

each curve, current density data was recorded for a certain potential (1.60 V and 1.65 V vs. 

RHE), and an Arrhenius plot of log j vs. 1/T (Figure 3.14 (b)) was created. The result of 
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calculating the slopes of straight lines produced in the Arrhenius plots to determine values of 

Hel
0≠ are shown in Table 3.5. 

 

Figure 3.14. a) iR corrected Tafel polarization curves (at scan rate of 0.5 mV s-1) of 

Zn0.25Fe2.75O4 at different temperatures; b) Arrhenius plots for GC/Zn0.25Fe2.75O4. 

As anticipated, Zn0.25Fe2.75O4 has a lower electrochemical activation energy value than 

any other synthesized Zn ferrite sample of different stoichiometry. The average value of 

calculated transfer coefficient () using the Equation 1.28 (From Chapter 1),  = 2.303RT/bF 

was quite close to one. Using the Equations 1.27 and 1.29 (From Chapter 1), other 

thermodynamic parameters, such as standard enthalpy of activation (H0≠), and 

standard entropy of activation (S0≠) were determined. 

Hel
0≠ = H0≠ - F                                                                   (1.27) 

S0≠ = 2.3R [log j + Hel
0≠ / 2.3RT – log (nFCOH

-)]                (1.29) 
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The Tafel slope (in mV dec-1) is calculated from the polarization curve recorded at 

various temperatures, and R, F, and T are the gas constant, the Faraday constant, and absolute 

temperature, respectively. The Boltzmann constant (kB) and Planck's constant (h) are two 

constants that make up the frequency term , respectively. The very negative value of S0≠ 

seen in Table 3.5, illustrates the adsorption events that precede the electrochemical production 

of oxygen.  

Table 3.5. Thermodynamic parameters of OER on GC/ZnxFe3-xO4 (0 ≤ x ≤ 1.0) electrodes in 

1 M KOH. 

Catalyst Standard 

electrochemical 

energy of 

activation (Hel
0≠) 

(kJ mol-1) 

Standard 

electrochemical 

entropy of activation 

(-Sel
0≠) 

(J K-1mol-1) 

Transfer 

coefficient 

() 

Standard 

enthalpy of 

activation 

(H0≠) 

(kJ mol-1) 

Zn0.25Fe2.75O4 54.22 74.96 0.70 92.36 

Zn0.5Fe2.5O4 85.98 172.16 0.65 120.24 

Zn0.75Fe2.25O4 73.87 136.12 0.48 98.37 

ZnFe2O4 105.28 237.12 0.56 135.3 
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Table 3.5 lists average values of these thermodynamic parameters [75]. The slope of 

Arrhenius plot (log j versus 1/T) was used to compute the value of Hel
0≠, and the reaction 

entropy in each instance is strongly negative, confirming that electrochemical oxygen 

evolution happens via adsorption of reactive intermediate species. These parameters of other 

prepared catalysts were calculated by same manner. 

3.5.3. Stability and durability 

Beyond just high catalytic activity, a catalyst must also demonstrate exceptional stability for 

practical applications and commercialization. Evaluating the long-term stability and durability 

of the electrocatalyst is essential to ensure its suitability for real-world use. To this end, the 

stability of the GC/Zn0.25Fe2.75O4 electrode was rigorously tested through prolonged 

chronopotentiometry in a 1 M KOH electrolyte. The chronopotentiometry results in Figure 

3.15 revealed that the electrode maintained a steady potential profile even after 6 hours of 

continuous operation, suggesting that its activity remained unaffected by the formation of gas 

bubbles. 
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Figure 3.15. Chronopotentiometry test at constant current 1 mA cm−2. 

To further assess the durability, SEM imaging was conducted on the GC/Zn0.25Fe2.75O4 

electrode surface after the stability tests. The comparison with the fresh electrode revealed that 

the Zn0.25Fe2.75O4 structure retained its surface morphology, with no visible structural 

degradation (Figure 3.16). This observation underscores the electrode's exceptional structural 

integrity during OER performance, highlighting its potential for long-term operational stability 

and reliability. The preserved surface and structural stability affirm that the GC/Zn0.25Fe2.75O4 

electrode can sustain its performance under prolonged operational conditions, making it a 

promising candidate for practical applications. 
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Figure 3.16. FE-SEM images of Zn0.25Fe2.75O4; a) before stability test, b) after stability test. 

3.5.4. Spectro-electrochemical analysis 

It is interesting to note that UV-vis–NIR spectroscopy experiments conducted under OER 

circumstances have shown a rise in absorbance with applied voltage at the onset potential in 

the region of OER. Conway conducted the first investigation onto the impact of oxidized 

species on OER in the late 1950s. He found that the evolution of oxygen occurred concurrently 

with the potential decay from OER-relevant potentials to open-circuit potentials, indicating 

that oxidized states could be reduced to form molecular oxygen [76]. Oxo species on nearby 

Zn centers may chemically interact to form molecular oxygen, following a similar process to 

the OER predicted on Co in phosphate electrolyte [77–79] and CoOOH [80,81]. Operando 

UV-vis spectroscopy measurements were carried out to investigate the mechanism for OER 

and explain the activity patterns [82]. Figure 3.17 depicts the operando UV-Vis spectroscopy 

before and during the cyclic voltammetry for the Zn0.25Fe2.75O4 electrode performed at 25 oC 

in 1 M KOH at scan rate of 20 mV s-1, respectively. Upon stepping the electrode potential from 

1.6 V to 1.8 V vs. RHE in 0.1 V increments, the formation of absorption peaks from 300 - 440 
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nm and a small peak from 850 - 900 nm were observed, and these absorbance peaks broadened 

and intensified with increase of applied potential. These may correspond to FeOOH  species 

[83] when O2 evolution is proceeding on the electrode. 

 

Figure 3.17. Operando UV-vis spectra during cyclic voltammetry at scan rate of 20 mV s-1. 

3.6. Conclusion 

The characteristics of four synthesized samples of Zn ferrite (ZnxFe3-xO4) with different 

stoichiometry (0 ≤ x ≤ 1.0) were evaluated up to the point of their possible use as 

electrocatalysts for active oxygen evolution processes in an alkaline medium (1 M KOH). 

According to the results of the performed experiments, zinc ferrites may be produced 

inexpensively and easily by auto combustion utilizing egg ovalbumin, resulting in nano-sized 

oxides that have greater spinel phase crystallinity. Tafel slope is found to be minimum for 
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Zn0.25Fe2.75O4, for which the maximum electrocatalytic activity towards OER in an alkaline 

medium and nearly 2nd order kinetics is observed for the OER process. Among all four samples 

with different stoichiometry, Zn0.25Fe2.75O4 showed the lowest standard electrochemical energy 

of activation which supports our findings. Operando spectro-electrochemical study revealed 

the active intermediates of OER, i.e., formation of absorption peaks from 300 - 440 nm that 

corresponds to FeOOH species. Further exploration in NIR region is needed to understand the 

role of redox active sites. The study showed that more than one redox species is forming during 

the OER which are responsible for electrocatalytic activity of ZnxFe3-xO4 and the absorbance 

intensity is maximum for x=0.25 (Zn0.25Fe2.75O4). For a comprehensive view from the catalyst 

to its surface, combining the presently known operando characterization approaches might be 

taken into consideration.  

For improved real-time observation, it is also desirable to investigate novel approaches 

or improve current ones. A catalyst's stability is a crucial consideration when evaluating its 

OER performance together with its activity since stable catalysts are necessary for long-term 

catalysis under severe corrosive conditions. Creating a catalyst with great stability and activity 

is often difficult. Due to their negative correlation, stability and activity must sometimes be 

compromised [84]. It's crucial to use a logical measure to evaluate the stability of 

electrocatalysts. Activity-stability factor (ASF) was used by Markovic and coworkers as a 

standard measure to assess how well oxide materials performed for OER in acid. A higher ASF 

value corresponds to greater OER performance at a given overpotential [85]. Furthermore, 

these materials may be employed as electrode materials for energy storage devices and other 
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applications. Using OER catalysts, large-scale practical water splitting operations may be 

carried out, supplying the clean and efficient energy which has been generally required. 
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