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Abstract 

The development of efficient, earth abundant electrocatalysts for the oxygen evolution reaction (OER) 

is essential for alkaline water electrolysis. In this work, we prepared ferrite, tungstate, and 

ferrite@tungstate heterostructure by simple co-precipitation and hydrothermal routes and evaluated 

them as OER catalysts in 1 M KOH. The catalysts are characterized by XRD, UV–Vis, FTIR, SEM, and 

EDX. The catalysts exhibit phase-pure components with intimate contact between the two phases, 

and a smaller particle size for the composite. The ferrite@tungstate exhibits modified electronic 

structure possibly due to the electronic interaction between Fe and W centers. Electrochemical 

measurements demonstrated an overpotential of 200 mV at 10 mA cm-2, that exhibits a reduced Tafel 

slope (150 mV dec⁻¹), and displays lower charge-transfer resistance than the single-phase oxides. In 

addition, the composite retains >94% of its current over 24 h, indicating good durability. These results 

suggest that ferrite–tungstate coupling can be an effective strategy to non-noble OER catalysts. 

Keywords: oxygen evolution reaction (OER); electrocatalyst; ferrite; heterostructure; tungstate; non-

noble metal catalyst 

 

1. Introduction 

The elevation of energy demand and decrease of fossil fuels including petroleum, coal, and 

natural gas are essential challenging issues that lead to designing of efficient energy storage devices 

and discovering of earth abundant alternative energies including ba�eries, perovskite solar cells, and 

photocatalytic/electrocatalytic generation of hydrogen [1–19]. Water electrolysis is one of the most 

direct routes to green hydrogen but its efficiency is strongly limited by the oxygen evolution reaction 

(OER). OER is characterized by much slower intrinsic kinetics than hydrogen evolution reaction 

(HER), requiring a substantially higher overpotential to overcome the energy barriers of its multiple 

proton-coupled electron transfer steps with the formation of high energy oxygenated intermediates 

on the catalytic surface. These limitations lead to high overpotential and accelerate electrode 

degradation, thereby limiting long-term operational efficiency [20]. Oxide-based catalysts containing 

Ir and Ru achieve high OER activity and typically reach 10 mA cm⁻² at relatively low overpotentials 

of 280 to 320 mV. However, their limited availability, high cost, and instability under prolonged 

alkaline operation restrict their feasibility for large-scale deployment [21]. This motivates the 
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development of earth-abundant, structurally stable, and economically feasible alternatives capable of 

approaching the activity of noble-metal oxides [22,23]. 

In this context, transition-metal ferrites have emerged as compelling candidates due to their 

tunable cation distributions, strong metal–oxygen frameworks, and chemical durability under 

alkaline conditions [24,25]. Among them, Mn–Zn ferrites (MnₓZn₁₋ₓFe₂O₄) are particularly a�ractive 

because the interplay between Mn²⁺, Zn²⁺, and Fe³⁺ modulates charge density and promotes Fe-

centered redox transitions essential for OER [26]. Multiple studies have reported that Mn–Zn ferrites 

can achieve overpotential in the 350–450 mV range, making them reasonably active among non-noble 

catalysts [20,24,27]. Despite these advantages, their performance is often constrained by sluggish 

charge-transfer kinetics, limited electrical conductivity, and the formation of parasitic secondary iron-

oxide phases during cycling. These issues reduce the availability of active sites and hinder long-term 

operation [28,29]. 

The rational design and engineering of earth-abundant mixed-metal systems whose electronic 

environments can mimic or approximate those found in noble-metal oxides is essential for 

developing low-cost catalysts. The key lies in precisely controlling composition, crystal structure, and 

interfacial chemistry to enhance activity and stability simultaneously [30]. As such, composite or 

hetero structured materials provide a pathway for tailoring local electronic environments and 

achieving synergistic catalytic behavior [31]. In this context, constructing hetero structures with 

oxides that possess high metal oxygen covalency such as tungstates, offers a promising approach. 

Strontium tungstate (SrWO₄) exhibits strong W–O bonding and chemical stability, and although its 

intrinsic OER activity is limited by a wide band gap ~3.5 eV, its electronic structure makes it well 

suited to modify adjacent transition-metal sites [32,33]. By interfacing SrWO₄ with Mn–Zn ferrite can 

facilitate electron transfer across the boundary, redistribute local charge density, tune Fe 3d orbital 

occupation, and stabilize high-valence Fe–O and Fe=O intermediates that could potentially decrease 

energy barrier in the rate-determining steps of OER. Such interfacial modulation can lower activation 

barriers, increase active-site turnover, and enhance resistance to surface oxidation [32,34]. 

However, ferrite tungstate hybrids especially heterostructure MnZnFe₂O₄@SrWO₄ remain 

largely unexplored, and their interfacial electronic interactions have not been systematically 

evaluated. Filling this gap is essential for understanding how such combinations influence catalytic 

behavior and how compositional and structural engineering can be leveraged to advance OER 

catalyst design. Motivated by these considerations, this work reports the synthesis of MnZnFe₂O₄, 

SrWO₄, and a MnZnFe₂O₄@SrWO₄ heterostructure composite, followed by a comprehensive 

investigation of their structural, optical, and electrochemical properties. The goal is to elucidate how 

ferrite–tungstate coupling modifies the surface chemistry, charge-transfer characteristics, and overall 

OER performance. The insights gained from this study highlight the potential of MnZnFe₂O₄@SrWO₄ 

as a durable, low-cost catalyst and provide guiding principles for designing next-generation, earth-

abundant electrocatalysts 

2. Experimental Procedure 

2.1. Chemicals Required 

All reagents were purchased from Sigma-Aldrich and used as received, including strontium 

nitrate (Sr(NO₃)₂) (99%), sodium tungstate dihydrate (Na₂WO₄·2H₂O) (99%), potassium hydroxide 

(KOH) pellets (90%), manganese nitrate tetrahydrate (Mn(NO₃)₂·4H₂O) (98%), Zinc nitrate 

hexahydrate (Zn(NO₃)₂·6H₂O) (≥98%), iron (III) nitrate nonahydrate (Fe(NO₃)₃·9H₂O) (98%), 

cetyltrimethylammonium bromide (CTAB, surfactant) (99%) and ethanol (C2H5OH) (99.8%). 

Deionized water (2.0 MΩ/cm) was used. 
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2.2. Synthesis of Strontium Tungstate (SrWO4) 

Strontium tungstate (SrWO4) nanoparticles synthesis was performed using a co-precipitation 

approach [35]. Initially, two separate 0.40 M solutions were prepared by dissolving 1.27 g of Sr(NO₃)₂ 

and 1.98 g of Na₂WO₄·2H₂O in 15 mL of deionized water under moderate stirring at ambient 

temperature. The strontium solution was then added dropwise into the tungstate solution under 

vigorous stirring. The reaction mixture was heated to 70 °C and maintained under constant stirring 

for 3 h, while the pH was adjusted and stabilized at 8.0 using aqueous KOH to ensure controlled 

nucleation. This leads to the formation of fine white precipitate. After 3 h, the suspension was left to 

age for 12 h at ambient temperature to allow the growth of the particles. The resulting precipitate was 

then centrifuged at 5000 rpm and washed repeatedly with deionized water until the supernatant is 

clear. The resultant solid was dried at 80 °C to eliminate surface moisture, followed by calcination at 

200 °C for 2 hrs in a muffle furnace, producing well-crystallized SrWO4 nanoparticles. 

2.3. Synthesis of Manganese Zinc Ferrite (MnZnFe2O4) 

MnZnFe2O4 nanoparticles were synthesized via a CTAB assisted co-precipitation method. 

Stoichiometric amounts of metal nitrates i.e 2.5 mmol of Mn(NO3)2 (0.717 g), 2.5 mmol of 

(ZnNO3)2.6H2O (0.743 g) and 10.0 mmol of Fe(NO3)3.9H2O (4.040 g), were separately dissolved in 

deionized water and diluted to 25 mL each. The solutions were combined under vigorous stirring 

and CTAB (0.1 %) was used as a steric stabilizer. The mixture was heated to 80 °C, and precipitation 

was induced by dropwise addition of concentrated KOH solution to maintain pH 10–12. The 

suspension was aged at 80 °C for 3 h to promote crystallite growth. The product was isolated by 

centrifugation, washed repeatedly with deionized water and ethanol until neutral pH was achieved, 

and dried at 80 °C for 12 h. Finally, the powder was calcined at 200 °C for 2 h (5 °C/min ramp) to 

decompose organics and enhance crystallinity, yielding phase-pure MnZnFe₂O₄ nanoparticles. 

2.4. Synthesis of MnZnFe2O4@SrWO4 

Heterostructure of MnZnFe2O4@SrWO4 was synthesized [32]. MnZnFe₂O₄ seeds (0.50 g) were 

dispersed in DI water (30 mL) containing PVP (1 wt%) and sonicated (50 °C, 15 min) as illustrated in 

Figure 1. Separate 0.10 M solutions of Sr(NO₃)₂ (15 mL) and Na₂WO₄·2H₂O (15 mL) were adjusted to 

pH 8.5. Under vigorous stirring (600 rpm) at 80 °C, the Sr²⁺ and WO₄²⁻ solutions were added dropwise 

over 20 min to the ferrite dispersion while maintaining pH 8 with NH₄OH. The mixture was aged 30 

min at 80 °C, transferred to a teflon-lined autoclave, and heated at 140 °C for 6 h. The solid was 

recovered by centrifugation (8000 rpm, 10 min), washed sequentially with DI water and ethanol to a 

neutral supernatant, and dried at 80 °C for 2 hours and then calcined in muffle furnace for 200 °C for 

2 h. 
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Figure 1. Synthetic scheme for the preparation of MnZnFe2O4@SrWO4. 

2.5. Preparation of Working Electrode for OER 

All electrochemical investigations were carried out using a computer controlled electrochemical 

workstation, potentiostat (PGSTAT 302 N) from Metrohm AUTO LAB in a typical three-electrode 

setup using an Ag/AgCl electrode as the reference electrode, a Pt electrode as the counter electrode 

and the prepared MnZnFe2O4, SrWO4 and MnZnFe2O4@SrWO4 electrocatalysts as the working 

electrode. The electrode substrate is glassy carbon electrode. The Ag/AgCl reference electrode was 

calibrated with respect to reversible hydrogen electrode (RHE) using the following equation 1. 

ERHE = EAg/AgCl + (0.059 x pH) + EAg/AgCl (0.197 V)    (1) 

All electrochemical tests were carried out in alkaline electrolyte (1 M KOH). To prepare the 

working electrode, 3 mg of catalyst was taken in a 1.5 mL microcentrifuge tube and dissolved with a 

mixed solution of 70 µL of deionized water and 110 µL of isopropanol. Afterward, the resulting 

mixture was subjected to sonication for 30 minutes to ensure primary particle dispersion. Next 30 µL 

of 5 % Nafion solution was introduced as the polymeric binder. The entire suspension was then 

thoroughly sonicated for another 60 min to obtain a homogeneous ink. The prepared slurry of catalyst 

ink was drop coated onto the electrode surface having an area of 0.0314 cm2 (2 mm) and then it was 

left for drying in an oven for 30 min. The resulting electrode was used as a working electrode (WE) 

for the study of oxygen evolution reaction (OER). 

2.6. Characterizations 

The optical properties of the samples were examined using a double-beam UV–Vis 

spectrophotometer (AI Specord 200 Plus, Analytik Jena, Germany). The instrument operates over a 

wavelength range of 190–1100 nm with a 1 nm slit width and a scan rate of 200 nm min⁻¹, and uses 

both D₂ and W-halogen lamps as light sources. Tauc plots are used to determine the band gap (eV) 

of MnZnFe2O4 and tungstate by plo�ing (h)1/2 versus h (eV). Structural characterization was 

carried out with an X’Pert³ MRD diffractometer (Malvern Panalytical, Netherlands) equipped with a 

Cu Kα radiation source (λ₁ = 1.5406 Å, λ₂ = 1.5444 Å). The measurements were performed at 25 °C 

with a 2θ scan rate of 1° min⁻¹ and minimum step sizes of 0.001° (ω) and 0.1° (φ), using a reflection–

transmission spinner stage. Surface morphology was observed using a Sigma 300 field-emission 

scanning electron microscope (ZEISS, Germany), operated at 0.02–30 kV and capable of 
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magnifications from 10× to 1,000,000×. FTIR measurements were performed using an Alpha-ATR 

spectrometer (Bruker, Germany) over the 4000–400 cm⁻¹ range with a resolution of 4 cm⁻¹, averaging 

32 scans per sample. Elemental composition was analyzed using the Smart EDX system (ZEISS, 

Germany), integrated with the Sigma 300 SEM, offering an energy resolution of about 129 eV (at 1–5 

nA) and supporting magnifications between 5,000× and 50,000× with a Si₃N₄ window for light-

element detection. 

3. Results and Discussion 

3.1. Crystallographic Study 

The crystal structure and phase purity of Mn₀.₅Zn₀.₅Fe₂O₄, SrWO₄ and the SrWO₄@MnZnFe₂O₄ 

composite were examined by powder XRD (Cu Kα, λ ≈ 1.5406 Å). The diffraction pa�erns are shown 

in Figure 2. The diffraction pa�ern of the SrWO₄ powder is completely different and can be indexed 

to a tetragonal scheelite structure (space group I4₁/a). Distinct peaks are observed at 2θ values typical 

of SrWO₄, which we assign to the (101), (112), (004), (200), (211), (204), (220), (116), (312), (224) and 

(136) planes, in agreement with the scheelite-type earlier reports on nanocrystalline SrWO₄ with 

JCPDS 96-591-0264 (marked in red colored rectangle shape [36]. No additional peaks from SrO, WO₃ 

or other tungstate phases are detected, confirming that the co-precipitation route followed by mild 

calcination at 200 °C yields phase-pure SrWO₄ with good crystallinity. Similar diffraction behavior 

has been reported by Fathima et al. [37] and by Chen et al. [38] who also observed a predominant 

(112) reflection and characteristic (211) peaks for chemically synthesized SrWO₄. 

The XRD pa�ern of the MnZnFe₂O₄ sample exhibits a series of well-defined peaks at around 2θ 

of ≈ 30°, 35°, 43°, 53°, 57°, 62° and 74°. These reflections can be indexed to the (220), (311), (400), (422), 

(511), (440) and (533) planes of a cubic spinel ferrite with space group Fd3 ̅m. The peak positions and 

their relative intensities agree well with the Mn₀.₅Zn₀.₅Fe₂O₄ reference pa�ern (JCPDS 96-230-0585) 

reported in the literature [24,34]. This confirms that the main phase formed in our synthesis is 

nanocrystalline MnZnFe₂O₄. Besides the spinel peaks, a set of much weaker reflections is also visible 

in the MnZnFe₂O₄ pa�ern at 2θ of ≈ 24°, 33°, 35.5°, 40.8°, 49.4°, 54.0°, 57.5°, 62.4°, 63.9° and 71.9°. 

These can be indexed to the (012), (104), (110), (113), (024), (116), (018), (214) and (300) planes of 

rhombohedral α-Fe₂O₃ (hematite; marked in pink colored oval shape; JCPDS 33-0664) [34]. Their very 

low intensity compared with the spinel (311) peak indicates that hematite is present only as a minor 

secondary phase in the as-prepared MnZnFe₂O₄ powder, most likely due to partial oxidation of iron 

during the ferrite synthesis and calcination. MnZnFe₂O₄ prepared via sol–gel, co-precipitation, and 

combustion synthesis has repeatedly exhibited similar XRD signatures in the literature [6,7], 

confirming the reliability of the structural assignment. 

For the SrWO₄@MnZnFe₂O₄ composite, the XRD pa�ern looks like a superposition of the two 

individual pa�erns. The spinel ferrite peaks corresponding to the (220), (311), (400), (422), (511) and 

(440) planes are still clearly present (marked in green colored rectangle shape; JCPDS 96-230-0585), 

showing that the MnZnFe₂O₄ phase keeps its cubic structure after composite formation. At the same 

time, the characteristic scheelite peaks indexed as (112), (004), (200), (204), (220), (116), (312) and (224) 

of SrWO₄ with JCPDS 96-591-0264 (marked in red colored rectangle shape are also visible, confirming 

that both components coexist in the final material. The 2θ positions of these reflections remain 

essentially unchanged compared with the pure phases, indicating that there is no formation of a new 

bulk mixed phase and that the interaction between MnZnFe₂O₄ and SrWO₄ occurs mainly at the 

interface. Comparable behavior has been reported for ferrite oxide composites, where the individual 

crystalline frameworks remain structurally preserved during composite formation [32]. 

A key point is that, in the composite pa�ern, the small hematite-related peaks that were visible 

in the pristine MnZnFe₂O₄ sample are no longer observed in composite. In particular, the diagnostic 

α-Fe₂O₃ reflections near 2θ ≈ 24° and 33° are absent. This disappearance can be a�ributed to surface 

encapsulation of the ferrite nanoparticles by the SrWO₄ shell, which suppresses the diffraction 

contribution of any surface-bound hematite, and secondly the reduced Fe oxidation during the 
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composite’s hydrothermal step, where the presence of WO₄²⁻ species offers a stabilizing chemical 

environment that discourages the formation of Fe–O–Fe clusters associated with hematite. Similar 

observations have been reported for ferrite–tungstate and ferrite–molybdate composites, where the 

secondary oxide layer inhibits surface oxidation. [10,11]. 

 

Figure 2. XRD pa�erns of a) SrWO4 b) MnZnFe2O4 and MnZnFe2O4@SrWO4. 

The average crystallite sizes were estimated using the Debby Scherer equation. 

� =
��

� ��� �
 (2) 

where, 

K= Scherer constant (0.9) 

λ= Wavelength of X-rays used (1.5406 Aо for Cu Kα) 

β= Full width at half maximum (FWHM) value 

θ= Angle of diffraction (2θ) 

SrWO4, MnZnFe₂O₄, MnZnFe2O4@SrWO4, exhibit crystalline size of 54.8 nm, 34.3 nm, and 16.8 

nm, respectively, which are calculated by using equation (2), while the percent crystallinity of 

MnZnFe2O4, SrWO4, and MnZnFe2O4@SrWO4 is 99.2 %, 96.2 %, and 90 %, respectively. The percent 

crystallinity was calculated using equation (3). It represents how ordered the atomic arrangement of 

the material is with respect to the ratio of the crystalline to amorphous phases. 

Percentage of Crystalinity( %) =
��

�����
× 100 (3) 

where, 

Ac= area under crystalline peak 

Aα= area under the amorphous peak 

3.2. Ultra Violet (UV) Spectroscopy 

The MnZnFe₂O₄@SrWO₄ heterostructure exhibits modified electronic structure, which is 

inferred from the optical absorption behavior and band-gap characteristics of MnZnFe₂O₄, SrWO₄, 

and MnZnFe₂O₄@SrWO₄, while optimal electronic structure is beneficial to enhance the performance 

for OER. As shown in Figure 3(a–c), SrWO4 has a primary absorption peak at 301 nm, which is 

a�ributed to the O 2p → W 5d transitions, that is consistent with its wide band gap of 3.5 eV. While 

it shows optical activity in the UV region, its large band gap limits its intrinsic electrical conductivity 

and results in a high charge-transfer resistance (which will be discussed later) under standard 

electrochemical conditions. This inherent electronic barrier contributes to its sluggish OER kinetics 

when used as a standalone catalyst. 

Besides, MnZnFe₂O₄ absorbs strongly in the visible region with bands at 450 and 620 nm, which 

is ascribed to the O²⁻ → Fe³⁺ charge-transfer transitions. These transitions can contribute to 
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performance for OER and they can allow rapid movement of electrons between the O ligands and Fe 

sites and facilitate the easier formation of Fe3+/Fe4+ redox pairs, which could be crucial for OER 

catalysis. This is consistent with its narrow band gap of 1.81 eV. This can facilitate the intrinsic 

electrical conductivity and result in a relatively less charge-transfer resistance (which will be 

discussed later) under standard electrochemical conditions. This can lower electronic barrier, which 

can enhance OER kinetics when used as a standalone catalyst. 

On the other hand, the MnZnFe2O4@SrWO4 heterostructure has a completely different optical 

response. There is an absorption peak shift from 301 nm in SrWO4 to 266 nm in the composite, and 

there is an absorption at 450 nm in the composite, which is ascribed to MnZnFe2O4, that indicates 

stronger coupling of the heterostructure. Thus, optimal bandgap of 2.4 eV is observed for 

MnZnFe2O4@SrWO4 heterostructure, when compared to that of 1.8 eV of MnZnFe2O4 and 3.5 eV of 

SrWO4. Thus, the heterostructure exhibits optimal electronic structure, which can afford active sites 

with optimal adsorption energy for intermediates for OER, while the optimal bandgap of 

heterostructure affords relatively high intrinsic electrical conductivity, resulting in a relatively less 

charge-transfer resistance (which will be discussed later) under standard electrochemical conditions. 

This can lower electronic barrier, which can enhance OER kinetics when used as a standalone catalyst. 

Moreover, the formation of interfacial Fe 3d–W 5d hybrid states in the composite lowers the energy 

barrier for electron transfer and stabilizes high-valence Fe and W species. These hybridized states can 

accelerate the generation of Fe⁴⁺/Fe⁵⁺ intermediates, which are widely recognized as active species in 

the la�ice-oxygen–mediated mechanism during OER. Additionally, localized defect states arising 

from slight structural disorder at the heterostructure boundary creates multiple energetically 

accessible pathways for charge transport, improving catalytic kinetics. 

 

Figure 3. (a–c) UV–Vis spectra and (d–f) Tauc plots of MnZnFe₂O₄, SrWO₄, and MnZnFe₂O₄@SrWO₄. 

3.3. Fourier Transform Infrared (FTIR) Spectroscopy 

The FTIR spectra in Figure 4 clearly reflect the vibrational features of both the MnZnFe₂O₄ and 

SrWO₄ phases. For the ferrite sample, two characteristic absorption bands are observed in the lower 

frequency region. The strong band at about 594 cm⁻¹ is a�ributed to the stretching vibration of metal–

oxygen bonds at the tetrahedral sites, while the band near 431 cm⁻¹ is ascribed to the octahedral site 

vibrations of the spinel la�ice. These two features are typical of Mn–Zn spinel ferrites and are 

consistent with earlier reports [39]. A pronounced absorption peak at 835 cm⁻¹ is ascribed to the 
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SrWO₄ phase, which is a�ributed to the asymmetric stretching vibration of the W–O bonds in the 

WO₄²⁻ tetrahedral units. This peak position agrees well with previously reported FTIR data for 

scheelite-type SrWO₄ [36,40] indicating that the internal tetrahedral geometry of the tungstate group 

could be intact in both the pure SrWO₄ and the composite material. Broad O–H stretching and 

bending modes observed at about 3400 cm⁻¹ and 1630 cm⁻¹, respectively, which are a�ributed to the 

adsorbed water on the particle surfaces, a common feature in oxide nanomaterials. Importantly, no 

additional absorption bands associated with impurity phases such as Fe₂O₃, FeOOH, or WO₃ are 

detected, indicating that the synthesized materials are phase-pure. The combination of ferrite (A–

O/B–O) and tungstate (W–O) vibrational modes in the composite further supports the successful 

integration of both structures without chemical degradation. 

 

Figure 4. FTIR spectra of MnZnFe₂O₄, SrWO₄, and MnZnFe₂O₄@SrWO₄ shown in (a) full range and (b) the 1000–

400 cm⁻¹ region. 

3.4. SEM and EDX Analysis 

The morphology and particle size distribution of the synthesized materials were investigated 

using scanning electron microscopy (SEM), revealing distinct characteristics for each of the three 

samples including MnZnFe₂O₄, SrWO₄, and MnZnFe₂O₄@SrWO₄. The SEM image of MnZnFe₂O₄ 

(Figure 5a) shows that the particles form agglomerated clusters of nearly spherical nanoparticles. The 

particle size distribution for MnZnFe₂O₄, as indicated in the corresponding graph (Figure 5d), ranges 

from 25 nm to 40 nm, with the majority of particles falling between 30 nm and 35 nm. This narrow 

distribution suggests that the synthesis method was effective in producing relatively uniform 

particles. However, the presence of agglomeration, as seen in the SEM images, suggests that the 

nanoparticles tend to stick together due to strong magnetic dipole–dipole interactions. Such 

observations are consistent with previous studies on Mn-based ferrites, where a similar spherical 

morphology and moderate agglomeration were reported for MnFe₂O₄ synthesized by co-

precipitation and solvothermal methods [41]. Such clustering has been well documented in Mn–Zn 

ferrites due to their high saturation magnetization and surface energy [42]. Though agglomerated, 

the individual particle boundaries remain visible, suggesting that primary crystallite growth was not 

significantly hindered during synthesis. The pure SrWO₄ sample (Figure 5b) displays a distinct 

faceted morphology, with grain sizes in the range of 35 nm to 60 nm and an average size of 50 nm 

(Figure 5e). These polyhedral features are typical of scheelite-type tungstates, which tend to 

crystallize with smooth edges due to the anisotropic growth rates of WO₄²⁻ tetrahedral units [36]. The 

relatively uniform grain boundaries and well-defined edges indicate good crystallinity, consistent 

with the strong diffraction peaks observed in XRD. The nucleation density in SrWO₄ appears higher 

than in the ferrite, which explain the slightly broader size distribution compared to MnZnFe₂O₄ [43]. 

In the composite MnZnFe₂O₄@SrWO₄ (Figure 5c), a noticeable shift in morphology is observed. It 

shows a significant reduction in particle size. The particle size distribution for the composite (Figure 

5f) is much narrower, ranging from 5 nm to 30 nm, with the highest frequency of particles appearing 
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in the 15 nm to 20 nm. This smaller size and more uniform distribution suggest that the SrWO₄ shell 

plays a key role in controlling the particle size of the MnZnFe₂O₄ heterostructure [44]. This reduction 

in particle size suggests that SrWO₄ plays a regulatory role during composite formation, limiting 

ferrite grain growth and promoting a higher nucleation rate. The finer morphology likely arises 

because WO₄²⁻ units adsorb onto ferrite nuclei, suppressing their coalescence and restricting further 

grain enlargement. Similar grain-refining effects have been reported in ferrite–oxide hybrid systems 

where tungstate and molybdate phases alter the growth kinetics. The reduced particle size in the 

composite indicates that the interface between MnZnFe₂O₄ and SrWO₄ is not merely physical but 

involves surface-level interactions that influence nucleation behavior [33]. The particle size decreases 

from 28 nm for MnZnFe2O4 and 49 nm for SrWO₄ to 26 nm for MnZnFe2O4@SrWO4, which supports 

this interpretation. The reduction of particle size can enhance surface area, which can provide 

abundant active sites, leading to enhancement in performance for OER [45]. 

 

Figure 5. SEM images of a) MnZnFe2O4 b) SrWO4 and c) MnZnFe2O4@SrWO4, and particle size distribution of d) 

MnZnFe2O4 e) SrWO4 and f) MnZnFe2O4@SrWO4. 

The EDX spectra of the synthesized materials are shown in Figure 6 confirming the presence of 

all expected elements. For MnZnFe₂O₄, distinct peaks of Mn, Zn, Fe, and O verify the formation of 

the spinel ferrite without detectable impurity phases. A small carbon signal appears due to residual 

surfactant from the low-temperature CTAB-assisted synthesis, which is commonly reported and does 

not affect phase purity. The SrWO₄ sample shows strong Sr, W, and O peaks with a nearly ideal Sr:W 

ratio, indicating successful formation of the scheelite phase. In the MnZnFe₂O₄@SrWO₄ composite, 

the simultaneous presence of Mn, Zn, Fe, Sr, W, and O confirms the coexistence of both MnZnFe₂O₄ 
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and SrWO₄ phases. No extra elemental peaks were observed, demonstrating that the composite is 

chemically pure and that the synthesis process did not introduce any unwanted species. 

 

Figure 6. EDX spectra of a) MnZnFe2O4 b) SrWO4 and c) MnZnFe2O4@SrWO4. 

3.5. Electrochemical OER Activity 

The electrocatalytic OER behavior of MnZnFe₂O₄, SrWO₄, and MnZnFe₂O₄@SrWO₄ were 

evaluated in a standard three-electrode configuration using 1 M KOH, and the corresponding LSV 

curves, Tafel slopes, Nyquist plots and chronoamperometry results are shown in Figure 7 (a–e). All 

potentials are reported versus the reversible hydrogen electrode (RHE). All three materials show very 

small faradaic currents in the low potential region, followed by a rapid increase once the OER region 

is reached as shown in Figure 7a [23]. 

 

Figure 7. a) LSV curves of MnZnFe2O4, SrWO4 and MnZnFe2O4@SrWO4. b) Tafel plots of MnZnFe2O4, SrWO4 

and MnZnFe2O4@SrWO4 in 1 M KOH. c) Nyquist plots of MnZnFe2O4, SrWO4 and MnZnFe2O4@SrWO4 in 1 M 
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KOH. d) Nyquist plot of MnZnFe2O4@SrWO4 in 1 M KOH. e) Stability test of MnZnFe2O4@SrWO4 through 

chronoamperometric measurement at a constant applied  of 200 mV for 24 h in 1 M KOH. 

3.5.1. LSV Study 

A clear activity order MnZnFe2O4@SrWO4  > MnZnFe2O4  > SrWO4 is observed from LSV as shown 

in Figure 7 (a). The onset potential for oxygen evolution, defined as the potential at which the current 

density reaches ~1 mA cm⁻², is 1.40 V vs RHE for the MnZnFe₂O₄@SrWO₄ composite. In comparison, 

the onset potentials shift to more positive values of 1.52 V vs RHE for MnZnFe₂O₄ and 1.60 V vs RHE 

for SrWO₄. At a benchmark current density of 10 mA cm⁻², the MnZnFe₂O₄@SrWO₄ electrode requires 

an overpotential of only ~200 mV, markedly lower than those of pristine MnZnFe₂O₄ (380 mV) and 

SrWO₄ (400 mV). This means the composite needs ~180 to 200 mV less driving force than either 

individual oxide to sustain the same OER rate, indicating that the MnZnFe₂O₄/SrWO₄ interface 

creates genuinely more active and kinetically favorable sites rather than giving a simple additive 

effect. These values are be�er than or well comparable with the ferrite based electrocatalysts for OER 

reported in literature [5,6,17,46] as shown in Table 1, where the present OER activity of ~200 mV at 

10 mA cm⁻² for MnZnFe₂O₄@SrWO₄ is be�er than that of 247 mV for MnFe₂O₄/PANI [47], 273 mV for 

CoFe₂O₄/Ni foam [48], 230 mV for Fe-doped amorphous NiWO₄ [49], 235 mV for amorphous Ni–Fe 

tungstate (NiFeWO₄-3) [50], 310 mV for NiCo₂O₄@NiWO₄ (nanorods arrays) [51], 244 mV of Ni2Fe1–

O [52], 260 mV of Na0.08Ni0.9Fe0.1O2 [53], 267 mV of S–NiFe2O4 [54], and 262 mV of NiFe2O4 quantum 

dot [55]. In short, these comparisons show that heterostructure (MnZnFe2O4@SrWO4) not only 

outperforms its own single component counterparts but also matches and surpass many advanced 

ferrite and tungstate based OER, placing MnZnFe₂O₄@SrWO₄ firmly in the high-performance regime. 

Beyond onset, the current density on the composite electrode increases much more steeply with 

potential than on the single-component catalysts. At a given anodic part in the OER region (e.g. 

around 1.4–1.8 V vs RHE), the MnZnFe₂O₄@SrWO₄ electrode delivers noticeably higher current 

densities than MnZnFe₂O₄, while SrWO₄ shows the lowest response. This behavior clearly 

demonstrates that the coupling of the spinel ferrite and scheelite tungstate phases in the composite 

generates a larger number of electrochemically active sites and more favorable charge-transfer 

characteristics, which together account for the superior LSV performance of MnZnFe₂O₄@SrWO₄ 

toward the oxygen evolution reaction. 

Table 1. Comparison of OER performance of MnZnFe2O4, SrWO4, and MnZnFe2O4@SrWO4 with the reported 

oxide based electrocatalysts for OER. 

Catalyst Electrolyte 10 (mV) References 

MnFe₂O₄/PANI 1 M KOH 247 [47] 

CoFe₂O₄/Ni foam 1 M KOH 273 [48] 

Fe-doped amorphous NiWO₄ 1 M KOH 230 [49] 

Amorphous Ni–Fe tungstate (NiFeWO₄-3) 1 M KOH 235 [50] 

NiCo₂O₄@NiWO₄ (nanorods arrays) 1 M KOH 310 [51] 

Ni2Fe1–O 1 M KOH 244 [52] 

Na0.08Ni0.9Fe0.1O2 1 M KOH 260 [53] 

S–NiFe2O4 1 M KOH 267 [54] 

NiFe2O4 quantum dot 1 M KOH 262 [55] 

SrWO4 1 M KOH 400 This work 

MnZnFe2O4 1 M KOH 380 This work 

MnZnFe2O4@SrWO4 1 M KOH 200 This work 
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3.5.2. Tafel Slope and Kinetics 

To gain quantitative insight into the reaction kinetics, Tafel plots in Figure 7(b) were constructed 

from the LSV data according to the Tafel relationship in equation 4. 

ƞ = � + � log(�) (4) 

where η is the overpotential, a is the intercept, j is the current density and b is the Tafel slope. 

The resulting plots are shown in Figure 7(b). The extracted Tafel slopes are approximately 150 mV 

dec⁻¹ for MnZnFe₂O₄@SrWO₄, 171 mV dec⁻¹ for MnZnFe₂O₄ and 201 mV dec⁻¹ for SrWO4. The 

heterostructure MnZnFe₂O₄@SrWO₄ exhibits the smaller Tafel slope, suggesting its faster reaction 

kinetics for OER, thereby a smaller increment in overpotential is required to achieve a given increase 

in current density. This behavior indicates that the apparent OER kinetics are most favorable on the 

composite electrode, whereas the larger slopes of pristine MnZnFe₂O₄ and SrWO₄ reflect more 

pronounced polarization losses and slower charge transfer processes. Although the absolute values 

(150 to 200 mV dec⁻¹) are higher than the “ideal” 40 to 60 mV dec⁻¹ typically observed for highly 

conductive NiFe-based nanostructures and layered double hydroxides [56] they are fully comparable 

to many spinel ferrite and tungstate systems. For example, CoFe₂O₄@MWCNT and Fe₂(WO4)3/rGO 

electrodes show OER Tafel slopes of ~166 and ~130 mV dec⁻¹, respectively [57] while Nd-doped 

BaWO₄ nanospindles exhibit a slope of ~158 mV dec⁻¹ [58]. Thus, the MnZnFe₂O₄@SrWO₄ 

heterostructure catalyst performs at least as well as, and in several cases be�er than, other 

ferrite/tungstate-based OER electrocatalysts reported in the literature. 

From a mechanistic point of view, Tafel slopes in the range of 150 to 200 mV dec⁻¹ are best 

regarded as apparent kinetic parameters rather than direct fingerprints of a single rate-determining 

step. In practical OER electrodes, the ideal values (≈40 to 120 mV dec⁻¹) are often inflated by 

uncompensated resistance, finite electronic conductivity, surface-coverage effects and early mass-

transport or bubble limitations, which are all relevant for semiconducting ferrite and tungstate-based 

oxides. In this context, the absolute values of 201 mV dec⁻¹ (SrWO₄), 171 mV dec⁻¹ (MnZnFe₂O₄) and 

150 mV dec⁻¹ (MnZnFe₂O₄@SrWO₄) are most reasonably interpreted as a convolution of charge-

transfer and transport or ohmic effects [59]. The important result is the systematic decrease in slope 

from SrWO₄ to MnZnFe₂O₄ to the heterostructure MnZnFe₂O₄@SrWO₄, which tracks the trend in 

overpotential and current density and shows that the MnZnFe₂O₄@SrWO₄ architecture effectively 

eases kinetic limitations and enhances the overall OER performance. The Tafel slope of 150, 171, and 

201 mV dec⁻¹ of MnZnFe₂O₄@SrWO₄, MnZnFe₂O₄, and SrWO₄ catalysts, respectively, suggests that 

the first electron transfer is the rating determining step (Catalyst* (active site) + OH → Catalyst*OH 

+ e) [6,17,46]. However, for MnZnFe₂O₄@SrWO₄ catalyst, the shift from 201 to 150 mV dec⁻¹ confirms 

that the heterostructure has successfully lowered the barrier for the first electron transfer, and 

enhanced the reaction kinetics for OER. 

3.5.3. Electrochemical Impedance Spectroscopy (EIS) Study 

Electrochemical impedance spectroscopy was carried out to examine the interfacial charge 

transfer behavior of the three electrodes. The Nyquist plots in Fig 7 (c) show depressed semicircles in 

the high–medium frequency region, which can be described by a Randles-type circuit in which the 

semicircle diameter corresponds to the charge-transfer resistance (Rct) at the electrode/electrolyte 

interface. Among the investigated samples, MnZnFe₂O₄@SrWO₄ displays the smallest semicircle 

(larger magnification is shown in Figure 7(d)), and SrWO₄ shows an intermediate arc, while 

MnZnFe₂O₄ exhibits the largest arc. This sequence clearly indicates that the heterostructure 

composite possesses the lowest Rct and the most facile electron transfer during OER, whereas pristine 

MnZnFe₂O₄ suffers from pronounced interfacial resistance. This behavior is in line with previous 

reports on ferrite and tungstate-based catalysts, where coupling the active phase with a conductive 

or synergistic component markedly decreases Rct and enhances electrocatalytic activity. For example, 

MnFe₂O₄/graphene aerogel and MnFe₂O₄/PANI composites show substantially smaller Nyquist 

semicircles and lower Rct values than bare MnFe₂O₄, evidencing more efficient charge transfer at the 

modified interface [60]. Similarly, metal tungstate nanoparticles supported on reduced graphene 
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oxide/silica templates exhibit reduced Rct compared with unsupported NiWO₄, which is directly 

correlated with their improved OER performance [61]. 

3.5.4. Chronoamperometric Stability Study 

The long-term stability of MnZnFe2O4@SrWO4 catalyst for OER was evaluated through 

chronoamperometric measurement at a constant applied  of 200 mV for 24 h in 1 M KOH as shown 

in Figure 7(e). The composite retains >94% of its initial current density after 24 h of electrolysis, 

indicating its good durability. The absence of any sharp decay or fluctuation in the current profile 

indicates that the heterostructure film adheres well to the substrate and does not undergo significant 

dissolution, reconstruction or loss of active sites under continuous OER operation. This stable 

response confirms that the MnZnFe₂O₄@SrWO₄ architecture combines good catalytic activity with 

excellent electrochemical durability. This suggests that the SrWO₄ integration effectively stabilizes 

the ferrite surface, providing a robust architecture suitable for practical alkaline water electrolysis. 

3.5.5. Cyclic Voltammetry Study 

Cyclic voltammetry was carried out within a selected potential window where no obvious 

faradic processes occur in order to investigate the non-faradic capacitive behavior of the catalyst as 

shown in Figure 8(a-c). In this region the measured current mainly originates from electrochemical 

double layer charging. As the scan rate was increased from 10 to 50 mV s-1, a proportional increase in 

current response was observed for all samples, confirming that the chosen potential range is suitable 

for evaluating the double layer capacitance. The double-layer capacitance (Cdl) was determined from 

the dependence of the capacitive current on scan rate. The anodic and cathodic current densities at a 

fixed potential within the non-faradic region were used to calculate the capacitive current differences 

(Δj = ja  jc), and the plot of Δj versus scan rate (10 to 50 mV s1) exhibited good linearity. The slope 

divided by 2 of these plots was taken as Cdl values. Using this approach, the Cdl values (Figure 8(d-f)) 

of 9.35 mF cm-2 for MnZnFe2O4@SrWO4, 3.96 mF cm-2 for MnZnFe2O4 and 2.55 mF cm-2 for SrWO4 were 

obtained indicating a prominent capacitive response for the heterostructured catalyst toward OER 

activity. Using this approach, the Cdl values of 9.35 mF cm-2 for MnZnFe2O4@SrWO4, 3.96 mF cm-2 for 

MnZnFe2O4 and 2.55 mF cm-2 for SrWO4 were obtained indicating a prominent capacitive response 

for the heterostructured catalyst toward OER activity. The Cdl values of 9.35 mF cm-2 for 

MnZnFe2O4@SrWO4, is higher than that of 3.96 mF cm-2 for MnZnFe2O4 and 2.55 mF cm-2 for SrWO4, 

which suggests that the MnZnFe2O4@SrWO4, exhibits higher electrochemically active surface area 

than that of MnZnFe2O4 and SrWO4. This further suggests that the MnZnFe2O4@SrWO4 catalyst 

exhibits abundant active sites than that of MnZnFe2O4 and SrWO4, leading to the high performance 

of MnZnFe2O4@SrWO4 for OER. 
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Figure 8. Cyclic voltammetry curves of a) MnZnFe2O4@SrWO4, b) MnZnFe2O4, and c) SrWO4 at various scan rate 

in 1 M KOH. The difference in anodic and cathodic current densities as a function of the scan rate to evaluate 

the double-layer capacitances of d) MnZnFe2O4@SrWO4, e) MnZnFe2O4, and f) SrWO4. 

4. Conclusion 

In this work, we prepared a MnZnFe₂O₄@SrWO₄ heterostructure and evaluated it as an OER 

electrocatalyst in 1.0 M KOH. XRD, FTIR and UV–Vis analyses confirmed the coexistence of spinel 

ferrite and scheelite-type tungstate phases, while SEM–EDX showed a more compact and uniformly 

distributed morphology compared with the individual oxides. Electrochemical studies revealed that 

MnZnFe₂O₄@SrWO₄ requires a lower overpotential to reach 10 mA cm⁻², with a smaller Tafel slope 

and lesser charge-transfer resistance when compared to that of pristine MnZnFe₂O₄ and SrWO₄. 

Chronoamperometric tests further indicated stable performance over prolonged operation, 

confirming good durability under alkaline OER conditions. The enhanced activity is a�ributed to the 

synergistic interaction at the ferrite–tungstate interface, which promotes charge transfer and 

improves the utilization of active sites. These results indicate that MnZnFe₂O₄@SrWO₄ and related 

ferrite–tungstate composites are promising low-cost candidates for OER in alkaline water electrolysis. 
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