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Abstract 

Spinel ferrites (Zn1-xNixFe2O4) exhibit adjustable magnetic and electrical properties, which are 

influenced by the distribution of cations between the tetrahedral and octahedral sites. XRD 

confirmed cubic spinel structure formation with systematic lattice contraction from 8.485 Å 

(x=0.00) to 8.451 Å (x=0.02), followed by a pronounced anomaly at x=0.03 (a=8.522 Å) and 

relaxation at x=0.04 (8.462 Å). The x=0.03 composition exhibited the minimum crystallite size 

(19.7 nm) and maximum microstrain (0.0058), consistent with the heightened defect density 

and cation redistribution. FTIR showed characteristic spinel bands (ν1= 547–550 cm−1,                          

ν2= 451–460 cm−1) and Kt>Ko (2.19–2.22×105 vs. 1.49–1.55×105 dyne/cm), alongside minor 

signatures of adsorbed water/CO2 and trace amounts of PVA residues. The EIS Nyquist spectra 

displayed a single depressed semicircle dominated by grain boundaries; the fitted Rgb peaked 



at 11119.0 Ω at x=0.03 with non-Debye behavior (θ=36.75°–44.73°, n up to 0.592), indicating 

maximal boundary scattering and suppressed Fe2+/Fe3+ hopping. Despite nanoscale primary 

sizes, DLS revealed severe aqueous agglomeration (Z-average 3006–4539.9 nm; PDI 0.907–

1.270), maximized at x=0.03 (4539.9 nm; diffusion minimum 1.084×10−9 cm2/s), consistent 

with FE-SEM observations of porous spherical agglomerates formed via PVA combustion and 

gas evolution. Electrochemically, CV at 10 mV s−1 showed a shift from an anodic peak (123.3 

mV, 1.548 µA for x=0.00) to cathodic-dominated redox (−146.9 to −338.6 mV) upon Ni 

substitution; specific capacitance dropped at x=0.01, then increased to 6.47 and 6.24 mF g−1 at 

x=0.02 and 0.03 before declining to 3.14 mFg−1 at x=0.04, attributed to defect-rich 

mesoporosity and enlarged electroactive interface. VSM indicated soft ferrimagnetic/near-

superparamagnetic behavior (Mr/Ms=0.0033–0.0529) with a critical x=0.03 hardening: Ms 

sharply decreased to 23.087×10−3 emu g−1, while Hc rose to 150.0 Oe and K to 1.732 erg g−1, 

implicating dead-layer spin canting and defect/grain-boundary pinning. Overall, a narrow 

compositional threshold near x=0.03 maximizes the defect density and grain-boundary 

networks, simultaneously enhancing the coercivity and optimizing faradaic charge storage, 

establishing low-concentration Ni doping as an effective strategy to co-tune the magnetic 

functionality and electrochemical energy-storage performance in Zn-ferrite nanomaterials. 
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1 Introduction 

Ferrites are an important class of magnetic materials with the general formula MFe₂O₄, where 

M represents a divalent metal ion such as Zn²⁺, Ni²⁺, or Co²⁺ [1]. These materials exhibit 

ferrimagnetic behavior, high electrical resistivity, and low eddy current losses, making them 

suitable for high-frequency applications [2]. Spinel ferrites have a cubic structure with 

tetrahedral (A) and octahedral (B) sites, and their properties depend strongly on the distribution 

of cations among these sites [3]. Ferrite materials have three types of spinel structures: normal 



spinel, inverse spinel, and mixed spinel [4]. Among spinel ferrites, zinc ferrite (ZnFe₂O₄) and 

nickel ferrite (NiFe₂O₄) have gained significant attention owing to their unique structural, 

magnetic, and electrical properties [5, 6]. ZnFe₂O₄ is a normal spinel ferrite in which Zn²⁺ ions 

occupy tetrahedral (A) and Fe³⁺ ions occupy octahedral (B) sites. It crystallizes in a cubic 

structure with the space group Fd-3m [7]. In bulk form, ZnFe₂O₄ exhibits antiferromagnetic 

behavior at low Néel temperatures. However, when synthesized in the nanoparticle form, it 

exhibits superparamagnetic or weak ferromagnetic behavior owing to cation redistribution and 

surface effects. This is mainly caused by the partial migration of Fe³⁺ ions into the A-sites, 

resulting in strong A–B exchange interactions [8–10]. ZnFe₂O₄ possesses high chemical 

stability, high electrical resistivity, and low magnetic loss, making it suitable for high-

frequency and electronic applications [11–13]. ZnFe₂O₄ is widely used in chemical reactions 

because of its large surface area and catalytic activity [14]. NiFe₂O₄ is an inverse spinel ferrite, 

where Fe³⁺ ions are distributed equally between the A and B sites, and Ni²⁺ ions occupy the 

octahedral (B) sites [6]. The structure is represented as, NiFe₂O₄ exhibits ferrimagnetic 

behavior with a high Curie temperature (850 K), making it suitable for magnetic and electronic 

applications. It has a high saturation magnetization, moderate coercivity, and high resistivity, 

which reduce eddy current losses [15]. At the nanoscale, NiFe₂O₄ exhibits enhanced magnetic 

properties owing to quantum size effects and surface spin disorder, improving its performance 

in advanced applications [16]. Normal and inverse spinel materials have various compositions, 

resulting in distinct modifications to their structural and magnetic parameters [17, 18].                       

Zn1-xNixFe2O4 belongs to the Ni–Zn ferrite family, which is a class of spinel ferrites that 

combines good chemical stability with useful magnetic behavior at the nanoscale [19, 20]. The 

reported synthesis routes for these nanoparticles include co-precipitation, 

hydrothermal/solvothermal processing, sol-gel methods, citrate-gel processes, reverse micelle 

or micro-emulsion methods, microwave combustion, citrate precursor routes, sonochemical 

synthesis, thermal plasma synthesis, solid-state methods, and soft-chemistry methods [19, 21–

30].These methods are used because they can control the particle size, morphology, and 

crystallinity, which shape the final magnetic response of the material. Among these routes, the 

hydrothermal and solvothermal methods are commonly used for Ni–Zn ferrites because they 

avoid expensive starting materials, harsh solvents, and very high temperatures or pressures, 

while still allowing control over the nanosphere size and crystal features. Simple thermal 

treatment approaches are also attractive because they only require metal nitrates, water, and a 

capping agent, such as PVP, which makes the process low-cost, fairly low-temperature, and 

environmentally friendly [12, 25]. Structurally, Zn-Ni ferrites are based on a cubic spinel 



framework. In bulk form, zinc ferrite is a normal spinel with Zn2+ mainly on tetrahedral A sites 

and Fe3+ on octahedral B sites, whereas nickel ferrite is an inverse spinel with Ni2+ 

preferentially occupying the B sites [5]. In Ni–Zn ferrite nanoparticles, Zn generally prefers 

the A sites, and Ni prefers the B sites, with Fe3+ being shared between both [25]. This mixed-

site occupancy is central to the ability to tune the properties of Zn-Ni ferrite nanoparticles by 

changing their composition and synthesis conditions [25, 31]. A broad trend from ferrite 

nanoparticle studies is that synthesis and post-treatment strongly affect the crystal quality, and 

higher annealing or calcination temperatures usually increase the particle size, reduce defects, 

and improve crystallinity, whereas cation substitution can shift the lattice parameters and 

slightly distort the structure. For ZnFe₂O₄ -based nanoparticles, the addition of magnetic 

cations such as Ni2+ in place of nonmagnetic Zn2+ is known to tune both the structure and 

magnetism, which is the main reason Zn1-xNixFe2O4 has been widely explored [12, 31]. This is 

one of the most common routes for synthesizing Ni–Zn ferrite nanoparticles because it is 

simple, low-cost, can be performed at near-ambient or mild temperatures, and usually yields 

narrow particle size distributions. It is widely used to prepare Ni–Zn ferrites and Zn-ferrite 

nanoparticles [25, 32, 33]. Direct examples include Zn–Ni ferrite nanoparticles made by 

coprecipitation followed by annealing at 200–1000 °C, where annealing increased the 

crystallite size and improved the dispersion [34]. Related work on Zn ferrite shows that 

surfactants such as PVP can be added during co-precipitation to help control morphology, and 

microwave assistance can speed up the precipitation process while keeping it low-cost and 

greener [35, 36]. Hydrothermal/solvothermal processing is widely used for Ni–Zn ferrites 

because it does not require very high temperatures or pressures and avoids expensive starting 

materials and harsh solvents [22, 25]. A clear example is the monodisperse Ni0.5Zn0.5Fe2O4 

nanospheres synthesized by a simple solvothermal route, where the reactant concentration was 

used to tune the nanosphere size from 238 to 35 nm [25]. Hydrothermal preparation has also 

been used for Ni-doped zinc ferrite nanopowders, producing cubic-structured samples that 

were later studied for their magnetic properties and antimicrobial activities [37]. Solvothermal 

methods can also be combined with microwave heating to shorten long reflux-based syntheses 

from hours to minutes while still producing phase-pure Zn ferrite nanoparticles [38]. Sol-gel is 

a standard wet-chemical route used across Ni–Zn ferrites because it gives good chemical 

mixing and often good control of crystallization after calcination. It has been repeatedly listed 

as one of the main synthesis methods for Ni–Zn and Zn ferrite nanoparticles [25, 39–41]. The 

sol-gel method can also be combined with microwave heating. For example, microwave-

assisted sol-gel synthesis has been used to produce size-monodispersed spherical Zn-ferrite 



nanoparticles [42]. Comparative studies on related Ni-containing ferrites show that co-

precipitation and sol-gel can lead to different crystallite size trends with composition; therefore, 

the route itself matters, not just the target composition [43]. These routes are used when tighter 

control over the nanoscale reaction space is required. These methods are listed among the 

established methods for Ni–Zn ferrite nanoparticle synthesis [25, 31, 41]. For Zn1-xNixFe2O4, 

synthesis in microemulsions yielded smaller particles and allowed single-phase product 

formation at a lower treatment temperature of 400 °C compared to stepwise precipitation at 

600 °C [26]. Thermal decomposition is another practical route for synthesizing Ni–Zn ferrites, 

and it is often chosen when uniform, fine, and highly crystalline nanoparticles are required. 

Zn1-xNixFe2O4 nanoparticles (x = 0.5) to 0.7 were successfully synthesized as pure spinel 

ferrites with sizes of approximately 46–51 nm [44]. More broadly, thermal decomposition is a 

conventional synthesis method that has been mentioned repeatedly in the literature on ferrites 

[41]. A low-complexity variant of Ni–Zn ferrites uses only metal nitrates in water, along with 

PVP as a capping agent, followed by drying and calcination. This route is noted for its 

simplicity, low cost, moderate calcination temperature, and low waste generation rate [31]. 

Using this method, Ni0.25Zn0.75Fe2O4 nanoparticles were produced with an average size 

increasing from 7 to 25 nm as the calcination temperature increased from 723 to 873 K [31]. 

Zn1-xNixFe2O4 nanoparticles below 10 nm were prepared by combining chemical precipitation 

with high-energy ball milling and compared with thermally synthesized analogs [44, 45]. In 

that study, ferrites containing zinc were formed after 3 h of mechanical treatment, whereas pure 

NiFe₂O₄ required 6 h, showing that milling time can affect phase formation [45]. Although wet-

chemical routes dominate nanoscale work, solid-state or solid-reaction methods have also been 

used. These include conventional solid-state reactions and milling-assisted solid-state 

reactions, followed by high-temperature sintering [12, 41, 46]. A NiFe₂O₄ example used oxide 

powders, 5 h milling, and sintering at 1200 °C for 3 h to obtain a single-phase material at the 

NiFe₂O₄ composition [46]. Structurally, Zn–Ni ferrite nanoparticles are built on a spinel lattice, 

which is often described as a face-centered cubic oxygen framework with cations distributed 

over tetrahedral A and octahedral B sites in the lattice. For the Ni–Zn ferrite system, Zn2+ 

generally prefers A sites, Ni2+ prefers B sites, and Fe3+ occupies both; therefore, the 

nanoparticles are best viewed as mixed spinels rather than a simple end-member [25, 31]. In 

practice, XRD is the main tool used to confirm phase formation, and most reported Zn1-

xNixFe2O4 nanopowders show a single-phase cubic spinel structure after suitable heat treatment 

or optimized wet-chemical synthesis. This has been reported for solvothermal Ni0.5Zn0.5Fe2O4, 

thermally decomposed Zn1-xNixFe2O4, sol-gel auto-combustion Zn1-xNixFe2O4, co-precipitated 



and annealed Zn–Ni ferrites, hydrothermal Ni-doped zinc ferrite, and microemulsion-made 

Zn1-xNixFe2O4[25, 26, 34, 44, 47]. However, nanoscale zinc ferrite does not always maintain 

an ideal bulk cation order at room temperature. Several ZnFe₂O₄ studies have found mixed or 

partially inverted spinel characteristics, with Fe3+ present on both the A- and B-sites [42]. 

Random or redistributed Zn/Fe occupation has also been used to explain the room-temperature 

ferromagnetic behavior of nanosized ZnFe₂O₄ [36, 42, 48]. The synthesis conditions strongly 

affect the lattice size. A common trend is that increasing the Zn content expands the unit cell, 

which fits the larger ionic size of Zn2+ compared with Ni2+. This increase in the lattice 

parameter was also observed in thermally decomposed Zn1-xNixFe2O4, 

microemulsion/precipitation-made Ni1-xZnxFe2O4, and earlier Ni–Zn ferrite nanoparticle 

studies [26, 31, 44, 49, 50]. The XRD peak shifts with composition also supported this trend. 

In sol-gel auto-combustion Zn1-xNixFe2O4, increasing Zn from 0.25 to 0.75 shifted the peaks to 

shorter angles and gave lattice constants of 8.351–8.434 Å [47]. The crystallite size is also 

highly dependent on the synthesis method. In Zn–Ni ferrites prepared by coprecipitation and 

annealing, the crystallite size increased from 15.1 to 25.1 nm as the annealing temperature 

reached 1000 °C. In the simple nitrate/PVP thermal-treatment route for Ni0.25Zn0.75Fe2O4, the 

average particle size increased from 7 to 25 nm when the calcination temperature was increased 

from 723 to 873 K. The sol-gel auto-combustion samples covered an even wider crystallite size 

range of approximately 17.55–66.98 nm, depending on the composition and annealing [31, 34, 

47]. This broader pattern, in which higher annealing temperatures yielded larger particles and 

better crystallinity with fewer defects, is consistent with the zinc ferrite literature [12, 51]. 

Microemulsion-made Ni1-xZnxFe2O4formed a single phase at a lower temperature and produced 

smaller particles with a higher lattice strain than that of the stepwise precipitation method, even 

though their unit cell parameters were similar. In a separate hybrid route, ferrites containing 

Zn were formed after 3 h of high-energy milling, whereas pure NiFe₂O₄ required 6 h, indicating 

that the composition changes the kinetics of spinel formation [26, 45]. The morphology is 

usually nanospherical to near-spherical; however, aggregation is prevalent. Transmission 

electron microscopy (TEM) and scanning electron microscopy (SEM) revealed spherical 

ZnFe₂O₄ nanoparticles, nearly spherical Ni1-xZnxFe2O4 particles, and Ni0.5Zn0.5Fe2O4 

nanospheres with diameters that could be tuned from 238 to 35 nm by changing the reactant 

concentration. Other syntheses yielded self-assembled sub-microspheres built from 

(approximately)11 nm ZnFe₂O₄ grains or showed noticeable agglomeration in hydrothermal 

Ni-doped zinc ferrite powders [25, 35, 40, 47]. The FTIR data supported the spinel assignment 

by showing typical metal–oxygen bands from the tetrahedral and octahedral sites. The reported 



bands include features near 540–550 and 455–470 cm-1 for ZnFe2O4, and near 555 and 378 

cm-1 for Zn–Ni ferrite, both of which are consistent with spinel-site vibrations [34, 35, 52]. 

Overall, the key structural message is that Zn1-xNixFe2O4 nanoparticles usually form a cubic 

spinel phase, but their real nanoscale structure depends on the synthesis: the composition shifts 

the lattice parameter, heat treatment grows crystals and improves ordering, and the route choice 

changes the strain, agglomeration, and degree of inversion or cation redistribution. These 

structural details are important because they directly determine the magnetic response, as 

discussed in the next section [25, 26, 34, 47]. The magnetic behavior of Zn–Ni ferrite 

nanoparticles is strongly tied to the fact that they are nanoscale mixed spinels, in which Zn2+, 

Ni2+, and Fe3+ do not contribute equally to the A and B sites. Several studies have explicitly 

linked the measured saturation magnetization to the cation distribution, and in the Zn1-

xNixFe2O4 system, the Fe3+ spin arrangement can change with composition. For (x>0.5), the Fe 

moments on the A and B sites tend to be collinear, whereas for (x<0.5), the B-site Fe moments 

can become noncollinear. This helps explain why changing the Ni/Zn ratio can change (Ms), 

coercivity, and the overall magnetic state of the composites [12, 25, 47]. A common theme in 

the literature is the shift from weakly ordered bulk-like behavior to nanoscale 

superparamagnetic or ferrimagnetic behavior. Bulk ZnFe₂O₄ is antiferromagnetic at low 

temperatures and paramagnetic at higher temperatures, but ZnFe₂O₄ nanoparticles often 

become superparamagnetic because of finite-size effects, surface spin disorder, and cation 

redistribution. Some nanosized ZnFe₂O₄ samples also exhibit room-temperature ferromagnetic 

behavior, which has been attributed to random Zn/Fe occupation or partial inversion of the 

spinel sites [12, 32, 35, 40, 48, 51, 53]. For Zn1-xNixFe2O4, adding Ni generally strengthens the 

magnetism relative to pure Zn ferrite because magnetic Ni2+ replaces the non-magnetic Zn2+. 

Reviews of ZnFe₂O₄ note that Ni doping can enhance magnetization, and direct Ni–Zn ferrite 

studies report moderate to high (Ms) values depending on the composition and method. 

Thermally decomposed Ni1-xZnxFe2O4nanoparticles with (x=0.5–0.7) showed relatively high 

saturation magnetization of 71–83 emu/g, while microemulsion- and precipitation-made Ni1-

xZnxFe2O4 exhibited similar (Ms) near 45 emu/g but low coercivity [12, 26, 44]. Particle size 

is one of the most important parameters for magnetic control of particles. In co-precipitated 

Zn0.3Ni0.7Fe2O4, the smallest particles showed the onset of superparamagnetic behavior, and 

the magnetic moment, coercive field, and blocking temperature all changed significantly with 

the particle size. A similar size dependence appears in pure ZnFe₂O₄; one study found room-

temperature ferromagnetism for 19–21 nm particles but paramagnetism for larger 29–35 nm 

particles, and another found superparamagnetic ZnFe₂O₄ with blocking temperatures of 18–24 



K for 16–22 nm particles [33, 51, 53]. Heat treatment usually increases the magnetization by 

increasing the crystallinity, particle size, and magnetic ordering of a material. In Zn–Ni ferrite 

nanoparticles made by coprecipitation, annealing increased the crystallite size from 15.1 to 

25.1 nm, increased the coercivity from a soft-magnetic starting point of approximately 45 Oe, 

and raised the saturation magnetization (Ms) from 11 to 58 emu/g at 800–1000 °C. A similar 

trend was reported for Ni0.25Zn0.75Fe2O4 prepared by simple thermal treatment, where 

calcination from 723 to 873 K increased the particle size from 7 to 25 nm and increased (Ms) 

from 11 to 26 emu/g. In ZnFe₂O₄, the saturation and remanent magnetizations also depend 

strongly on the particle size and crystallinity [31, 34, 46, 54]. Nanoparticles are often described 

as soft magnetic materials. Zn–Ni ferrite made by coprecipitation and annealing has low 

coercivity, and Ni1-xZnxFe2O4 made by microemulsion or precipitation also shows low (Hc) 

values of approximately 1.3 and 3 kA/m, respectively. ZnFe₂O₄ is commonly described as a 

soft magnetic ferrite with narrow hysteresis loops, low coercivity, and relatively modest 

saturation magnetization, although the exact values vary significantly with the synthesis route 

and nanoscale disorder [26, 34, 46]. Another common feature is the blocking behavior of the 

agents. The solvothermal Ni0.5Zn0.5Fe2O4 nanospheres were single-domain and 

superparamagnetic at room temperature, and their blocking temperature increased with 

synthesis-controlled changes in size and structure. For pure ZnFe₂O₄, low-temperature 

blocking was reported at approximately 18–24 K in co-precipitated nanoparticles, again 

showing that these ferrites can lie near the superparamagnetic threshold and can be shifted by 

the synthesis conditions [25, 53]. The synthesis route is important, even when the composition 

is similar. Manova et al. found that the magnetic properties of Ni1-xZnxFe2O4 particles below 

10 nm depend strongly on the phase composition, particle size, and whether the material was 

synthesized by precipitation plus ball milling or thermal synthesis [45]. Likewise, 

microemulsion-made and stepwise-precipitated Ni1-xZnxFe2O4 had nearly the same 

magnetization despite differences in size and strain, showing that route changes do not always 

strongly change (Ms) but can still alter coercivity, stoichiometry, and microstructure [26]. 

Taken together, the magnetic properties of Zn1-xNixFe2O4 nanoparticles can exhibit 

superparamagnetic, ferrimagnetic, and weak ferromagnetic-like behaviors depending on the 

synthesis method. In practice, higher annealing or calcination usually increases (Ms), Ni 

substitution usually strengthens the magnetization compared to pure Zn ferrite, and smaller 

particles more often exhibit superparamagnetism and size-sensitive blocking. These tunable 

magnetic responses are the reason why this material is studied for hyperthermia, magnetic 

fluids, spintronic or memory-related uses, and other high-frequency magnetic applications [25, 



33, 34, 43, 44]. Superparamagnetic or weakly coercive Zn–Ni ferrite nanoparticles are 

attractive for biomedical applications because they respond strongly to external magnetic fields 

and reduce magnetic agglomeration after the field is removed. Solvothermal Ni0.5Zn0.5Fe2O4 

nanospheres are promising candidates for biomedicine and magnetic fluid technology [25]. 

Reported biomedical applications of ZnFe2O4-based nanoparticles include drug 

delivery/targeting, medical imaging, MRI-related uses, and magnetic resonance imaging, 

reflecting the same nanoscale magnetic advantage [12, 46, 53]. Nanoparticles have also been 

proposed as radiosensitizers in cancer therapy, where magnetic nanoparticles can help damage 

cancer cells under applied fields after radiotherapy [32]. An example of direct Ni–Zn ferrite is 

magnetic hyperthermia; annealed Zn–Ni ferrite nanoparticles showed an improved specific 

absorption rate (SAR), and the authors explicitly connected this to hyperthermia applications 

[34]. ZnFe₂O₄ nanoparticles with controlled size and tunable magnetism have also been 

described as useful for promising biomedical applications [35]. One of the clearest applications 

of Zn1-xNixFe2O4 nanoparticles is in magnetic/ferrofluids, because many samples are 

superparamagnetic at room temperature and have moderate to high saturation magnetization. 

This use was stated directly for Ni0.5Zn0.5Fe2O4 nanospheres and also appears in broader zinc 

ferrite application summaries [25, 40, 46]. Zn–Ni ferrite nanoparticles have also been studied 

for data storage and memory-related applications because their magnetic state can be tuned by 

their composition, size, and annealing. The data-storage potential is mentioned in zinc ferrite 

summaries, and size-tuned Zn0.3Ni0.7Fe2O4 has been explicitly suggested for spintronics, 

memory storage, and related device applications [33, 46, 53]. More generally, reviews have 

noted high-density magnetic information storage and magnetic storage devices as natural 

targets for ferrite nanoparticles with nanoscale tunable magnetism [12]. Because Ni–Zn ferrites 

combine soft magnetism with high electrical resistivity and low eddy current loss, they are 

useful in high-frequency applications, such as rod antennas and inductor/transformer cores. 

This is a standard application space for Ni–Zn ferrite nanocrystals [31]. ZnFe₂O₄-based 

nanoparticles have also been reported for use in microwave equipment, telecommunication 

equipment, radio engineering, and radio technology [46, 51]. In addition, zinc ferrite has been 

actively explored for its microwave absorption properties. A notable example is ZnFe₂O₄ 

quantum dots in carbon-based composites, which exhibit strong reflection-loss performance 

and useful absorption bandwidths [55]. Zn ferrite nanoparticles are widely used or proposed 

for catalysis and photocatalysis, and this extends naturally to Ni-doped Zn ferrites because they 

maintain the ferrite framework while allowing property tuning. These applications have been 

repeatedly listed in zinc ferrite reviews and studies [40, 41, 46]. A direct Zn–Ni ferrite example 



is photocatalytic dye degradation, where size-tuned Zn0.3Ni0.7Fe2O4 nanoparticles degrade 

methylene blue, and the smallest particles exhibit the best performance [33]. Zinc ferrite 

nanoparticles have also been highlighted as adsorbents, water decontaminants, and catalyst 

supports [40, 41, 56]. Microwave-assisted coprecipitated ZnFe₂O₄ with a high surface area has 

been specifically suggested for catalysis and surface modification [36]. Zinc ferrite 

nanoparticles are often cited for gas sensor applications, and more general ferrite reviews also 

place them in a broader category [40, 41, 46]. Beyond magnetic uses, ZnFe₂O₄ nanoparticles 

can also serve as anode materials for Li-ion batteries. This was directly demonstrated for 

microwave-assisted sol–gel zinc ferrite nanocrystals [42]. Broader zinc ferrite application 

reviews also list lithium-ion batteries as important research targets [40]. Nickel and zinc 

nanoparticles have been tested for antimicrobial activity against both Gram-negative and 

Gram-positive bacteria, with higher Ni/Zn ratio giving stronger activity. The authors suggested 

its possible use in the hygiene, therapeutic, and textile industries [57]. Ferrite nanoparticle 

reviews also include antimicrobial agents among the broader application set of spinel ferrites 

[41]. Zinc ferrites have also been used or proposed as magnetic and optical materials, 

electronic/semiconductor materials, dielectric materials, and pigments. These applications are 

broader than those associated with magnetic heating or fluid responses [41, 51, 53]. 

2.1 Materials 

Zinc sulfate (ZnSO4H2O), nickel chloride (NiCl2.4H2O), and ferric sulfate (Fe2(SO4)3.7H2O) 

were used as metal precursors. Ammonia (NH3) solution was used as the precipitating agent, 

and polyvinyl alcohol (PVA) was used as the capping agent. All reagents were obtained from 

Merck. 

2. Chemical Co-precipitation Route for Zn1-xNixFe2O4 

The synthesis of Zn1-xNixFe2O4 (0.0 ˂ x ˂ 0.04) nanoparticles through the chemical co-

precipitation method involved a meticulously optimized approach to thermodynamics and 

kinetics, which guaranteed phase purity and precise control over morphology. The process 

began with the stoichiometric dissolution of metal salt precursors zinc sulfate hydrate, nickel 

chloride tetrahydrate, and an iron sulfate precursor in 100 mL of deionized water, providing 

the essential Zn2+, Ni2+, and Fe3+ cations required for the mixed-spinel lattice. The crucial phase 

of precipitation was initiated by introducing a 2 M ammonia (NH3) solution, which created a 

highly alkaline environment with a pH of 11[58, 59]. This specific pH, combined with mild 



thermal activation at 60 °C and vigorous mechanical agitation at 1000 RPM for 4 h, forces the 

simultaneous and homogeneous hydrolysis of the metal ions, thereby mitigating localized 

supersaturation and preventing the sequential formation of secondary impurity phases. To 

constrain crystallite growth within the nanometer regime and prevent agglomeration driven by 

high surface energy and van der Waals forces, 1.0 g of polyvinyl alcohol (PVA) was 

incorporated as a steric capping agent, which passivated the surfaces of the nascent hydroxide 

nuclei. Following co-precipitation, the precursor material underwent a rigorous two-stage 

thermal treatment: initial drying at 100 °C for 5 h eliminated volatile solvents and intercalated 

water, and subsequent high-temperature calcination at 900 °C for 5 h provided the requisite 

thermodynamic driving forces. This final calcination step combusts the organic PVA polymer 

and facilitates the complete solid-state transformation of the amorphous mixed hydroxides into 

the highly ordered, thermodynamically stable cubic spinel ferrite structure, a structural 

evolution that directly dictates the resulting magnetic parameters of the material, such as the 

saturation magnetization and specific capacitance. 

3. Result and discussion 

3.1 Structural Analysis and Phase Evolution 

The crystal structure and phase purity of the synthesized Zn1-xNixFe2O4 (0.0 ˂ x ˂ 0.04) 

nanoparticles were investigated using X-ray diffraction (XRD) [60]. The diffractograms 

exhibited a significant peak at approximately 2θ≈35°, corresponding to the (311) 

crystallographic plane [61]. The indexed peaks corroborated the formation of a cubic structure, 

consistent with the JCPDS files ZnFe₂O₄:22-1012 and NiO:47-1049, as illustrated in Figure 1. 

Furthermore, the enlarged Figure 2 illustrates the prominent peak (311) shifting towards a 

lower diffraction angle at 0.01, which increases with the Ni2+ concentration, thus resulting in a 

higher diffraction angle. A shift towards higher diffraction angles is attributed to a smaller (d) 

spacing, whereas a shift towards lower angles is associated with a larger (d) spacing [62]. The 

lattice constant (a) was determined using the interplanar spacing (d) of the (311) plane, and as 

the concentration of Ni2+ increased from x = 0.00 to 0.02, the lattice constant decreased 

systematically from 8.485 Ǻ to 8.451 Ǻ. This lattice contraction is attributed to the substitution 

of larger Zn2+ ions (ionic radius 0.74 Ǻ) with smaller Ni2+ ions (ionic radius 0.69 Ǻ) at the 

interstitial sites [60]. However, an anomalous lattice expansion was observed at x = 0.03, where 

the lattice constant sharply increased to a maximum of 8.522 Ǻ before relaxing to 8.462 Ǻ at x 

= 0.04. The average crystallite size (D) and microstrain (ε) were determined using the Scherrer 



equation based on the full width at half maximum (FWHM) of the (311) reflection, as shown 

in Table 2. The measured crystallite sizes ranged from 19.7 to 46.8 nm [63]. In contrast to pure 

zinc ferrites, nickel ferrites typically possess a reduced activation energy for grain growth. At 

a calcination temperature of 900 °C, the higher nickel concentration promoted ionic diffusion, 

which facilitated the merging and increase in individual crystallites [64]. The presence of Ni2+ 

ions alters the coordination strength and chemical bonding energy of the PVA chains. This 

modification affects the overall stability of the metal-PVA complex, thereby affecting the 

specific temperature and duration required for crystal formation. Consequently, this leads to an 

increase in the crystal size from 19.7 to 46.8 nm within the polymer chains [65, 66]. In contrast, 

the crystallite size pertains to the dimensions of the individual crystalline particles generated 

during the synthesis. This finding substantiates that the PVA-assisted co-precipitation method 

effectively restricts particle growth, yielding relatively small crystallites measuring 19.7 nm 

[66, 67]. Notably, the sample with x = 0.03 exhibited the smallest crystallite size (19.7 nm) and 

the highest microstrain (0.0058) [39]. This correlation suggests that the anomalous lattice 

expansion at x = 0.03 is closely linked to an increased density of surface-induced defects and 

localized lattice distortions, which are anticipated to significantly affect the magnetic and 

electrochemical properties of the nanoparticles. The sample with x = 0.03 demonstrated these 

characteristics owing to the anomalous expansion of the lattice at this composition range. This 

expansion is associated with a high density of surface-induced defects and localized lattice 

distortions [68]. This correlation indicates that at x = 0.03, the nanoparticles possessed a 

uniquely high level of structural imperfections on their surface and within the lattice. These 

defects and distortions alter the physical properties of materials. This phenomenon occurs 

specifically at the doping concentration or compositional parameter x = 0.03, marking a critical 

point where the structural and defect characteristics peak, thereby influencing the magnetic and 

electrochemical properties [69]. 

3.2 FTIR Analysis 

The FTIR spectra of the synthesized Zn1-xNixFe2O4 (x = 0.00 to 0.04) nanoparticles, recorded 

in the range of 4000–400 cm-1, confirmed the formation of a cubic spinel structure [70]. As 

illustrated in Fig. 3, the spectra display two distinct principal absorption bands within the low-

frequency range (400–600 cm-1). The higher frequency band (ν1), observed between 547 and 

550 cm-1, is assigned to the intrinsic stretching vibrations of the metal-oxygen (M-O) bonds at 

the tetrahedral (A) sites [71]. The lower frequency band (ν2), located between 451 and 460 cm-



1, corresponds to the M-O stretching vibrations at the octahedral (B) site [72]. With increasing 

Ni2+ substitution, the slight shifts observed in the ν1 and ν2 band positions were attributed to 

perturbations in the crystal lattice. Because Ni2+ ions have a strong preference for octahedral 

sites, their introduction forces the partial migration of Fe3+ ions from B-sites to the A-sites. 

This cation redistribution alters the M-O bond lengths, thereby shifting the vibrational 

frequencies of these bonds [73]. To quantitatively evaluate this structural evolution, the force 

constants of the tetrahedral (Kt) and octahedral sites (Ko) were determined as follows: The 

calculated values of Kt (2.19 ×105 to 2.22 ×105 dyne/cm) were systematically higher than those 

of Ko (1.49 ×105 to 1.55 ×105 dyne/cm) for all samples. This inequality (Kt > Ko) indicates 

that the A-site M-O bonds are shorter and possess a stronger covalent character than the B-site 

M-O bonds [74, 75]. In addition to the intrinsic lattice vibrations, a broad band centered around 

3358–3417 cm-1 and a peak near 1644 cm-1are observed, which are assigned to the stretching 

and bending vibrations of O-H groups from the physically adsorbed water molecules [76]. 

Furthermore, minor absorption bands in the regions of 2852–2925 cm-1(C-H stretching), ~1741 

cm-1(C=O stretching), and 1033–1460 cm-1 indicate trace organic residues from the PVA 

capping agent, while the weak band near 2332–2343 cm-1 is characteristic of adsorbed 

atmospheric CO2 [77, 78]. 

3.3 Electrochemical Behavior and Specific Capacitance 

The electrochemical properties and electroactive surface area of the synthesized Zn1-xNixFe2O4 

(x = 0.00 to 0.04) nanoparticles were evaluated using cyclic voltammetry (CV) at a constant 

scan rate of 10 mV/s. Pure zinc ferrite (x = 0.00) exhibited an anodic oxidation peak at 123.3 

mV with a peak current of 1.548 µA. Upon the introduction of Ni2+ dopants, a profound shift 

in the redox behavior was observed, and the dominant faradaic reactions transitioned to the 

cathodic regime, yielding distinct reduction peaks between -146.9 mV and -338.6 mV for the 

substituted samples [79]. This shift in the electrochemical potential reflects the alteration of the 

Fermi level and distinct standard reduction potentials of the dynamically redistributed Fe3+ and 

Ni2+ cations at the octahedral sites. To quantify the charge storage capability, the specific 

capacitance (Csp) was calculated from the integrated peak charge area (Q) [80]. The specific 

capacitance demonstrated a highly concentration-dependent trend, initially dropping at x = 0.01 

before surging to maximum values of 6.47 mF/g and 6.24 mF/g for the x = 0.02 and x = 0.03 

compositions, respectively. This maximized electrochemical performance perfectly 

corroborates the nanoparticle size effects determined via XRD [20, 81]. Because the x = 0.03 



sample exhibited the smallest crystallite size (19.7 nm) and the highest lattice defect density, it 

inherently possessed the highest electroactive surface area-to-volume ratio [82]. This expanded 

solid-liquid interfacial area provides a greater density of active sites for rapid faradaic redox 

reactions and electrolyte ion intercalation, thereby optimizing the specific capacitance [83, 84]. 

Beyond this optimal doping threshold (x = 0.04), the crystallite size recovered, the surface-to-

volume ratio diminished, and the specific capacitance consequently dropped to 3.14 mF/g. 

These findings confirm that structural tuning via Ni2+ substitution in the x = 0.02–0.03 regime 

strategically minimizes the nanoparticle size to maximize the electrochemical energy storage 

potential [12, 25, 31]. 

3.4 Impedance Analysis and Electrical Transport Properties 

Electrochemical impedance spectroscopy (EIS) was conducted to delineate the individual 

contributions of the grains (bulk) and grain boundaries to the overall electrical transport 

properties of the Zn1-xNixFe2O4 (x = 0.00–0.04) nanoparticles [24]. The Nyquist plots (Zim vs. 

Zre) for all the synthesized compositions exhibited a single depressed semicircle in the high-

to-intermediate frequency range. This singular semicircular arc indicates that the electrical 

conduction is predominantly governed by the grain boundary mechanism rather than the bulk 

grain mechanism at high temperatures [20]. To extract the quantitative parameters, the Cole-

Cole plots were fitted to an equivalent circuit model consisting of a grain resistance (Rg) in 

series with a parallel combination of a grain boundary resistance (Rgb) and a Constant Phase 

Element (CPE) [85, 86]. The presence of CPE, evidenced by the depression of the semicircular 

centers below the real axis (with depression angles θ ranging from 36.75° to 44.73°), indicates 

a non-ideal Debye-type relaxation behavior. This deviation originates from the inhomogeneous 

microstructural distribution of grain sizes, lattice defects, and varying cationic site 

distributions, which are characteristic of nanostructured mixed-spinel structures. The extracted 

resistance values revealed a profound dependence on the Ni2+ substitution concentration of the 

film [87]. The grain boundary resistance (Rgb) was an order of magnitude higher than the grain 

resistance (Rg) for all samples, confirming that the grain boundaries act as highly resistive 

barriers to charge carrier transport [88]. As the Ni2+ concentration increased from x = 0.00, Rgb 

increased significantly, reaching a maximum of 11119.0 Ω at x = 0.03. This impedance 

maximization corroborates the structural anomalies identified by XRD. The x = 0.03 sample 

exhibited the minimum crystallite size (19.7 nm) and maximum lattice strain; consequently, it 

possessed the highest volumetric density of grain boundaries [5, 89]. This dense network of 



disordered boundaries, coupled with localized lattice distortions and potential insulating 

organic residues, severely scatters the charge carriers and restricts electron hopping between 

Fe2+ and Fe3+ ions at the octahedral sites, thereby maximizing the macroscopic electrical 

resistance of the material [20, 24]. Beyond this concentration, at x = 0.04, the crystallite size 

recovered, the grain boundary volume fraction decreased, and Rgb consequently dropped to 

9043.9 Ω. Furthermore, the relaxation parameter (n) approaches a maximum of 0.592 at 

x=0.03, reflecting a subtle narrowing of the relaxation time distribution as the nanoparticle size 

becomes highly constrained. 

3.5 DLS Analysis and Hydrodynamic Agglomeration Behavior 

The hydrodynamic size distribution and colloidal stability of the synthesized Zn1-xNixFe2O4 (x 

= 0.00 to 0.04) nanoparticles dispersed in an aqueous medium were evaluated using Dynamic 

Light Scattering (DLS) [90]. The Cumulants (Z-average) hydrodynamic diameters ranged from 

3006.4 nm to 4539.9 nm, while the Contin average diameters extended from 7416.7 nm to 

13100.2 nm. These measured hydrodynamic sizes are several orders of magnitude larger than 

the primary crystallite sizes (19.7–46.8 nm) determined by XRD analysis [18]. This significant 

dimensional disparity indicates the formation of extensive secondary agglomerates in the 

aqueous suspension. Macroscopic agglomeration is thermodynamically driven by the 

inherently high surface-to-volume ratio, intense van der Waals forces, and uncompensated 

magnetic dipole-dipole interactions characteristic of bare nanoferrites, which dominate the 

system in the absence of a strong electrostatic or steric stabilizing agent during the aqueous 

dispersion. The Polydispersity Index (PDI) values further corroborated this colloidal instability 

[91]. The PDI was exceptionally high for all compositions, ranging from 0.907 to 1.270[17, 

18]. A PDI approaching or exceeding 1.0 indicates a highly heterogeneous, polydisperse, and 

multimodally distributed suspension, confirming severe particle clustering rather than isolated 

nanoparticles. Notably, the x = 0.03 composition, which exhibited the minimum primary 

crystallite size (19.7 nm) and maximum defect density in the structural analysis, displayed the 

largest hydrodynamic agglomerate size (dcumulant = 4539.9 nm) and the highest PDI (1.270) 

[91–93]. This inverse correlation confirms that the maximized specific surface area of the 

primary x = 0.03 nanoparticles generated the highest surface free energy, thereby driving the 

most aggressive macroscopic agglomeration to minimize the thermodynamic instability. 

Consequently, as dictated by the Stokes-Einstein relationship, the corresponding diffusion 



constant concurrently reaches a minimum (1.084× 10–9 cm2/s) at this concentration, as the 

massive clusters experience maximum hydrodynamic drag within the fluid medium [94]. 

3.6 Morphological Analysis (FE-SEM) 

The surface morphology and microstructural architecture of the pure (x = 0.00) and Ni-doped 

(x = 0.04) Zn-ferrite nanoparticles were examined using field-emission scanning electron 

microscopy (FE-SEM) at multiple magnification scales (1, 500, 300, and 200 nm). The 

micrographs revealed that the synthesized particles predominantly exhibited a spherical 

morphology. The images further display a densely agglomerated particle network, which 

visually corroborates the extensive secondary clustering and large hydrodynamic diameters 

previously quantified in the Dynamic Light Scattering (DLS) analysis [95, 96]. This 

agglomeration is thermodynamically driven by the high surface-to-volume ratio of nanoscale 

grains and uncompensated magnetic dipole-dipole interactions. Crucially, the high-

magnification micrographs revealed a highly porous microstructure distributed throughout the 

spherical agglomerates for both x = 0.00 and 0.04 [97–100]. The genesis of these numerous 

pores is a direct consequence of the thermal treatment phase; the high-temperature calcination 

process drives the rapid evolution of gaseous byproducts, specifically from the dehydration of 

the precursor hydroxides and complete thermal combustion of the polyvinyl alcohol (PVA) 

organic capping agent [101–104]. This mesoporous spherical architecture is highly 

advantageous for the electrochemical performance of the materials. The interconnected porous 

network mitigates the negative effects of agglomeration by providing pathways for deep 

electrolyte penetration, thereby increasing the accessible electroactive surface area and directly 

supporting the charge storage capabilities observed in cyclic voltammetry (CV) analysis [80]. 

3.7 Magnetic Properties Analysis 

The field-dependent magnetization behavior of the annealed Zn1-xNixFe2O4 (0.00 ≤ x ≤ 0.04) 

nanoparticles was investigated using Vibrating Sample Magnetometry (VSM) at room 

temperature. The extracted magnetic parameters revealed a soft ferrimagnetic nature with a 

strong dependence on both the Ni2+ substitution concentration and the associated 

microstructural evolution. Across all compositions, the remanence ratio (R = Mr/Ms) was 

confined to exceptionally low values, ranging from 0.0033 to 0.0529. Because these values are 

significantly less than the theoretical limit of 0.5 for randomly oriented non-interacting 

particles, this indicates that the nanoferrites possess a multi-domain structure or exhibit near-



superparamagnetic relaxation at RT [34, 44, 105]. The saturation magnetization (Ms) and 

calculated net magnetic moment (µB) displayed a nonlinear trend, characterized by a sharp 

decline at the critical doping concentration of x = 0.03 (Ms = 23.087 ×10-3 emu/g). This sudden 

suppression of magnetization corroborates the structural anomalies previously identified via 

X-ray diffraction. The x = 0.03 sample exhibited the absolute minimum primary crystallite size 

(19.7 nm) and maximized lattice microstrain [5, 106]. In such deep nanoscale regimes, the 

surface-to-volume ratio is maximized, giving rise to a prominent magnetically “dead” surface 

layer that is not magnetized. Within this disordered boundary layer, broken exchange bonds 

and severe spin canting neutralize the A-B sublattice superexchange interactions, thereby 

suppressing the net macroscopic magnetization [107, 108]. Conversely, the coercivity (Hc) and 

effective magnetocrystalline anisotropy constant (K) demonstrated a massive surge at this same 

concentration, reaching 150.0 Oe and 1.732 erg/g, respectively, at x = 0.03. This pronounced 

magnetic hardening is a direct consequence of the maximized defect density and dense grain 

boundary network [5, 89, 109]. Localized lattice distortions and extensive surface defects act 

as potent pinning centers that restrict the rotation of magnetic spins and impede domain wall 

motion. Ultimately, these VSM findings confirm that the microstructural size reduction and 

strain maximization achieved at x = 0.03 not only optimize the electroactive surface area for 

capacitance but also fundamentally alter the superexchange interactions and anisotropy of the 

Zn ferrite lattice [5, 8, 9]. 

4. Conclusions 

This study explores how small amounts of Ni2+ substitution (0.0 < x < 0.04) affect the defect 

engineering of Zn1-xNixFe2O4 spinel nanoparticles. It links changes in the structure to the 

magnetic and electrochemical properties of the nanoparticles. Spinel ferrites are known for 

their sensitivity to the distribution of cations between tetrahedral (A) and octahedral (B) sites. 

Additionally, nanoparticles can cause ZnFe2O4 to deviate from antiferromagnetism owing to 

surface effects and Fe3+ redistribution. XRD analysis confirmed the formation of a cubic spinel 

structure in the studied compositions. It showed lattice contraction from a = 8.485 Å (x = 0.00) 

to 8.451 Å (x = 0.02) as larger Zn2+ (0.74 Å) was replaced by smaller Ni2+ (0.69 Å), followed 

by an anomaly at x = 0.03 (a = 8.522 Å) and relaxation at x = 0.04 (8.462 Å). The crystallite 

sizes spanned 19.7–46.8 nm; x = 0.03 showed the minimum size (19.7 nm) and maximum 

microstrain (0.0058). FTIR analysis corroborated spinel formation via bands (ν1 = 547–550 

cm−1 for A-site and ν2 = 451–460 cm−1 for B-site M–O vibrations), with force constants Kt > 



Ko (2.19–2.22×105 vs. 1.49–1.55×105 dyne/cm) and contributions from adsorbed water 

(∼3358–3417 and 1644 cm−1), atmospheric CO2 (∼2332–2343 cm−1), and PVA residues (C–

H 2852–2925 cm−1; C=O ∼1741 cm−1; 1033–1460 cm−1). EIS showed plots with depressed 

semicircles dominated by grain boundaries. Fitting to an Rg–(Rgb∥CPE) model indicated non-

Debye relaxation (θ = 36.75°–44.73°, n up to 0.592) and dependence, with Rgb (≫Rg) peaking 

at 11119.0 Ω at x = 0.03 and 9043.9 Ω at x = 0.04. Despite nanometric primary crystallites, 

colloidal measurements revealed severe aqueous agglomeration: DLS Z-average diameters of 

3006.4–4539.9 nm (Contin average 7416.7–13100.2 nm) with high PDI (0.907–1.270), worst 

at x = 0.03, where diffusion reached a minimum (1.084×10−9 cm2/s), indicating that surface 

free energy and magnetic dipolar interactions drive secondary clustering. FE-SEM confirmed 

agglomerated spherical assemblies with mesoporosity from dehydration and PVA combustion, 

providing electrolyte-accessible pathways during the operation. Cyclic voltammetry (10 mV 

s−1) showed that pure ZnFe2O4 had an anodic peak at 123.3 mV, whereas Ni substitution shifted 

the behavior to cathodic reduction peaks (−146.9 to −338.6 mV), reflecting redox energetics 

with cation redistribution. The specific capacitance decreased at x = 0.01, peaked at x = 0.02–

0.03, and then declined at x = 0.04. Room-temperature VSM indicated soft ferrimagnetic/near-

superparamagnetic behavior (Mr/Ms = 0.0033–0.0529), but critical hardening at x = 0.03, 

where Ms sharply decreased to 23.087×10−3 emu g−1, while coercivity and anisotropy surged 

(Hc = 150.0 Oe; K = 1.732 erg g−1), consistent with enhanced surface “dead-layer” spin canting 

and grain-boundary/defect pinning. A narrow compositional threshold of approximately x = 

0.03 maximizes the defect density and grain-boundary networks, simultaneously increasing the 

coercivity and optimizing faradaic charge storage. This demonstrates that controlled low-level 

Ni doping effectively co-tunes the magnetic functionality and electrochemical energy storage 

performance of Zn ferrite nanomaterials. 
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Figure 1. X-ray diffraction (XRD) patterns of the synthesized Zn1-xNixFe2O4 (0.0 ˂ x ˂ 0.04) 

nanoparticles, illustrating the formation of the single-phase face-centered cubic spinel structure 



and the evolution of the prominent (311) crystallographic reflection with varying nickel 

concentrations. 

 

Figure 2. elucidated enlarge view the evolution of the prominent (311) crystallographic 

reflection with varying nickel concentrations. 



 

 

Figure 3. Fourier transform infrared (FTIR) spectra of the Zn1-xNixFe2O4 (x = 0.00 to 0.04) 

nanoparticles recorded in the wavenumber range of 4000–400 cm-1, highlighting the 

characteristic tetrahedral (ν1) and octahedral (ν2) metal-oxygen stretching vibrations alongside 

the surface-adsorbed functional groups. 



 

 

Figure 4. Cyclic voltammograms (CV) of the Zn1-xNixFe2O4 (0.0 ˂ x ˂ 0.04) nanoparticle 

electrodes measured at a constant scan rate of 10 mV/s, demonstrating the distinct faradaic 

redox peaks and the significantly enhanced specific capacitance achieved at optimal Ni2+ 

substitution levels. 



 

Figure 5. Nyquist plots (Zim vs. Zre) derived from the electrochemical impedance 

spectroscopy (EIS) of the annealed Zn1-xNixFe2O4 (x = 0.00 to 0.04) nanoparticles, displaying 

the fitted depressed semicircles that confirm grain boundary-dominated charge transport 

mechanisms and non-ideal relaxation behavior. 
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Figure 6. Dynamic light scattering (DLS) hydrodynamic size distribution profiles (Differential 

Intensity vs. Cumulative Intensity) for the aqueous dispersions of Zn1-xNixFe2O4 (0.0 ˂ x ˂ 

0.04) nanoparticles, providing quantitative evidence of the macroscopic secondary 

agglomeration driven by high surface-to-volume ratios. 

 

Figure 6. Field emission scanning electron microscopy (FE-SEM) micrographs of the pristine 

(x = 0.00) and highly doped (x = 0.04) zinc ferrite nanoparticles captured across multiple 

magnifications (1 µm, 500 nm and 200 nm), revealing the highly porous, spherical structural 

morphology and the extensive interconnected agglomeration network. 

 

 

 

 

 

 



 

 

 

Figure 7. Room-temperature magnetic hysteresis (M-H) loops of the synthesized                                    

Zn1-xNixFe2O4 nanoparticles, demonstrating the concentration-dependent variations in 

saturation magnetization and magnetic coercivity driven by Ni2+ substitution and nanoscale 

microstructural confinement. 
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