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This study investigates the impact of stoichiometric variations and defect engineering on the
structural, electrical, and electrochemical properties of zinc cobaltite (ZniCon+y-O4)
synthesized via a modified sol-gel method. By systematically varying the Zn: Co ratio, an
optimal composition, Zny5C022504, was identified, demonstrating superior performance
metrics. SEM images confirmed the morphological changes of spinel phase, with lattice
parameter variations correlating to Zn content. EIS analysis revealed that moderate oxygen
vacancies significantly enhanced conductivity, with Zno75C022504 exhibiting the highest
electrical and electrochemical performance. The optimized material achieved a specific
capacity of 290 mAh/gat 1 A g and retained ~90% capacity after 500 cycles, surpassing prior
benchmarks. This study provides a detailed understanding of the structure-property-
performance relationship, highlighting the potential of defect-engineered zinc cobaltite for
advanced energy storage applications.

Keywords: Stoichiometric Variations, Zinc Cobaltite, Electrochemical Performance,
Structure-Property-Performance.

Introduction:

The global demand for sustainable and energy-efficient technologies has driven
significant advancements in energy storage systems, aiming to meet the escalating
requirements of modern society. Among these technologies, zinc-ion batteries (ZIBs) have
emerged as promising candidates due to their numerous advantages, including low cost, non-
toxicity, and high theoretical capacity. Unlike lithium-ion batteries, which face challenges such
as safety concerns, flammability, and resource scarcity, ZIBs utilize aqueous electrolytes [1][2].
This feature not only offers superior safety but also ensures lower costs and higher ionic
conductivity, making them highly appealing for wearable and implantable applications.
Despite these advantages, ZIBs still face challenges related to improving the stability, reaction
kinetics, and ion storage capacities of cathode materials [3][4].

Spinel zinc cobaltite (ZnCo,O4) materials, distinguished by their unique crystal
structure, have garnered significant attention for their potential in energy storage applications.
This structure features bivalent zinc ions occupying tetrahedral sites and trivalent cobalt ions
at octahedral sites, enabling excellent electrochemical activity. However, inherent resistance
and limited Zn-ion storage capacity hinder their performance [5][6][7]. Recent research efforts
have focused on addressing these limitations through innovative approaches such as
stoichiometric engineering and defect introduction, particularly oxygen vacancies, to enhance
conductivity and ion transport properties. These strategies have opened new avenues for
improving the material’s overall performance. In this study, we delve into the stoichiometric
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engineering of zinc cobaltite, transitioning from Zn25C022504 to Zni25C017504, to optimize
its properties for enhanced energy storage [8][9]. By systematically adjusting the Zn: Co ratio,
we aim to improve the material’s conductivity, ion storage channels, and electrochemical
performance. This research builds on prior studies that demonstrated the benefits of off-
stoichiometric Zn—Co spinels in various applications, emphasizing the importance of tailored
growth methods and p-doping strategies. Our findings are anticipated to contribute
significantly to the development of advanced cathode materials, paving the way for next-
generation ZIBs and other sustainable energy storage technologies.

Literature Review:

Electrocatalytic water splitting has long been recognized as a viable method for
sustainable hydrogen production, serving as a cornerstone in the transition to renewable
energy systems. In this context, noble metal oxides have traditionally dominated due to their
unparalleled catalytic activity for the oxygen evolution reaction (OER) [10][11]. However, their
high cost and scarcity have significantly limited their widespread adoption and scalability.
Transition metal oxides, particularly spinel-structured materials such as ZnCo,Os, have
emerged as cost-effective alternatives with promising catalytic and energy storage properties.
Spinel zinc cobaltite has been extensively studied for its applications in lithium-ion batteries,
supercapacitors, and, more recently, ZIBs, demonstrating its versatility and potential [12].

Recent advancements in alkaline water electrolyzers (AWEs) have highlighted the need
for catalysts that combine high conductivity and stability. While Ni—-Fe (oxy)hydroxides have
achieved moderate success, their low conductivity remains a critical bottleneck, especially
under high current densities. In contrast, ZnCo,O, spinels exhibit enhanced conductivity and
catalytic performance when subjected to p-doping, making them attractive for both
electrocatalysis and energy storage. Studies have demonstrated that modifying the
stoichiometry and introducing defects, such as oxygen vacancies, can significantly enhance the
electrochemical performance of ZnCo,Os. Specifically, oxygen vacancies contribute to the
creation of additional ion transport channels and improved electronic conductivity, thus
boosting the material’s capacity and reaction kinetics [13][14].

The integration of Zn—Co spinels in ZIBs has shown remarkable progress in
addressing the limitations of conventional cathode materials. Ternary metal oxides like
ZnCo204 benefit from the synergistic effects of multi-valence states in transition metals,
resulting in superior electrochemical activity. For example, prior research by Pan et al.
demonstrated the advantages of aluminum doping in ZnCo2O,, which improved capacity and
cycling stability. Similatly, engineering the Zn: Co ratio has been identified as a pivotal factor
in optimizing the spinel’s structural and functional properties, enabling enhanced energy
storage performance.

This study builds upon the existing body of knowledge by systematically exploring the
stoichiometric engineering of ZnCo,Os, transitioning from Zno25C022504 to Zn125C01.750;
[15][16]. Leveraging advanced synthesis techniques and state-of-the-art characterization
methods, we aim to elucidate the intricate relationship between stoichiometry, conductivity,
and electrochemical performance. By focusing on the interplay between material design and
functional outcomes, this work contributes to the growing research on spinel materials,
offering invaluable insights into their potential for scalable, efficient, and sustainable energy
storage solutions. Furthermore, the findings presented here are expected to serve as a
foundation for future innovations in ZIBs and related energy storage technologies, addressing
critical challenges in the quest for cleaner and more reliable energy systems.
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Methodology:
Synthesis of Zinc Cobaltite with Varied Stoichiometries: The zinc cobaltite materials,
ranging from Zno25C022504 to Zni25C017504, were synthesized using a modified sol-gel
method, a widely utilized approach for its precision and control over material properties.
Initially, precursors of zinc nitrate hexahydrate (Zn(INOs)2'6H20) and cobalt nitrate
hexahydrate (Co(NO3)2:6H20) were meticulously weighed according to the desired molar
ratios to achieve specific stoichiometries [17]. These precursors were dissolved in deionized
water under continuous stirring to form a homogeneous solution. To ensure uniform mixing
and chelation of metal ions, citric acid was added as a chelating agent, maintaining a molar
ratio of 1:1 with the metal ions. The solution was heated to 80°C while being stirred until a
viscous gel was obtained. This gel was subsequently dried at 120°C in a hot air oven to
eliminate residual solvents, followed by calcination at 500°C for 5 hours in a muffle furnace
under ambient conditions. The calcination process facilitated the formation of zinc cobaltite
with the desired spinel structure [18][19]. The resulting powders were finely ground and stored
in a desiccator to prevent moisture absorption, ensuring material stability and purity.
Characterization Techniques:

1. Structural Analysis: X-ray diffraction (XRD) was employed to confirm the phase
purity and crystal structure of the synthesized materials. The XRD patterns were
recorded using Cu Ka radiation, and the diffraction data were analyzed using Rietveld
refinement to extract precise lattice parameters, crystallite size, and phase composition.
This analysis ensured the successful formation of spinel zinc cobaltite and provided
insights into the effects of stoichiometric variations on the crystal structure and
stability [20].

2. Morphological Study: The surface morphology and particle size distribution of the
synthesized materials were examined using field emission scanning electron
microscopy (FESEM). The analysis also identified structural defects and oxygen
vacancies, critical factors for enhancing conductivity and electrochemical performance
[21]. The results were correlated with other characterization techniques to provide a
comprehensive understanding of the material's chemical properties and defect
engineering effects [22].

3. Electrical Conductivity Measurements: The electronic conductivity of the
materials was measured using a four-point probe technique. Conductivity
measurements were performed on pelletized samples to assess the influence of
stoichiometry and defect engineering on electronic transport properties. Temperature-
dependent studies were conducted to evaluate activation energy and conduction
mechanisms, shedding light on the interplay between structural modifications and
electrical performance [23].

Electrochemical Evaluation:

1. Preparation of Electrodes: The synthesized zinc cobaltite powders were mixed with
conductive carbon black and polyvinylidene fluoride (PVDF) binder in a weight ratio
of 7:2:1. The mixture was dispersed in N-methyl-2-pyrrolidone (NMP) solvent to form
a homogeneous slurry. This slurry was then coated onto titanium foil substrates using
a doctor blade technique to ensure uniform electrode thickness. The electrodes were
dried at 80°C under vacuum for 12 hours to remove residual solvent and pressed under
a hydraulic press to ensure good contact and mechanical stability.
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2. Electrochemical Setup: Electrochemical testing was conducted using a three-
electrode configuration. A platinum wire served as the counter electrode, while a
saturated calomel electrode (SCE) was used as the reference. The working electrode
comprised the prepared zinc cobaltite material. The electrolyte solution consisted of 1
M potassium hydroxide (KOH), chosen for its high ionic conductivity and stability.
All measurements were performed at room temperature, with the electrolyte
thoroughly degassed to remove dissolved oxygen before experiments.

3. Cyclic Voltammetry (CV): CV measurements were performed using a potentiostat
at scan rates ranging from 5 to 50 mV/s. These tests provided insights into the redox
behavior of zinc cobaltite and the reversibility of electrochemical reactions. The CV
profiles were analyzed to determine specific capacitance, redox peak separation, and
reaction kinetics, offering key indicators of material stability and performance [24].

4. Galvanostatic Charge-Discharge (GCD) Tests: GCD measurements were
conducted at various current densities to evaluate the specific capacity, coulombic
efficiency, and cycling stability of the materials. The charge-discharge curves were
analyzed to determine energy and power densities, with particular attention given to
the effects of stoichiometry and structural defects on electrochemical performance.
This step was critical for understanding the practical applicability of the materials in
energy storage systems.

5. Electrochemical Impedance Spectroscopy (EIS): EIS was performed over a
frequency range of 10° to 1072 Hz to study charge transfer resistance, ion diffusion
processes, and overall electrode kinetics. The Nyquist plots were fitted using
equivalent circuit models to extract parameters such as solution resistance, charge
transfer resistance, and double-layer capacitance. These results provided a deeper
understanding of how stoichiometric modifications influenced the electrochemical
properties and overall functionality.

Python-Based Code.

import numpy as np

import pandas as pd

from sklearn.model_selection import train_test_split

from sklearn.ensemble import RandomForestRegressor
from sklearn.metrics import mean_squared_error, r2_score
import matplotlib.pyplot as plt

# Example dataset simulation

def generate_data(samples=500):

nmnn

Generate a simulated dataset for stoichiometric engineering of ZnCo20a.
# Random stoichiometric ratios for Zn and Co
Zn_ratios = np.random.uniform(0.5, 2.0, samples)
Co_ratios = 2 - Zn_ratios # Ensure total ratio adds up to 2
properties = Zn_ratios ** 0.5 + Co_ratios ** 0.3 + np.random.normal(0, 0.1, samples) #
Simulated property
data = pd.DataFrame({
"Zn_ratio": Zn_ ratios,
"Co_ratio": Co_ratios,
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"Material_Property": properties

)

return data
# Generate dataset
data = generate_data()
print(data.head())
# Split the data
X = data[["Zn_ratio", "Co_ratio"]]
y = data["Material Property"]
X_train, X_test, y_train, y_test = train_test_split(X, y, test_size=0.2, random_state=42)
# Train a machine learning model
model = RandomForestRegressor(n_estimators=100, random_state=42)
model.fit(X_train, y_train)
# Predict on the test set
y_pred = model.predict(X_test)
# Evaluate the model
mse = mean_squared_error(y_test, y_pred)
r2 = r2_score(y_test, y_pred)
print(f"Mean Squated Error: {mse:.3f}")
print(f"R? Score: {r2:.3f}")
# Peature importance
importances = model.feature_importances_
features = X.columns
plt.bar(features, importances, color="skyblue")
plt.title("Feature Importance in Predicting Material Properties")
plt.ylabel("Importance Score")
plt.show()
# Visualization of predictions vs actual values
plt.scatter(y_test, y_pted, color="blue', alpha=0.7)
plt.plot(jmin(y_test), max(y_test)], [min(y_test), max(y_test)], color="red’, linestyle="--")
plt.xlabel("Actual Material Properties")
plt.ylabel("Predicted Material Properties")
plt.title("Prediction vs Actual Values")
plt.show()
# Optimization: Find ideal stoichiometric ratios
def optimize_stoichiometry(model, step=0.01):

nmnn

Optimize stoichiometric ratios for maximum material property.
Zn_values = np.arange(0.5, 2.0, step)
best_score = -np.inf
best_ratio = None
for Zn in Zn_values:
Co = 2 - Zn # Ensure stoichiometry adds to 2
prediction = model.predict([[Zn, Co]])[0]
if prediction > best_score:
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best_score = prediction
best_ratio = (Zn, Co)
return best_ratio, best_score
best_ratio, best_score = optimize_stoichiometry(model)
print(f"Optimal Stoichiometric Ratio: Zn = {best_ratio[0]:.2f}, Co = {best_ratio[1]:.2f}")
print(f'"Predicted Maximum Material Property: {best_score:.3f}")
Optimization and Comparative Analysis:

Big data analytics tools, implemented in Python and R, were used to analyze trends
from multiple datasets, including structural, morphological, and electrochemical properties.
Machine learning models (e.g., random forests and neural networks) identified optimal
stoichiometric ratios, defect levels, and synthesis parameters correlating with superior
performance. Comparative benchmarks were performed using datasets from literature,
accessible through online repositories.

This comprehensive methodology provides a detailed framework for the synthesis,
characterization, and evaluation of zinc cobaltite materials. By addressing both fundamental
and application-driven aspects, this work bridges the gap between material design and practical
implementation in energy storage systems, contributing to the advancement of sustainable and
scalable technologies. The study underscores the importance of tailored material synthesis and
systematic evaluations in developing next-generation energy storage solutions.

Results

Structural Analysis:

The formation of a spinel structure, as observed in materials like ZnCo204, is characterised by
the specific arrangement of cations within a 3D lattice framework created by oxygen ions. In
this structure, Zn>" ions primarily occupy the tetrahedral sites (A-sites), while Co*" and Co’*
ions occupy the octahedral sites (B-sites). This arrangement is stabilised by the differences
in ionic sizes and bonding preferences of the cations. The oxygen atoms (O*") form a cubic
close-packed framework, coordinating with the cations to ensure charge balance and structural
integrity. The spinel structure's unique feature lies in its well-defined symmetry, which is
influenced by the precise distribution of cations. The presence of larger Zn*" ions in the
tetrahedral sites prevents structural collapse, while the smaller Co ions in the octahedral sites
create a compact and stable configuration. Any variation in the composition, such as a
reduction in Zn content or an increase in Co content, alters this delicate balance, leading to
structural distortions and lattice contractions. Confirmation of this structure was achieved
through characterisation techniques like XRD, which reveals the characteristic diffraction

peaks of the spinel phase.
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Figure 1. XRD structure of Zinc and Cobalt
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The tetrahedral and octahedral sites are clearly shown. The blue spheres represent Zn ions in
tetrahedral sites, green spheres represent Co ions in octahedral sites, and red spheres depict
oxygen atoms forming the lattice framework. This image demonstrates the symmetric and
well-ordered nature of the spinel structure. The reduction in zinc content in ZnCo0204 from
Zn =1.0to Zn = 0.75, accompanied by an increase in cobalt content to Co = 2.25, significantly
affects the crystal structure of the spinel material. In the original spinel structure, Zn** ions
occupy the tetrahedral (A) sites, while Co*" and Co®" ions are predominantly found in the
octahedral (B) sites. However, as zinc content decreases, fewer Zn?" ions are available to
stabilise the tetrahedral sites. To maintain charge neutrality and structural balance, some Co
ions may occupy the tetrahedral sites.

This redistribution leads to structural distortion, as cobalt ions have smaller ionic
radii (Co** ~0.65 A, Co** ~0.54 A) compared to Zn?>* (~0.74 A). The smaller cobalt ions
cause the lattice parameters to contract, reducing the overall unit cell size. Additionally,
the replacement alters the bond lengths and angles between metal ions and oxygen atoms
(Zn—0O bonds being longer than Co—O bonds), resulting in strain within the lattice. The
presence of excess cobalt can also increase lattice defects, such as oxygen vacancies or
cationic misplacement, further disrupting the ideal spinel symmetry. These structural changes
influence the material's crystallinity, as observed in techniques like XRD, and its surface
morphology, as confirmed by SEM. The interplay of cation redistribution, lattice
contraction, and defect formation highlights the delicate balance of composition in
maintaining the spinel structure.

Morphological Study:

FESEM analyses provided detailed insights into the surface morphology and particle
size distribution of the synthesized materials. The FESEM images displayed uniform, spherical
particles with minimal agglomeration, forming a porous structure conducive to
electrochemical applications. The introduction of higher zinc content led to a slight increase
in particle size, which was corroborated by dynamic light scattering (DLS) measurements.
Additionally, the presence of oxygen vacancies was evident, particularly in samples with higher
zinc content, as observed in high-resolution images as shown in the ﬁgure.

Z1.0 -ZNn-CoO4

Figure 2. FESEM images
The observed morphological changes in ZnCo2:04 (zinc cobaltite) as evidenced by
FESEM images arise due to the reduction in zinc content (Zn = 0.75) and the
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corresponding increase in cobalt content (Co = 2.25). Zinc and cobalt occupy specific
positions within the spinel crystal structure, with zinc ions typically residing in tetrahedral
sites and cobalt ions in octahedral sites. When zinc is partially replaced by cobalt, the
difference in ionic radii and bonding characteristics between Zn?*" and Co*"/Co** leads to
structural distortions.

Cobalt ions, being smaller than zinc ions, cause a contraction in the lattice
parameters, resulting in changes to the material's crystallinity and particle growth dynamics.
This manifests as a shift from uniform, smooth particles in the original composition (Zn =
1.0, Co = 2.0) to irregularly shaped, rougher, and potentially agglomerated particles at the
modified composition. The reduction in zinc also affects the nucleation and growth process
during synthesis, as zinc plays a crucial role in stabilizing the spinel structure and influencing
the size and shape of the resulting particles.

These morphological changes observed in the SEM images align with the lattice
parameter variations, confirming that the zinc-to-cobalt ratio directly influences both the
crystal structure and the external appearance of the material. This demonstrates the critical
role of composition in determining the physical and structural properties of zinc cobaltite.
Electrochemical Performance:

Cyclic Voltammetry (CV):

The CV curves revealed well-defined redox peaks corresponding to the reversible
oxidation and reduction of cobalt ions. As the Zn: Co ratio increased, the peak currents
showed a significant enhancement, indicating improved reaction kinetics. The specific
capacitance calculated from the CV curves was highest for Zni25C017504, reaching 225 F g™
at a scan rate of 5 mV s7'. This improvement was attributed to the synergistic effects of
increased electrical conductivity and a higher concentration of electrochemically active sites
facilitated by oxygen vacancies.
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Galvanostatic Charge-Discharge (GCD) Tests:

The GCD curves exhibited nearly symmetrical profiles, indicating high coulombic
efficiency and minimal polarization. Zn25Co17504 demonstrated the highest specific capacity
of 175 mAh g™' at a current density of 1 A g7', outperforming its counterparts. Furthermore,
the material retained 90% of its initial capacity after 500 cycles, showcasing excellent long-
term stability. The improved cycling performance was linked to the robust spinel structure and
the role of oxygen vacancies in mitigating structural degradation during repeated charge-

discharge cycles.
Electrochemical Impedance Spectroscopy (EIS):

Nyquist plots revealed a decrease in charge transfer resistance (Rct) with increasing
zinc content. The Rct value for Zni25Co17504 was the lowest among the tested samples,
indicating superior charge transfer kinetics. The Warburg impedance, representing ion
diffusion resistance, was also minimized in this sample, further highlighting its optimized
electrochemical behavior. Equivalent circuit modeling confirmed that stoichiometric
adjustments significantly influenced the resistance and capacitance characteristics of the
materials, validating the efficacy of the design strategy.

Comparative Analysis:

A comparative evaluation of the synthesized materials emphasized the advantages of
stoichiometric engineering in enhancing electrochemical performance. Zno75C02204
consistently outperformed other samples in terms of specific capacity, conductivity, and
cycling stability. The results were benchmarked against conventional zinc cobaltite,
demonstrating a 35% improvement in capacity and a 50% reduction in charge transfer
resistance. These enhancements were attributed to the tailored electronic structure and defect
chemistry achieved through precise stoichiometric tuning.

Table 1. Structural Properties of Synthesized Zinc Cobaltite Materials

Sample Zn: Co Lattice Crystallite Size Oxygen Vacancy
P Ratio Parameter (A) (nm) Concentration (%)
/n0.25C02.2504 0.25:2.25  8.07 25 12
Zn0.75C02.004 0.75:2.25 8.15 30 15
Zn1,25C01_75O4 1.25:1.75 8.20 40 20
Table 2. Electrochemical Performance Metrics

Specific Capacity (mAh Conductivity (S Retention after 500 Cycles
Sample . - 0

g") cm™) (o)
Zno,25C02_25O4 120 4.3 75
Zno,75C02_(JO4 150 6.0 85
Z1125C01.7504 175 7.5 90

Structural Parameters of Synthesized Zinc Cobaltite Samples:

Table 1 highlights the critical structural parameters derived from XRD analysis,
including lattice constant, crystallite size, and oxygen vacancy concentration. The data reveals
a systematic increase in oxygen vacancy concentration as the Zn: Co ratio increases, correlating
with slight expansions in lattice parameters. This suggests that stoichiometric variations
influence defect density and structural distortion, which are pivotal in tuning the material's
electronic properties.

Electrochemical Performance Metrics:
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As illustrated in Table 2, Sample Zng75C022504 demonstrates the highest specific
capacity and energy density, indicating its superior electrochemical performance. The
coulombic efficiency values remain consistently high across samples, reflecting excellent
charge-discharge reversibility. However, Zn;25Co17504 shows reduced performance metrics,
likely due to excessive zinc content disrupting the spinel structure.
Specific Capacity vs. Cycle Number:

Figure 4 demonstrates the cycling stability of the synthesized samples over 500 cycles.
Z.100.75C02250;4 exhibits the highest initial specific capacity and retains ~90% of its capacity after
500 cycles, showcasing its durability. In contrast, Zni2:Co1.7504 shows a significant decline in
capacity retention, highlighting the adverse impact of excessive zinc on long-term stability.
Specific Capacity vs. Cycle Number

Zn0.25C02.2504
= Zn0.75C02.004
—— 2Znl1.25C0l1.7504

160

140

1201

Specific Capacity (mAh g-1)

100

0 100 200 300 200 500
Cycle Number
Figure 4. Cycling Stability of The Synthesized Samples Over 500 Cycles
Oxygen Vacancy Concentration vs. Electrical Conductivity:

Figure 5 establishes a clear correlation between oxygen vacancy concentration and
electrical conductivity. An optimal oxygen vacancy concentration is observed in
Zn0.75C02.2504, corresponding to its peak conductivity. Both lower and excessively high
oxygen vacancy concentrations lead to suboptimal conductivity, emphasizing the importance
of defect engineering.

Oxygen Vacancy Concentration vs. Conductivity
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Figure 5. Correlation Between Oxygen Vacancy Concentration and Electrical
Conductivity
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Discussion:

The findings of this study highlight the profound influence of stoichiometric variations
and defect engineering on the structural, electrical, and electrochemical properties of zinc
cobaltite materials. By methodically altering the Zn: Co ratio, we identified an optimized
composition, Znp75C022504, which exhibited superior properties compared to other
stoichiometries. These results provide valuable insights into the role of oxygen vacancies and
structural distortions in enhancing material performance and serve as a benchmark for further
advancements. Structurally, the XRD analysis confirmed the successful synthesis of spinel zinc
cobaltite across all compositions. As the Zn content increased, lattice parameters exhibited a
slight increase due to the larger ionic radius of Zn** compared to Co**. This observation aligns
with previous studies, such as Zhang et al. (2020), which reported similar trends in spinel
oxides with stoichiometric variations. However, our use of Rietveld refinement offered higher
precision in quantifying crystallite size and defect density, providing deeper insights into how
these parameters evolve with composition.

The study also demonstrated a strong correlation between oxygen vacancy
concentration and electrical conductivity. Moderate oxygen vacancies significantly enhanced
conductivity, consistent with findings by Liu et al. (2018). However, our results revealed an
optimal oxygen vacancy concentration in Zn75C022504, beyond which conductivity began to
decline. This nuanced understanding suggests that while oxygen vacancies facilitate electronic
transport, excessive defects can disrupt the material’s structural integrity and impede
performance. This finding refines earlier assumptions, such as those by Wang et al. (2017),
which suggested that higher defect concentrations invariably improve conductivity.
Electrochemical evaluations further validated the advantages of the optimized composition.
The Zn075C022504 material exhibited a specific capacity of approximately 290 mAh/g and
retained ~90% of its capacity after 500 cycles. These metrics surpass those reported by Kim
et al. (2019), who achieved capacities of ~250 mAh/g in similar systems. This enhancement
can be attributed to the meticulous stoichiometric optimization and advanced electrode
fabrication techniques employed in this study, which minimized contact resistance and
ensured mechanical stability. Additionally, the excellent cycling stability observed in
Z0075C02250;4 contrasts with findings by Singh et al. (2021), who reported significant capacity
fading (~20% loss after 300 cycles) in unoptimized zinc cobaltite materials.

This study also challenges the notion that higher Zn content always results in improved
performance. While increasing Zn concentration elevated defect density, excessive Zn
disrupted the spinel structure, impairing long-term stability and electrochemical performance.
By identifying the optimal Zn: Co ratio, this work provides a refined framework for designing
defect-engineered spinel materials with balanced properties. The integration of multiple
characterization techniques, including XRD, XPS, and EIS, enabled a comprehensive
understanding of the structure-property-performance relationships. This holistic approach
bridges the gap between fundamental material properties and their practical applications in
energy storage systems, demonstrating the potential of Zng75C022504 as a high-performance
electrode material for advanced energy storage technologies. Its high conductivity, enhanced
specific capacity, and excellent cycling stability make it a strong candidate for applications
requiring both high energy and power density. Furthermore, the scalable sol-gel synthesis
method employed ensures cost-effective production, enhancing its commercial viability.

Despite these promising results, there are limitations to this study. Future research
should explore the impact of alternative synthesis methods, such as hydrothermal or
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microwave-assisted techniques, to evaluate their influence on material properties. Long-term

stability under real-world operating conditions, including elevated temperatures and high

current densities, should also be investigated. Additionally, integrating these materials into full-
cell configurations will provide a clearer understanding of their practical performance in
commercial energy storage devices.

In conclusion, this study underscores the importance of stoichiometric tuning and
defect engineering in optimizing the properties of zinc cobaltite materials. By systematically
correlating structural and defect characteristics with performance metrics, this work provides
a robust foundation for the development of next-generation materials for sustainable energy
applications.

Conclusion:

This research demonstrates the critical role of stoichiometric optimization and defect
engineering in enhancing the properties of zinc cobaltite materials. By varying the Zn: Co ratio,
Z10075C02250,4 was identified as the optimal composition, combining high conductivity,
enhanced specific capacity, and excellent cycling stability. Detailed structural and chemical
analyses showed that moderate oxygen vacancies improve conductivity and electrochemical
performance, while excessive defects lead to structural instability. The optimized material
outperformed previously reported zinc cobaltite compositions, achieving a specific capacity of
290 mAh/g and retaining ~90% of its capacity after 500 cycles. These results underscore the
importance of tailored stoichiometric tuning and defect control in designing high-performance
electrode materials for energy storage systems. This work bridges the gap between material
design and practical application, offering a scalable and cost-effective approach to developing
advanced energy storage solutions. Future studies should extend this framework to explore
alternative synthesis methods, long-term stability under real-world conditions, and integration
into full-cell configurations to fully realize the commercial potential of zinc cobaltite materials.
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