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Abstract


Zinc cobaltite (ZnCo2O4) is a ternary metal oxide found in spinel with promising properties for various applications. Optimizing its catalytic activity requires an understanding of its electrochemical behavior. The electrochemical properties of ZnCo2O4 have significantly improved due to recent developments in nanostructuring, doping, surface modification, hybridization, structural engineering, and electrochemical activation. These improvements have inspired and motivated researchers by presenting the latest developments in the field. The spinel structure, coupled with the redox properties of cobalt ions, semiconducting characteristics, and electrocatalytic potential, positions ZnCo2O4 as a versatile material for several electrochemical energy storage and conversion systems. This review explores these advancements; the notable properties of ZnCo2O4; and its applications in sensors, batteries, photovoltaics, and supercapacitors.
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1. Introduction


Over the past decade, the electrochemical properties of transition metal oxides (TMOs) have attracted significant interest due to their potential in various present advanced applications [1]. TMOs present a unique combination of high specific capacity, excellent electrical conductivity, and robust chemical stability [2,3]. These characteristics, combined with their low cost, environmental friendliness, and superior electrochemical performance, make TMOs highly versatile for numerous applications, inspiring and motivating researchers in the field [4,5]. The unique combination of properties in TMOs, from their high specific capacity to their excellent electrical conductivity, is a testament to these materials’ intriguing and exciting nature [6].



Spinel materials are notable for their bimetallic oxide structure, generally represented by the formula AB2O4. Cation A (usually with a 2+ charge) occupies tetrahedral sites in these compounds, while cation B (with a 3+ charge) is found in octahedral sites. Unlike monometallic oxides like A3O4 and B3O4, spinel materials exhibit enhanced electrochemical activity, electrical conductivity, and a wide variety of redox reactions, making them highly desirable for energy device applications [7,8]. One such spinel, zinc cobaltite (ZnCo2O4), stands out for its promising chemical and physical properties. As a binary metal oxide, ZnCo2O4 presents a unique combination of high specific capacity, excellent electrical conductivity, and robust chemical stability. These properties make ZnCo2O4 a compelling candidate for numerous energy storage, conversion, and catalysis applications. Recent advancements in nanostructuring, doping, and surface modification have significantly enhanced ZnCo2O4’s electrochemical properties, motivating researchers in the field with the latest updates. The pursuit of advancing micromaterials and nanomaterials derived from ZnCo2O4, employing a range of synthesis methods under meticulously controlled conditions, has led to the development of sophisticated synthesis techniques, including hydrothermal methods, sol-gel processes, template-assisted growth, chemical vapor deposition, and solvothermal methods, among others. By meticulously controlling parameters such as precursor composition, reaction temperature, solvent composition, and reaction time, researchers have engineered ZnCo2O4 structures with tailored sizes, shapes, compositions, and surface properties. The resulting ZnCo2O4 nanostructures exhibit intriguing morphologies, such as nanowires, nanosheets, nanorods, nanospheres, and hierarchical assemblies. These distinct structures provide ample active sites for electrochemical reactions and high surface-area-to-volume ratios. Furthermore, ZnCo2O4 nanostructures’ exact morphology and size control allow for modifying their chemical and physical characteristics, improving their electrochemical performance.



The spinel ZnCo2O4 structures, as shown in Figure 1a,b [9], are versatile in electrochemical applications and are supported by the varied redox chemistry of the cobalt ions within. Multiple oxidation states of cobalt allow for reversible redox reactions, essential for energy conversion and storage. By modulating the cobalt oxidation state, coordination environment, and crystal structure, researchers can tailor the electrochemical behavior of ZnCo2O4-based materials to meet specific application requirements. Furthermore, the tunable composition and morphology of ZnCo2O4 nanostructures enable their integration into various electrochemical devices, including lithium-ion batteries, sodium-ion batteries, supercapacitors, electrocatalytic systems, and sensors [10]. For instance, ZnCo2O4 nanowires as high-performance anode materials in lithium-ion batteries exhibit outstanding capacity retention and cycling stability [11]. Similarly, ZnCo2O4 nanoparticles have shown promising catalytic activity for oxygen evolution reactions in water electrolysis, highlighting their potential for renewable energy conversion. The synergistic combination of advanced synthesis techniques, precise control over structure and composition, and an in-depth understanding of the redox chemistry of cobalt ions have propelled ZnCo2O4-based materials to the forefront of electrochemical research [12] and its utilization across various electrochemical applications. By carefully tailoring the composition and morphology of ZnCo2O4-based materials, researchers can finely tune their electrochemical properties to suit specific requirements [13]. Moreover, the ability to precisely control the structure and composition of ZnCo2O4-based materials allows for the optimization of performance metrics such as capacity, cycling stability, rate capability, and electrochemical reactivity, paving the way for the development of highly efficient and reliable electrochemical devices [13,14]. The inherent properties of ZnCo2O4, derived from the synergistic interaction between zinc and cobalt ions, facilitate rapid electron and ion transport, which is critical for high-efficiency energy devices.



This review delves into the various synthesis methods and morphological engineering approaches to optimize ZnCo2O4’s electrochemical properties. It covers the impact of particle size, shape, and surface area on the material’s electrochemical behavior and performance. Furthermore, the review highlights recent studies on the electrochemical mechanisms within ZnCo2O4, providing insights into the fundamental processes that drive its performance in different applications. ZnCo2O4 has shown promise in improving the capacity and cycling stability of lithium-ion batteries and supercapacitors in energy storage. Its high theoretical capacity and strength make it an excellent electrode material. Innovations such as nanostructuring and surface modification have significantly improved the energy density and rate capability of ZnCo2O4-based electrodes. Similarly, ZnCo2O4 has been effectively used as an electrocatalyst for oxygen and hydrogen evolution reactions, demonstrating impressive catalytic activity and durability [15,16].



ZnCo2O4’s electrochemical characteristics have been thoroughly studied for a variety of applications, including batteries, supercapacitors, photovoltaics, and sensors (see Figure 2). ZnCo2O4 exhibits remarkable electrochemical performance because of its particular spinel crystal structure, which facilitates effective electron conductivity and ion transport. Furthermore, its high surface area facilitates enhanced electrode and electrolyte interaction, improving charge storage and transfer capabilities. ZnCo2O4 also demonstrates versatile redox chemistry with reversible oxidation states of Zn2+/Zn3+ and Co2+/Co3+, contributing to its outstanding performance in energy storage and sensing technologies. This review provides a comprehensive overview of ZnCo2O4, synthesizing findings from numerous researchers who have explored its diverse applications; it presents a holistic understanding of its potential uses.




2. Metal Oxide Semiconductor (MOS) Sensors


The field of sensor technology is rapidly advancing due to high demand and continuous technological improvements. Semiconductor oxides are vital for sensors due to their chemical robustness, cost-effectiveness, and ease of integration into electronic systems [17]. Many gas sensors use semiconductor oxides to detect carbon monoxide, nitrogen oxides, ammonia, hydrogen, methane, and ethanol. Adsorption of gas molecules onto the sensor surface modifies the material’s conductivity and is the mechanism by which metal oxide semiconductor (MOS) sensors detect gas [18]. These conductivity changes are then measured and correlated with the gas concentration [19].



Enhancing sensor characteristics such as specificity, responsiveness, and operational thermal range remains a crucial challenge. The gas-sensing capability of a material depends significantly on the microstructure achieved during synthesis. When the particle size is reduced to the nanometric scale, material reactivity is enhanced, improving the efficiency of gas detection [20,21,22,23,24,25,26,27]. ZnCo2O4-based materials have shown promise in gas-sensing and biosensing applications. Their electrochemical properties are critical in sensors’ sensitivity, selectivity, and response time. The widely accepted mechanism for ZnCo2O4’s gas sensing involves variations in electrical resistance due to the adsorption and desorption of oxygen species on its surface. This process creates a hole accumulation layer, leading to a chemical interaction between the gas and the ZnCo2O4 surface, altering its electrical resistance and high sensitivity [21,24,28,29]. For instance, Bangalore (2014) synthesized ZnCo2O4 nanomaterials and tested their conductance responses to reducing gases like acetone, ethanol, and carbon dioxide (CO2). These sensors demonstrated diverse responses at varying operating temperatures, with rapid response times and efficient recovery rates, indicating ZnCo2O4’s potential as a novel gas-sensing material with high sensitivity and selectivity toward ethanol at 200 ppm [30].



In another study, Morán-Lázaro and colleagues 2016 [19] synthesized and formulated nanoparticles of spinel ZnCo2O4 utilizing the microwave-assisted colloidal technique as shown in Figure 3a. The production and analysis of ZnCo2O4 nanoparticles were conducted to evaluate their effectiveness as detectors for carbon monoxide (CO) and propane (C3H8) at different concentrations and temperatures. Figure 3b shows the setup of the experiment for measuring ZnCo2O4 nanoparticles’ gas sensitivity. An evaluation of the sensor’s effectiveness revealed an extreme responsiveness to 300 parts per million of carbon monoxide when used at 200 °C. Following an analysis of the efficacy of ZnCo2O4 nanoparticles (exhibiting a maximum sensitivity of around 2950 and 8.99 in 300 ppm of CO and C3H8, respectively, at 200 °C) in comparison with comparable semiconductor oxides, it was observed that they exhibited exceptional sensitivity, resilience, and effectiveness in detecting CO and C3H8 at various temperatures.



For instance, Gómez-Pozos et al. and Gildo et al. [31,32] reported that LaCoO3 showed peak sensitivity at 350 °C for CO and C3H8 concentrations of 200 and 300 ppm, with sensitivities ranging from 10 to 15 for CO and approximately 42 for C3H8, as seen in Figure 4. They recorded sensitivity values of roughly 0.6 and 0.7 for SnO2 oxide at 300 °C and with gas concentrations of 500 ppm for both gases. According to Guillén-Bonilla and colleagues [22], the oxide ZnSb2O6 exhibited a maximum sensitivity of around 6.66 and 1.2 for CO and C3H8 at 250 °C, respectively. According to Guillén-Bonilla et al. 2015 [24], the oxide CoSb2O6 exhibited a sensitivity of around 4.8 at 350 °C in 300 parts per million of C3H8. Morán-Lázaro et al. [19] demonstrated that zinc-cobaltite exhibited superior gas-sensing performance compared with that synthesized by Vijayanand et al. (2011) [33], which showed a sensitivity response of approximately 1 at 50 ppm of CO at 350 °C. It also outperformed sensors reported by Zhou et al. (2014) [34], which utilized ZnO/ZnCo2O4 composites, and Liu et al. (2015) [35], which employed porous ZnCo2O4 nanospheres/microspheres. Additionally, it surpassed the findings of Long et al. (2016) [36], who recorded a sensitivity of approximately 29 at 10 ppm of CO and 13 at 5000 ppm of C3H8, both at 300 °C. These results indicate that ZnCo2O4 holds significant potential as a gas sensor material, particularly for detecting CO and C3H8. The nanoparticles exhibited remarkable reactivity toward carbon monoxide (CO) and propane (C3H8), with the ZnCo2O4 sensors achieving high sensitivity at 300 ppm of CO, outperforming other semiconductor oxides in terms of sensitivity, robustness, and efficiency across various temperatures.



By applying both alternating current (AC) and direct current (DC) electrical analysis techniques, Joshi et al. (2018) produced yolk-shelled ZnCo2O4 microspheres employing a co-precipitation technique, exhibiting remarkable sensitivity in detecting ozone (O3) at concentrations as low as 80 parts per billion (ppb), as shown in Figure 5. The sensors displayed a high level of selectivity in addition to quick response and recovery times. The ZnCo2O4 yolk-shelled microspheres’ large surface-area-to-volume ratio improved performance, suggesting much room to grow in the environmental monitoring gas sensor technology [37]. Additional studies showed that these ZnCo2O4 yolk-shelled microspheres could identify ozone at lower temperatures. However, it took longer for them to reach their initial resistance level. Response times varied from 8.4 s at 80 ppb to 37 s at 890 ppb concentration dependency, and recovery times ranged from 9.7 min at 80 ppb to 21 min at 890 ppb. The large surface-area-to-volume ratio of the yolk-shelled microspheres was responsible for the sensors’ quick response and recovery times, high selectivity, and improved functionality. These results showed great promise for developing gas sensor technologies in environmental monitoring [37].



ZnCo2O4 as a Platform in Electrochemical Biosensor


ZnCo2O4 is a spinel oxide that exhibits remarkable properties of electrochemistry, making it a desirable material for biosensor development. ZnCo2O4’s catalytic activity facilitates the efficient oxidation and reduction of analytes, leading to improved detection performance. ZnCo2O4’s catalytic activity accelerates the electrochemical reactions of target molecules, enhancing the detection signal. As research progresses, ZnCo2O4-based biosensors could revolutionize medical diagnostics and environmental monitoring, providing more accurate, reliable, and efficient tools for detecting a wide range of analytes [38]. Figure 6 shows the schematic of an inorganic–organic nanocomposite and ZnCo2O4 biosensor. Diabetes management relies heavily on the precise tracking of blood glucose levels. ZnCo2O4’s ability to catalyze glucose oxidation makes it an excellent material for developing glucose biosensors [39]. Its versatile electrochemical characteristics enable the development of multi-analyte biosensors, which can simultaneously monitor multiple biomarkers, offering a comprehensive tool for health diagnostics. Future research should focus on optimizing the synthesis methods of ZnCo2O4 to enhance its electrochemical properties further. Additionally, integrating ZnCo2O4 with other nanomaterials could lead to the development of hybrid biosensors with superior performance.





3. ZnCo2O4 as an Electrode Material for Supercapacitors


Supercapacitors, heralded for their high-power density, rapid charge–discharge rates, and prolonged cycle life, are becoming increasingly vital in energy storage applications [40]. In electrochemical double-layer capacitors (EDLCs), charge storage occurs at the electrode/electrolyte interface by forming an electrochemical double layer. ZnCo2O4’s high surface area and porosity facilitate this process, thereby enhancing the capacitance and energy density of the supercapacitor. ZnCo2O4 exhibits pseudocapacitive behavior, where charge storage involves reversible faradaic redox reactions. The transitions between Co2+/Co3+ and Co3+/Co4+ in ZnCo2O4 contribute to its high specific capacitance, enhancing its performance as an electrode material for supercapacitors.



Huang et al. (2015) [41] have demonstrated the effectiveness of nanostructured ZnCo2O4 in supercapacitor applications. Porous ZnCo2O4 rod-like nanostructures synthesized by Huang et al. exhibited a specific capacitance of 604.52 F·g−1 at 1 A·g−1, with an impressive capacity retention of 95.65% over 3000 cycles [41]. The amount of charge that can be stored in the supercapacitor per unit mass of the electrode material is indicated by this specific capacitance value. They employed the oxalate co-precipitation synthesis technique, which involves high-temperature calcination of particles with a diameter of roughly 26.78 nm. The electrochemical characteristics of the ZnCo2O4 hybrid electrode were investigated using a three-electrode system in a 6-M KOH solution. The prepared ZnCo2O4 electrode’s specific capacitance was measured, and these properties were evaluated through galvanostatic charge–discharge tests and CV measurements. At various current densities of 1, 2, 4, 6, 8, and 10 A·g−1, the specific capacitances of ZnCo2O4 were 604.52, 521.56, 436.56, 405.96, 382.41, and 375.83 F·g−1, respectively. ZnCo2O4’s specific capacitances decreased as discharge current densities increased. The decrease in current can be explained by the OH ion diffusion processes that occur when the electrode charges and discharges. As discharge current densities increase, a significant quantity of OH− ions is required to intercalate quickly at the electrode/electrolyte interface. However, the relatively low concentration of OH− ions does not meet this requirement. The nanostructure provides a large surface area for ion diffusion and charge storage, contributing to the enhanced performance of the supercapacitor [41].



Priya et al. (2019) [42] employed hydrothermal synthesis to produce ZnCo2O4 nanoparticles using sodium hydroxide (NaOH) as a reducing agent in a hydrothermal method. For the ZnCo2O4 nanoparticles, the cyclic voltammetry analysis showed a specific capacitance of 434 F·g−1 at a scan rate of 5 mV·s−1. The CV measurements confirmed the ZnCo2O4’s pseudocapacitive nature, a characteristic of certain materials that store charge through fast and reversible surface redox reactions, which, in a 2-M KOH aqueous electrolyte, measured the potential window between −0.6 mV·s−1 and 0.6 mV·s−1 at various scan rates ranging from 5 to 50 mV·s−1. The data’s quasi-rectangular form differed completely from the ideal rectangular shape. The primary benefit of a pseudocapacitor is that its specific capacitance is 10–100 times greater than that of an electric double-layer (EDLC). As scan rates increase, the capacitance value decreases, falling from 434 F·g−1 for 5 mV·s−1 to 43 F·g−1 for 50 mV·s−1. This implies that the electron will interact with the material’s core at lower scan rates, whereas at higher scan rates, it will only interact with the material’s outer surface. Furthermore, these nanoparticles’ favorable stability makes them appropriate for various supercapacitor applications.



Tiwari et al. 2021 [43] also used the hydrothermal method to create ZnCo2O4 nanoparticles. For this experiment, the ZnCo2O4 electrode displayed a minimum specific capacitance of 147.36 F·g−1 at 100 mV·s−1 and a maximum capacitance of 593.45 F·g−1 at 10 mV·s−1. This study highlighted the pseudocapacitive nature of ZnCo2O4; however, capacitance values decreased at higher scan rates due to limited ion diffusion at the electrode surface.



Composite materials have been developed to address the structural durability limitations of ZnCo2O4 during redox processes. Kamble et al. 2022 [44] synthesized ZnCo2O4@NiO core–shell structures, combining the high theoretical capacitance of NiO with the structural benefits of ZnCo2O4. This hierarchical structure exhibited improved capacity, enhanced rate capability, and better cycling stability than pure ZnCo2O4 and NiO. However, NiO’s use as a stand-alone electrode material for supercapacitors is limited by its poor cycle stability and high electrical resistance. As such, a hierarchical structure with integrated ZnCo2O4 and NiO nanostructures is expected to demonstrate remarkable electrochemical properties in a heterostructured form, possibly utilizing each component’s distinct qualities through modification or reinforcement [45]. Motivated by this, it was expected that core/shell nanostructured arrays could bring out unique attributes by utilizing the heterostructures’ synergistic effects. In comparison with pure ZnCo2O4 and NiO (Figure 7), the electrochemistry of the resulting hierarchical ZnCo2O4@NiO composite binder- and additive-free supercapacitor demonstrated improved cycling stability, increased capacity, and improved rate capability due to these unique advantages of a self-supporting core–shell architecture. The electroactive materials and the current collector demonstrated a robust binding force and rapid electron/ion transport kinetics. The binder-free ZnCo2O4@NiO electrode exhibited exceptional cycling stability, maintaining 85% of its initial capacitance after 5000 charge–discharge cycles at 10 mA·cm−2. This current density also yielded a high specific capacitance of 882 F·g−1. The asymmetric supercapacitor ZnCo2O4@NiO//rGO reached a maximum energy density of 46.66 Wh·kg−1 at a power density of 800 W·kg−1. The device displayed a capacitance retention of 90.20% after 4000 cycles. These results revealed that the architectural electrode ZnCo2O4@NiO exhibited potential as a functional material for energy storage devices.



Performance of ZnCo2O4-Based Supercapacitors in Various Electrolytes


It is worth noting that the choice of electrolyte can significantly impact the performance of ZnCo2O4-based supercapacitors. Studies have investigated the electrochemical behavior of ZnCo2O4 in different electrolytes, such as aqueous, organic, and ionic liquid electrolytes [46]. Each electrolyte presents unique advantages and challenges, influencing the capacitance, stability, and voltage window [47,48]. Aqueous electrolytes, typically based on aqueous solutions of salts such as potassium hydroxide (KOH) or sodium sulfate (Na2SO4), are commonly used due to their low cost, high ionic conductivity, and environmental friendliness. ZnCo2O4 has demonstrated excellent performance in aqueous electrolytes, exhibiting high specific capacitance and good cycling stability.



Organic electrolytes, including acetonitrile (ACN)-based electrolytes containing tetraethylammonium tetrafluoroborate (TEABF4) or tetraethylammonium perchlorate (TEAP), offer advantages such as broader voltage windows and potentially higher energy densities [49,50]. ZnCo2O4 has shown promise in organic electrolytes, but issues related to solvent stability and ion mobility must be addressed for practical applications.



Ionic liquid electrolytes, composed of room-temperature molten salts, provide excellent electrochemical stability and expansive operating voltage windows [51]. ZnCo2O4-based supercapacitors utilizing ionic liquid electrolytes have demonstrated impressive performance in capacitance, energy density, and cycling stability. However, the high cost and viscosity of ionic liquids may pose challenges for large-scale applications. Moving forward, further research is needed to optimize the performance of ZnCo2O4-based supercapacitors in various electrolytes, focusing on enhancing capacitance, improving cycling stability, and reducing costs. Strategies such as electrode morphology control, surface modification, and electrolyte optimization hold promise for achieving these goals. Exploring novel electrode architectures, such as 3D hierarchical structures or flexible thin films, could unlock new opportunities for ZnCo2O4 in advanced supercapacitor designs.



ZnCo2O4 emerges as a versatile and promising supercapacitor electrode material, exhibiting high specific capacitance, excellent cycling stability, and compatibility with multiple charge storage mechanisms. By addressing challenges related to electrolyte selection, electrode design, and performance optimization, ZnCo2O4-based supercapacitors hold great potential for a wide range of energy storage applications, from portable electronics to renewable energy systems. Continued research and development efforts will be crucial in unlocking the full capabilities of ZnCo2O4 and accelerating its transition from the laboratory to practical implementation. Table 1 shows the specific capacitance of ZnCo2O4 synthesized using different methods.





4. ZnCo2O4 in Battery Applications


ZnCo2O4 has emerged as a promising electrode material for advanced battery technologies, particularly in the realm of lithium-ion batteries (LIBs) and sodium-ion batteries (SIBs) [60]. Its unique combination of properties, including a high theoretical capacity, exceptional electrochemical stability, and the capability to undergo multiple redox reactions, positions it as a standout candidate for significantly enhancing battery performance. One of the critical advantages of ZnCo2O4 is its high theoretical capacity as an electrode material. With a theoretical capacity of 975 mAh·g−1 for lithium-ion storage [61] and 1072 mAh·g−1 for sodium-ion storage [62], ZnCo2O4 offers a compelling option for achieving high energy densities in rechargeable batteries. This high capacity stems from the reversible insertion and extraction of lithium or sodium ions into the ZnCo2O4 lattice during charge and discharge cycles, enabling efficient energy storage [63].



ZnCo2O4 exhibits excellent electrochemical stability, making it well suited for prolonged cycling and extended battery lifetimes. Its robust structural integrity and resistance to degradation during repeated charge–discharge cycles contribute to enhanced battery performance and reliability. This stability is particularly crucial for LIBs and SIBs, where electrode materials must withstand the mechanical stress and volume changes associated with ion insertion and extraction processes. Another notable feature of ZnCo2O4 is that it facilitates high-charge storage capacities and improved energy densities. During electrochemical cycling, the reversible conversion between different oxidation states of cobalt (Co2+/Co3+ and Co3+/Co4+) enables efficient active material utilization. It maximizes the overall energy storage capacity of the battery [64]. This multifaceted redox behavior enhances the electrochemical performance of ZnCo2O4-based electrodes and contributes to the overall efficiency and stability of the battery system [10].



ZnCo2O4 is a promising electrode material for LIBs and SIBs, offering a potent combination of high theoretical capacity and excellent electrochemical stability. Its unique properties make it a compelling candidate for advancing battery technologies and addressing the growing demand for high-performance energy storage solutions in various applications, from portable electronics to grid-scale energy storage systems.



4.1. Application of ZnCo2O4 as Anode Material in LIB


In LIBs, ZnCo2O4 functions as an anode material. Its theoretical capacity reaches up to 975 mAh·g−1, significantly higher than traditional graphite anodes (372 mAh·g−1). ZnCo2O4 has been thoroughly researched as an anode and a cathode material for lithium-ion batteries [65]. The emphasis has been on enhancing capacity, cyclability, and rate capability.



ZnCo2O4 has a typical spinel structure with Zn2+ ions in tetrahedral and Co3+ ions in octahedral locations inside a closely packed cubic oxide framework [64]. Lithium ions can be easily inserted and extracted due to this arrangement, which also speeds up ionic and electrical movement. Two main redox pairs are seen in ZnCo2O4:Co3+/Co2+ at about 1.0 V and Co4+/Co3+ at about 1.6 V regarding Li/Li+ [66]. These redox reactions support a reversible lithium storage capacity ranging from 700 to 900 mAh·g−1 [67]. The redox pair Co3+/Co2+ exhibits more excellent reversibility and substantially contributes to the total storage capacity. Achieving the desired electrochemical properties requires optimizing the size and shape of ZnCo2O4 nanostructures [68]. Optimal primary and secondary particle sizes in hierarchical nanostructures can yield high capacity, rate capability, and cycling performance in lithium-ion batteries [69]. The high capacity is attributed to ZnCo2O4’s ability to undergo multiple redox reactions involving zinc and cobalt ions.



The spinel structure of ZnCo2O4 facilitates reversible intercalation and deintercalation of lithium ions, which is critical to its high theoretical capacity. The redox reactions of Co2+/Co3+ and Zn2+/Zn0 enable the participation of multiple charge carriers in the electrochemical process, enhancing the material’s efficiency. ZnCo2O4 is also noted for its excellent cycling stability, maintaining capacity across numerous charge–discharge cycles. This durability is attributed to the robust spinel structure capable of withstanding volumetric changes during lithiation and delithiation processes.



ZnCo2O4 anodes exhibit notable rate capability, making them suitable for applications that demand quick charging and discharging. The material’s high surface area and porosity support swift lithium-ion diffusion and electron transport, improving performance at elevated current densities. Further performance enhancements of ZnCo2O4 anodes have been achieved by developing composite materials. Integrating ZnCo2O4 with carbon-based materials like graphene or carbon nanotubes enhances electrical conductivity and mitigates volumetric expansion during cycling. Such composites show superior capacity retention and rate performance compared with pure ZnCo2O4.



Advancements in nanostructuring ZnCo2O4 (e.g., nanoparticles, nanorods, and nanoflakes) have significantly boosted its electrochemical performance. A noteworthy study as shown in Figure 8 by Xiao et al. in 2020 [70] introduced a 3D nanoflower composite material, ZnCo2O4@C3N4−B, created via a straightforward hydrothermal process by combining ZnCo2O4 with B-doped g-C3N4 (g-C3N4−B). This composite exhibited an exceptional specific capacitance of 919.76 mAh·g−1 after 500 cycles at 0.2 A·g−1 and maintained 97.8% capacity after 1000 cycles at 2 A·g−1. The 3D-linked architecture and doping of g-C3N4−B are credited for the high reversible capacity, extended cycling life, and superior rate performance, offering a simple yet effective approach for designing high-performance anode materials for lithium-ion batteries.



A comprehensive analysis of the lithium-ion storage capabilities of ZnCo2O4@C3N4, ZnCo2O4@C3N4−S, and ZnCo2O4@C3N4−B as anodes in lithium-ion batteries revealed distinctive performance metrics. Specifically, the ZnCo2O4@C3N4−B anodes, after 500 cycles, showed a unique capacity increase after the 450th cycle; this was attributed to the reversible formation and dissolution of polymer-like gels enhancing the metal oxide-activated electrode material. In contrast, the specific capacities of the other electrodes steadily declined, likely due to the inherent stability of the ZnCo2O4@C3N4-B three-dimensional (3D) nanoflower structure.



Additionally, ZnCo2O4@C3N4-B demonstrated almost complete coulombic efficiency and significantly superior capacitance across a range of current densities when compared with ZnCo2O4@C3N4 and ZnCo2O4@C3N4-S, especially at high current densities. This can be associated with the structural integrity of the 3D nanoflower framework, which allowed for shorter diffusion pathways for lithium ions and increased interface area with graphene-like materials. The cycling behavior under different current densities and the long-term cycling performance at high current densities underscore the potential of ZnCo2O4@C3N4-B as a high-performance anode material for lithium-ion batteries.



Song et al. (2014) [71] used a simple co-precipitation method and annealing to create the ZnCo2O4 material with a progressive porous nanostructure. At a current density of 100 mA·g−1 and a voltage window of 0.01 to 3.0 V, the ZnCo2O4 material showed an initial discharge–charge capacity of 1458.5 and 1081.7 mAh·g−1, respectively, during its initial evaluation as an electrode. The ZnCo2O4 material retained a significant specific capacity of 1274.5 mAh·g−1 even after 50 cycles. The ZnCo2O4 material exhibited remarkable capabilities due to its unique flake-by-flake porous nanostructure [71].



Furthermore, because of its low cost, environmentally friendly experimental setup, and high production efficiency, the fabrication method presented in this study is judged appropriate for use in industrial settings. Because of its low energy consumption, the hydrothermal technique is considered a standard and prominent approach, and it has attracted much attention from academics synthesizing various nanomaterials across multiple disciplines. This traditional hydrothermal method requires high pressures and temperatures inside a high-pressure vessel to create crystalline nanomaterials with water acting as a solvent. It is commonly acknowledged as the most common technique for producing ZnCo2O4, allowing for building materials with various dimensional structures and remarkable electrochemical properties [71].



Zhen et al. 2017 [72] produced thin ZnCo2O4 nanosheets with a high surface area and mesoporosity through a straightforward hydrothermal process. When used as anode materials in lithium-ion batteries, these ZnCo2O4 nanostructures show exceptional performance in lithium storage. The initial specific capacity of the thin ZnCo2O4 nanosheets is measured at 1251 mAh·g−1 when they are run at a current density of 1 A·g−1, keeping a particular capacity of roughly 810 mAh·g−1 even after 200 cycles of discharge and recharge [72]. Many carbonaceous materials have been used to dramatically change various electrode materials in LIBs to increase their conductivity, increasing the batteries’ speed and longevity. Similarly, several researchers have created ZnCo2O4/carbon-based composites for the ZnCo2O4 anode material using various carbon-based materials [73].



In the study conducted by Ding et al. (2019) [74], a novel approach involving a citrate-assisted solvothermal synthesis was utilized to fabricate ZnCo2O4/C nanocomposites, which morphologically resembled hydrangeas. This strategic selection of materials significantly enhanced the ionic and electronic conductivity of ZnCo2O4. Consequently, these hydrangea-mimetic ZnCo2O4/C nanocomposites exhibited a remarkable electrochemical performance, achieving a specific capacity of 964.6 mAh·g−1 at a current density of 1 A·g−1 over 200 cycles. Moreover, even under the strenuous conditions of a 4 A·g−1 current density after 1000 cycles, the material maintained a specific capacity of 704.4 mAh·g−1. The electrochemical behavior of these nanocomposites is further elucidated in Figure 9A, which depicts the discharge and charge profiles within the voltage window of 0.01 to 3.0 V versus Li/Li+. The initial assessments reveal an impressive coulombic efficiency of 79.6%, with the first cycle capacity reaching 1418.1/1129.0 mAh·g−1. This excess capacity, surpassing theoretical expectations, is attributed to forming solid electrolyte interphase (SEI) layers, structural defects, and lithium adsorption at active sites. However, the first cycle also encounters a notable irreversible capacity loss of 20.4%, primarily due to suboptimal electrochemical conversion and SEI layer formation, which induces lithium depletion. Despite this, subsequent cycles show highly consistent profiles. By the 200th cycle, a high reversible 964.6 mAh·g−1 capacity is achieved, underscoring the ZnCo2O4/C nanocomposites’ exceptional stability and electrochemical reversibility under high current densities.



Figure 9B shows differential capacity curves (dQ/dV) used to analyze ZnCo2O4/C microhydrangeas’ electrochemical performance in detail. During the initial discharge, a reduction peak was observed at about 0.71 V, probably because of the redox characteristics of transition metal oxides. As a result, the oxidation process was demonstrated by two peaks in the first charge at roughly 1.61 and 1.84 V. However, the second cycle’s reduction peak moved to a higher voltage of approximately 0.85 V, signifying the activation of the active materials. The discharge peak then stabilized at roughly 0.81 V in the following discharge cycles, indicating the remarkable cycling stability of ZnCo2O4/C microhydrangeas during the cycling procedure. For ZnCo2O4/C microhydrangeas-9, ZnCo2O4/C microhydrangeas-15, ZnCo2O4/C microhydrangeas-21, and ZnCo2O4/C microhydrangeas-27, respectively, the cycling performances of these microhydrangeas produced with 9, 15, 21, and 27 mmol Na-citrate at 1 A·g−1 are shown in Figure 9C. With 200 cycles, ZnCo2O4/C microhydrangeas-27 demonstrated exceptional cycling stability, reaching a maximum discharge capacity of 964.6 mAh·g−1 at 1 A·g−1, representing 87.1% of the discharge capacity in the second cycle. In the initial cycle, they demonstrated reduced discharge–charge capacities and coulombic efficiencies of 1217.7/855.1 mAh·g−1 (72.7%), 1053.7/819.5 mAh·g−1 (77.8%), and 888.1/660.5 mAh·g−1 (74.4%) in contrast to ZnCo2O4/C microhydrangeas-27, ZnCo2O4/C microhydrangeas-21, ZnCo2O4/C microhydrangeas-15, and ZnCo2O4/C microhydrangeas-9. Furthermore, ZnCo2O4/C microhydrangeas-21’s discharge capacity dropped to 753.1 mAh·g−1 after 200 cycles, after first rising gradually to 800.3 mAh·g−1 in the first 100 cycles. Regrettably, after 100 cycles, the available capacity of ZnCo2O4/C microhydrangeas-15 and ZnCo2O4/C microhydrangeas-9 dropped steadily from 779.9/628.0 to 647.4/527.4 mAh·g−1 and then again to 589.3/475.9 mAh·g−1, presumably because of severe microstructural deterioration. ZnCo2O4/C microhydrangeas-27’s remarkable microstructure—which consists of numerous open pores, uniformly and effectively confined ZnCo2O4 nanoparticles, and interconnected ultrathin carbon nanopetals with high graphitization—is mainly responsible for their improved cyclic stability and initial coulombic efficiency. In ZnCo2O4/C microhydrangeas prepared with 21, 15, and 9 mmol Na-citrate, the thick carbon layer may cause sluggish reaction kinetics because of extended ion or electron transport paths and reduced reaction surface area. These findings demonstrate the critical influence of ZnCo2O4/C microhydrangeas’ microstructural features on their electrochemical performance. ZnCo2O4/C microhydrangeas’ electrical conductivity and Li+ transport capacities were measured via electrochemical impedance to calculate the kinetics parameters.



With the same equivalent circuit shown in Figure 9D, the Nyquist plots obtained for the ZnCo2O4/C microhydrangeas after the second and 200th cycles at 1 A·g−1 can be effectively modeled. Re represents the electrolyte resistance, the charge transfer resistance is denoted by Rct, the intercalation capacitance is denoted by Cint, the constant-phase element is denoted by CPEi, and the Warburg impedance is denoted by Ws in this circuit. According to the fitting results, after the 200th cycle, the Rct value for ZnCo2O4/C microhydrangeas is 148.2 Ω, significantly less than the 219.7 Ω obtained after the second cycle. This implies that the particular hydrangea-like structure facilitates quick electron transfer pathways. Nanostructures offer a larger surface area, shorter lithium-ion diffusion paths, and better accommodation of volumetric changes, enhancing the capacity and cycling stability.




4.2. Application of ZnCo2O4 as Cathode Material in Li-CO2 Batteries


Lithium-carbon dioxide (Li-CO2) batteries have recently emerged as a promising avenue in energy storage, offering a theoretical energy density of 1876 Wh·kg−1, which is nearly ten times superior to current commercialized Li-ion batteries and comparable to most metal-air batteries [75,76]. However, Li-CO2 batteries need more cyclability and high charge overpotential. Thoka et al. (2020) [77] utilized ZnCo2O4@CNTS carbon nanorods to address these limitations, as shown in Figure 10, as the cathode material. With a fixed capacity of 500 mAh·g−1 and exceptional cycling stability over 200 cycles at a current density of 100 mA·g−1, the ZnCo2O4@CNT cathode demonstrated a discharge capacity of 4275 mAh·g−1 while keeping a charge overpotential below 4.3 V. The remarkable outcome can be ascribed to the combined effects of ZnCo2O4 and CNT. Highly porous ZnCo2O4 nanorod structures in the composite demonstrate enhanced catalytic activity and stability, promoting CO2 diffusion during discharge and quickening Li2CO3 breakdown at a lower charge overpotential [77].



Moreover, ZnCo2O4 has been explored for its potential in other aspects of lithium-ion batteries (LIBs) beyond cathode materials [73,78]. For instance, it has shown promise as an anode material due to its high theoretical specific capacity, excellent conductivity, and structural stability. Studies have demonstrated the synthesis of ZnCo2O4 nanostructures, such as nanowires and nanosheets, for application as anodes in LIBs, showcasing favorable electrochemical performance regarding capacity retention and cycling stability [73]. Table 2 shows the electrochemical properties of ZnCo2O4 materials for LIB.




4.3. Metal Ion Batteries


Sodium-ion batteries (SIBs) have emerged as promising alternatives to lithium-ion batteries due to the abundance of sodium reserves and their cost-effectiveness [80,81]. ZnCo2O4-based materials have shown promise as anode materials for SIBs due to their economical nature, considerable theoretical specific capacity, extensive specific surface area, and rapid ion diffusion, as previously observed in the context of LIBs [82,83,84]. Furthermore, applying ZnCo2O4 is not limited to anode materials in SIBs. Studies have also explored its potential in cathode materials, aiming to improve the electrochemical performance and stability of SIBs. For example, research has investigated ZnCo2O4-based cathode materials synthesized through various methods, such as hydrothermal processes and nanocomposite formulations, demonstrating enhanced capacity and cycling stability compared with traditional cathode materials [85].



The investigation of ZnCo2O4 nanowires and nanosheets by Zhao and colleagues (2020) assessed materials for sodium-ion battery (SIB) electrodes [86] synthesized with the intention of utilization in electrochemical applications ZnCo2O4 nanosheets and nanowires. The findings revealed that ZnCo2O4 nanosheet and nanowire electrodes attained capacities of 191.9 mAh·g−1 and 70.8 mAh·g−1, respectively, following 100 cycles at 100 mA·g−1. Materials acquired through alternative methods have been evaluated for their potential use as materials for anodes by Yang et al. (2019), and the polyhedron ZnCo2O4, synthesized by a hydrothermal process, was bonded to reduced graphene oxide (rGO) nanosheets after bimetallic ZIF (Co2/3·Zn1/3(MeIm)2) underwent suitable oxidation. When it comes to cycling performance, the polyhedron ZnCo2O4@rGO composite electrode beats out polyhedron ZnCo2O4 after 300 cycles; it can discharge 134 mAh·g−1 for sodium-ion batteries at a voltage range of 0.01 to 3.0 V. High reversible capacity and good cycling performance are caused by the gentle conducting environment and the flexible support of reduced graphene oxide [83].





5. Application in Photovoltaics Devices


ZnCo2O4’s versatility extends to its application in photovoltaic devices, where it serves as a hole transport material, semiconductor sensitizer, and electrocatalyst. In perovskite solar cells (PSCs), ZnCo2O4 has been utilized as a hole transport layer, demonstrating superior efficiency and stability compared with conventional materials like PEDOT:PSS film. Additionally, ZnCo2O4’s narrow bandgap enables its use as a semiconductor sensitizer in dye-sensitized solar cells (DSSCs), enhancing light absorption and charge generation efficiency [87]. Moreover, ZnCo2O4-based materials have been explored for their electrocatalytic properties in DSSCs, offering a cost-effective alternative to platinum-based counter electrodes.



Studies have demonstrated the synthesis of ZnCo2O4-based composite materials, such as ZnCo2O4/RGO nanosheets and ZnO@ZnCo2O4 core–shell structures, exhibiting competitive power conversion efficiencies and superior electrocatalytic activities compared with traditional platinum counterparts [88,89]. ZnCo2O4 holds significant potential across various energy storage and conversion technologies, ranging from lithium-ion and sodium-ion batteries to photovoltaic devices. Its unique properties, including high theoretical specific capacity, excellent conductivity, and electrocatalytic activity, make it a promising candidate for future advancements in sustainable energy solutions. A composite of porous ZnCo2O4 nanosheets loaded with graphene (ZnCo2O4/RGO) was successfully synthesized through the annealing of precursors obtained via a straightforward hydrothermal process. The microstructure of the synthesized products was revealed through images obtained from scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The presence of RGO in the composite was confirmed by Raman spectroscopy. The electrocatalytic properties of the ZnCo2O4/RGO composite for the reduction of I3− were significantly enhanced compared with pure ZnCo2O4 and RGO, attributed to the synergistic effect between porous ZnCo2O4 nanosheets and RGO films. When utilized as a counter electrode (CE) in dye-sensitized solar cells (DSSCs), the ZnCo2O4/RGO composite achieved a power conversion efficiency (PCE) of 6.73%, representing 88% of that exhibited by a Pt CE (7.69%).



Ongoing research efforts have focused on optimizing the properties of ZnCo2O4 for improved performance in photovoltaic applications. Nanostructuring techniques, such as controlling exposed facets and increasing surface area, have been explored to enhance ZnCo2O4’s electrocatalytic activity and light-harvesting efficiency. Additionally, doping ZnCo2O4 with various elements or forming hybrid nanostructures with complementary materials has been investigated to tailor their electronic and optical properties for specific photovoltaic device requirements. In dye-sensitized solar cells (DSSCs), the ZnO@ZnCo2O4 core–shell nanostructure is proposed as a low-cost substitute for the Pt counter electrode (CE). Higher than 4.4% efficiency was achieved by the DSSC based on this new counter electrode, with an efficiency of 8.39% compared with the traditional Pt counter electrode. This substitute material achieves greater efficiency and outperforms platinum. Several variables contribute to this higher performance, such as superior charge transfer resistance, electrocatalytic activity resulting from creating a p-n junction at the core–shell contact, and superior crystallinity. The technique can now be realized as a viable replacement for the costly Pt in the DSSC structure thanks to the ZnO@ZnCo2O4 core–shell, bringing it one step closer to commercialization [89].



In perovskite solar cells (PSCs), ZnCo2O4 has emerged as a promising candidate for hole transport layers (HTLs) due to its high conductivity, suitable energy level alignment, and compatibility with perovskite materials. By serving as an efficient HTL, ZnCo2O facilitates charge extraction and transport, improving device efficiency and stability [90]. In recent years, synthetic metal oxides, recognized for their exceptional carrier transport ability, affordable price, and outstanding chemical durability, have mainly been employed as the hole transport layer (HTL) in perovskite solar cells (PSCs). Among these oxides, ternary metal oxides have gained attention due to the extensive tunability of the two distinct cations within the lattice sites, resulting in intriguing physicochemical properties. The study by Jheng et al. [91] focused on synthesizing ZnCo2O4 nanoparticles (NPs) through a chemical precipitation technique employed as the HTL in inverted PSCs. The PSC device incorporating the ZnCo2O4 NPs HTL exhibited enhanced efficiency of 12.31% and minimal hysteresis compared with the device utilizing a PEDOT:PSS film as the HTL, as seen in Figure 11. Furthermore, the ZnCo2O4 NPs-based device retained 85% of its initial efficiency after 240 h of storage under halogen lamp matrix exposure, featuring an illumination intensity of 1000 W/m2. This study presents a robust methodology for developing durable PSCs with long-term stability for potential large-scale manufacturing [91]. Similarly, in dye-sensitized solar cells (DSSCs), ZnCo2O4-based materials have been utilized as counter electrodes (CEs) to catalyze the reduction of redox couples in the electrolyte, enabling efficient charge transfer and collection at the electrode–electrolyte interface. The superior electrocatalytic activity of ZnCo2O4-based CEs and their cost-effectiveness and abundance make them attractive alternatives to conventional platinum-based CEs [92,93]. A flower-like ZnCo2O4 nanohybrid loaded with reduced graphene oxide (RGO) was synthesized by Hou et al. [94] and utilized as the counter electrode (CE) in dye-sensitized solar cells (DSSCs). Examination through scanning electron microscopy revealed that the ZnCo2O4’s flower-like configuration consisted of numerous thin nanosheets, with the RGO sheets effectively amalgamating with the ZnCo2O4.



The findings and interpretation indicated that the unique structure of ZnCo2O4 offered numerous catalytic reaction sites, while the RGO sheets functioned as a pathway to facilitate electron transfer. Due to the collaborative influence of ZnCo2O4 and RGO, the ZnCo2O4/RGO nanohybrid displayed exceptional electrocatalytic capabilities. This was further validated by the competitive power conversion efficiency (PCE) of 4.22% achieved by the DSSCs incorporating the ZnCo2O4/RGO nanohybrid CE, as shown in Figure 12 [94].



Moreover, recent advancements have explored novel architectures and compositions of ZnCo2O4-based materials. These innovations are not just about change for the sake of change but about overcoming existing limitations and pushing the boundaries of photovoltaic efficiency and durability. For example, core–shell nanostructures, heterojunctions, and hybrid composites incorporating ZnCo2O4 have been synthesized and characterized for improved light absorption, charge separation, and charge transport properties. In the contemporary era, Pt-coated FTO is conventionally utilized as the counter electrode within dye-sensitized solar cells (DSSCs) [95]. Apart from the elevated cost associated with the Pt electrode, it leads to a decrease in the stability of the DSSC. Within this examination, a groundbreaking counter electrode created from the ZnCo2O4/WO3 composite is brought to light and scrutinized for its utility in DSSCs. Employing the ZnCo2O4/WO3 as the counter electrode can enhance the efficiency of the DSSC to a greater extent than the Pt-based counterpart [95]. Through an analysis of the structural, morphological, optical, and electrochemical characteristics of the fabricated electrodes, a comprehensive examination of the counter electrodes produced under various conditions is conducted. The XRD patterns and FESEM images validate the formation of the composite phase within the ZnCo2O4/WO3 layers. Furthermore, electrochemical investigations utilizing CV, Tafel, EIS, and Mott–Schottky techniques reveal a notable enhancement in the electrocatalytic activity of the ZnCo2O4/WO3 sample in comparison with the ZnCo2O4 and WO3 electrodes. Moreover, the evaluation of DSSCs comprising a TiO2 photoanode and diverse counter electrodes indicates that solar cells incorporating ZnCo2O4/WO3 exhibit a promising efficiency of 7.76%, reflecting a 7% increase relative to those utilizing Pt [96].



Applying ZnCo2O4 extends beyond traditional photovoltaic devices to emerging technologies such as perovskite quantum dot solar cells and tandem solar cells. In perovskite quantum dot solar cells, ZnCo2O4 can be a versatile component for enhancing charge transport and reducing recombination losses, thereby improving device performance and stability. Additionally, the compatibility of ZnCo2O4 with various perovskite formulations and fabrication techniques makes it a promising candidate for integration into next-generation photovoltaic architectures [97]. To improve photocatalytic performance and make practical applications more accessible, it is essential to construct S-scheme heterojunctions with strong interfacial contacts that are both economical and ecologically beneficial. The work performed by Wei et al. 2024 [98] presents the synthesis of ZnCo2O4 quantum dots (QDs)/graphdiyn (ZCOG) S-scheme heterojunction using a straightforward hydrothermal technique. ZnCo2O4 quantum dots (QDs) were created through calcination, and graphene (GDY) nanosheets were created through a reduction–elimination reaction using CuBr as a catalyst. ZCOG exhibits a maximal hydrogen generation rate of 2472.80 μmol-g−1·h−1, which surpasses ZnCo2O4 QDs and GDY by 30.75 and 10.84 times, respectively. The highly coupled S-scheme heterojunction between GDY and ZnCo2O4 QDs, which effectively suppresses the recombination of photogenerated carriers while accelerating the photogenerated electron transfer, is responsible for this noticeably increased photocatalytic activity. Furthermore, the quantum size effect causes the electronic forbidden band to widen, which raises the electrons (holes) energy in the conduction band (valence band). In situ XPS, UPS, and TRPL spectroscopy demonstrated the S-scheme mechanism of ZCOG; DFT simulations further confirmed the conclusions’ dependability. A practical method for creating GDY-based photocatalysts with a quantum size effect is presented in this work [98]. Table 3 shows the PCE of ZnCo2O4 in different solar cells.



Tandem solar cells combine multiple photovoltaic materials with complementary absorption spectra to maximize light utilization and energy conversion efficiency, representing another promising avenue for ZnCo2O4. By incorporating ZnCo2O4-based materials into tandem cell designs as hole transport layers, interlayers, or catalysts, researchers aim to enhance device performance, increase power conversion efficiency, and reduce manufacturing costs. Furthermore, the tunability of ZnCo2O4 properties through compositional engineering and nanostructuring allows for precise control over its role in tandem cell architectures, opening new opportunities for optimizing device performance and scalability [102]. In addition to device-level improvements, ongoing research is focused on understanding fundamental processes such as charge generation, transport, and recombination in ZnCo2O4-based photovoltaic devices. Advanced characterization techniques, including transient absorption spectroscopy, impedance spectroscopy, and Kelvin probe microscopy, provide valuable insights into the mechanisms governing device performance and degradation. By elucidating the underlying physics of ZnCo2O4-based photovoltaic devices, researchers can identify key optimization strategies and design principles for achieving higher efficiencies, longer lifetimes, and more excellent stability under real-world operating conditions [103].



The versatility of ZnCo2O4 extends beyond its application as a standalone material in photovoltaic devices. It can also be integrated into multifunctional hybrid structures to exploit synergistic effects and enhance device performance. For instance, combining ZnCo2O4 with other semiconducting materials, such as metal oxides, quantum dots, or organic polymers, can lead to composite materials with tailored optoelectronic properties and improved charge transport characteristics. These hybrid structures offer opportunities for optimizing light absorption, charge separation, and charge collection efficiency, ultimately resulting in higher power conversion efficiencies and enhanced device stability [104]. Moreover, ZnCo2O4-based materials hold promise for applications beyond traditional photovoltaic devices, such as photoelectrochemical cells [98], photocatalysis [105], and optoelectronic devices [106]. In photoelectrochemical cells, ZnCo2O4 can be a photoanode or photocathode for water-splitting or CO2 reduction reactions, leveraging its electrocatalytic activity and light-harvesting properties to drive sustainable fuel production. Similarly, in photocatalytic applications, ZnCo2O4-based materials can catalyze chemical transformations under light irradiation, enabling environmentally friendly processes for pollutant degradation, organic synthesis, and energy storage. Furthermore, in optoelectronic devices such as light-emitting diodes (LEDs) and photodetectors, ZnCo2O4 can be utilized as an active layer or interface modifier to control charge injection, transport, and recombination, leading to improved device performance and efficiency. Photodetectors are essential optoelectronic tools in various fields, including optical communication, military surveillance, multispectral sensing, and environmental monitoring. Wang et al. 2024’s current research introduces a novel photodetector design centered on a bottlebrush-like configuration featuring a Co3O4/ZnO/ZnO heterojunction, marking notable progress in detection capabilities. Through meticulous fabrication, the photodetector showcases a rational band arrangement, leading to heightened light absorption efficacy and diminished electron–hole recombination. Particularly noteworthy is its exceptional detection efficiency spanning the ultraviolet-visible-near-infrared (UV-vis-NIR) spectrum during zero-bias conduction. The photodetection performance was achieved by integrating an additional ZnCo2O4 layer while maintaining material integrity. Examination using density functional theory (DFT) sheds light on the electronic structure at diverse heterojunction interfaces, offering valuable insights into electron transitions and their influence on photodetection mechanisms. The amalgamation of DFT outcomes with optical absorption data unveils the foundational principles dictating the superior functionality of the Co3O4/ZnCo2O4/ZnO heterojunction. Their results showcase exceptional parameters in the field of photodetection, including a peak responsivity (R) of 119.99 mA·W−1 and a specific detectivity (D) of 2.19 × 1013 Jones. These outcomes underscore a prospective approach toward enhancing wideband photodetectors utilizing durable, environmentally safe, and economically viable metal oxides, thus facilitating substantial progress in photodetection technology [107].



The diverse applications and functionalities offered by ZnCo2O4-based materials underscore their importance in advancing sustainable energy technologies and addressing global challenges related to climate change and energy security. By harnessing the unique properties of ZnCo2O4 and exploring innovative device architectures and integration strategies, researchers can unlock new opportunities for enhancing energy conversion efficiency, reducing environmental impact, and promoting the widespread adoption of renewable energy solutions. Continued collaboration between academia, industry, and government agencies will be essential for translating fundamental research findings into practical technologies and accelerating the transition toward a more sustainable and resilient energy future. Exploring ZnCo2O4 in emerging fields, such as tandem solar cells and perovskite quantum dot solar cells, presents exciting opportunities for further innovation. Tandem solar cells, which integrate multiple photovoltaic materials with complementary absorption spectra, offer the potential for significantly higher efficiencies compared with single-junction devices. By incorporating ZnCo2O4-based materials into tandem cell designs, researchers aim to enhance light harvesting, charge extraction, and overall device performance. Additionally, ZnCo2O4’s compatibility with various deposition techniques and its tunable electronic properties makes it a promising candidate for use as an interlayer or charge transport material in tandem cell architectures, facilitating efficient energy conversion across multiple bandgaps.



ZnCo2O4 holds promise as a versatile component for enhancing charge transport and stability in the realm of perovskite quantum dot solar cells. With tunable bandgaps and high absorption coefficients, perovskite quantum dots offer exciting possibilities for realizing efficient and stable photovoltaic devices. By incorporating ZnCo2O4 into perovskite quantum dot solar cell architectures, researchers aim to address challenges related to charge transport, interface engineering, and device stability. Furthermore, the synergistic combination of ZnCo2O4 with perovskite quantum dots may enable novel device functionalities, such as tandem structures or multi-terminal configurations, enhancing performance and versatility in photovoltaic applications [108]. Perovskite solar cells (PSCs), which have a straight bandgap, extended carrier lifetime, high mobility, and significant light absorption, are an affordable and effective substitute for silicon solar cells. However, conventional PSC hole transport layer (HTL) materials such as copper(I) iodide, SPIRO-OMETAD, and PEDOT: PSS have poorer carrier mobility and durability problems. So Rummaja et al. [100] investigated ZnCo2O4 as a possible substitute HTL material to overcome these difficulties because of its good hole transport properties, broad optical bandgap, and solution processability. The device structure shown in Figure 13, FTO/TiO2/CsPbI3/ZnCo2O4/Au, was evaluated using OghmaNano software and the Taguchi technique. The optimization process was centered on changing the ZnCo2O4 layer’s thickness. Based on simulation results, a ZnCo2O4 thickness of 300 nm was shown to have a power conversion efficiency (PCE) of 32.23%. An ANOVA study revealed that the ZnCo2O4 bandgap and environmental temperature significantly affected the PCE after ZnCo2O4 thickness. Remarkably, the ZnCo2O4 thickness affected the PCE by a massive 70%, indicating that adjusting this parameter could significantly improve the PCE [100].



Beyond photovoltaics, ZnCo2O4-based materials have shown promise in other optoelectronic devices, such as light-emitting diodes (LEDs) [106], photodetectors [109], and sensors [110,111]. By leveraging ZnCo2O4’s unique electronic and optical properties, such as its high electron mobility and tunable bandgap, researchers aim to develop next-generation optoelectronic devices with improved performance, efficiency, and reliability. Additionally, the integration of ZnCo2O4 with emerging materials and device architectures, such as organic semiconductors, two-dimensional materials [112], and flexible substrates [113], opens new opportunities for realizing advanced functionalities and applications in areas such as wearable electronics, smart displays, and environmental monitoring. The continued exploration of ZnCo2O4-based materials across various photovoltaic and optoelectronic applications offers exciting prospects for advancing renewable energy technologies and enabling sustainable development. By capitalizing on ZnCo2O4’s unique properties and exploring innovative device designs and integration strategies, researchers can unlock new opportunities to improve energy conversion efficiency, reduce environmental impact, and accelerate the transition toward a cleaner and more sustainable energy future.



The versatility of ZnCo2O4 is further demonstrated in its application in emerging fields such as perovskite quantum dot solar cells and organic–inorganic hybrid photovoltaic devices. In perovskite quantum dot solar cells, ZnCo2O4 is crucial in improving charge extraction, reducing recombination losses, and enhancing device stability. By incorporating ZnCo2O4 into the device architecture, researchers aim to overcome challenges related to perovskite quantum dot surface defects, ion migration, and moisture sensitivity, thereby enabling the development of efficient and durable photovoltaic devices [114]. Moreover, the potential of ZnCo2O4 in advanced photovoltaic concepts such as hot carrier solar cells and tandem perovskite/silicon solar cells presents exciting opportunities for further innovation. Hot carrier solar cells, which utilize energetic carriers generated by photons to overcome energy losses, offer the potential for achieving efficiencies beyond the Shockley–Queisser limit [115].



Tandem perovskite/silicon solar cells, which combine the high efficiency of perovskite solar cells with the stability and scalability of silicon photovoltaics, represent a promising approach for commercializing multi-junction solar technologies. ZnCo2O4, with its tunable bandgap, excellent charge transport properties, and compatibility with perovskite and silicon materials, is an attractive candidate for use as an interlayer or charge recombination barrier in tandem cell architectures. By integrating ZnCo2O4 into tandem perovskite/silicon solar cells, researchers aim to achieve efficiencies exceeding 30% while maintaining long-term stability and scalability for large-scale deployment [116].



The multifaceted properties and versatile applications of ZnCo2O4 make it a valuable material in photovoltaics. From serving as a hole transport layer in perovskite solar cells [91] to acting as an electrocatalyst in dye-sensitized solar cells [88], ZnCo2O4 offers promising opportunities for enhancing energy conversion efficiency, reducing costs, and advancing the sustainability of renewable energy technologies. Continued research and development efforts in optimizing the synthesis, morphology, and integration of ZnCo2O4-based materials are essential for realizing their full potential in photovoltaic applications and accelerating the transition toward a clean energy future. The continued exploration of ZnCo2O4 across diverse photovoltaic concepts and applications holds significant promise for advancing renewable energy technologies and addressing global energy challenges. By leveraging ZnCo2O4’s unique properties and compatibility with emerging materials and device architectures, researchers can unlock new opportunities to improve energy conversion efficiency, reduce costs, and accelerate the transition toward a sustainable and resilient energy future.




6. Advanced Synthesis Techniques and Composite Materials


The solvothermal synthesis method, a solvent containing reactants placed under high pressure and temperature inside an autoclave to create chemical compounds, has been employed to control the morphology and structure of ZnCo2O4 at the nanoscale. This method allows for fine-tuning the particle size, shape, and distribution, directly impacting the electrochemical properties. For instance, creating ZnCo2O4 nanoparticles with controlled size and uniform distribution can enhance the electrode’s surface area and porosity, improving lithium-ion diffusion and electron transport. Incorporating graphene and carbon nanotubes (CNTs) into ZnCo2O4 has shown significant potential in enhancing the conductivity and mechanical stability of the electrodes.



Graphene, with its high electrical conductivity and large surface area, provides a conductive network that facilitates rapid electron transfer and reduces the internal resistance of the electrode. Similarly, CNTs offer excellent mechanical strength and flexibility, which help maintain the electrode’s structural integrity during repeated charge–discharge cycles. Studies have demonstrated that ZnCo2O4/graphene [117] and ZnCo2O4/CNT [56] composites exhibit superior specific capacity rate capability and cycling stability compared with pure ZnCo2O4 [58]. Core–shell and hollow nanostructures of ZnCo2O4 have been developed to address the issues of volume expansion and structural degradation during cycling.



Core–shell structures, where ZnCo2O4 forms the shell around a conductive core (such as carbon or another metal oxide), can provide a robust framework that accommodates the volume changes during lithium insertion and extraction [118]. Hollow structures, on the other hand, offer a high surface area and reduced diffusion paths for lithium ions, enhancing the rate capability and cyclic stability [13]. These architectures also help mitigate the pulverization and accumulation of active materials, ensuring long-term stability.



Doping ZnCo2O4 with various elements (such as Mn, Ni, or Fe) or alloying with other metal oxides has been explored to enhance its electrochemical performance [119]. Doping can modify the electronic structure and enhance the ionic conductivity [120], while alloying can introduce additional redox-active sites [121], increasing the overall capacity. For example, Mn-doped ZnCo2O4 has shown improved cycling stability and rate capability due to the synergistic effect of Mn and Co redox couples [122]. Surface modification techniques, such as coating ZnCo2O4 with thin layers of carbon or metal oxides, have been employed to improve the electrode’s stability and conductivity. Carbon coatings can provide a conductive network and protect the active material from direct contact with the electrolyte, reducing the formation of the solid electrolyte interphase (SEI) layer and enhancing the electrode’s lifespan. Metal oxide coatings, such as TiO2 or Al2O3, can act as a protective barrier against side reactions and improve the thermal stability of the electrode [123].




7. Future Perspectives and Challenges


While substantial advancements have been achieved in augmenting the efficacy of ZnCo2O4-based composites for lithium-ion accumulators, several impediments persist [124]. The scalability and reproducibility of sophisticated synthesis methodologies necessitate refinement for pragmatic deployment. The assurance of homogeneity and consistency in the nanostructured materials across extensive production scales is imperative for their commercial realization. A paramount challenge lies in optimizing electrode architecture to equilibrate the juxtaposition among capacity, rate capability, and cycling stability [125]. The fabrication of composite materials with optimal ratios and synergistic effects is envisaged to facilitate overall performance. Furthermore, elucidating the fundamental mechanisms underpinning lithium storage and the contribution of disparate nanostructures toward enhancing electrochemical properties is essential for the rational design and advancement of these materials. Future investigations should also explore novel materials and hybrid constructs that amalgamate the merits of assorted components. The integration of ZnCo2O4 with other avant-garde materials, such as sulfides [126], phosphides, or innovative carbon allotropes [127], could culminate in the development of next-generation lithium-ion batteries characterized by elevated energy densities, accelerated charging capacities, and extended operational lifespans. The potential of ZnCo2O4-based materials in fabricating high-performance lithium-ion batteries is substantial. Continuous progress in synthesis techniques, material design, and fundamental comprehension will facilitate the development of efficient and durable energy storage systems, fulfilling the burgeoning demands of portable electronics, electric vehicles, and renewable energy integration. Applying a ZnCo2O4 coating could augment the stability and efficiency of perovskite solar cells. This coating mitigates degradation in the crystal structure as ZnCo2O4 modulates molecular migration and minimizes structural discontinuities, thereby enhancing durability. The inherent semiconductor characteristics of ZnCo2O4 also preserve efficiency even when enveloped with a substantial perovskite layer, a critical aspect for mass production.



The ongoing research and development in the domain of ZnCo2O4 harbor substantial promise for its application in pioneering clean energy technologies. Developing novel synthesis techniques for producing ZnCo2O4 with controlled morphology, size, and composition is pivotal for optimizing its attributes. A deeper understanding of the fundamental electrochemical mechanisms and interactions within ZnCo2O4 will facilitate rational design and optimization. Efforts to integrate ZnCo2O4 into practical devices while ensuring high performance and stability will expedite its commercial embracement. Concentrating on eco-friendly synthesis processes and recycling strategies will guarantee the sustainable evolution of ZnCo2O4-based technologies. Collaborative endeavors among materials scientists, chemists, physicists, and engineers are crucial to surmounting the multifaceted challenges and unleashing the full potential of ZnCo2O4 in clean energy applications. ZnCo2O4 emerges as a versatile and promising material with significant implications for various electrochemical applications. By addressing current challenges and capitalizing on recent advancements, ZnCo2O4 is poised to play a pivotal role in evolving efficient and sustainable clean energy technologies. This review endeavors to provide an exhaustive overview of the prevailing state of research on ZnCo2O4, elucidating its properties, advancements, challenges, and prospects.




8. Conclusions


Zinc cobaltite (ZnCo2O4) has emerged as a premier candidate for multifarious electrochemical applications, encompassing energy storage and conversion systems, owing to its distinctive amalgamation of attributes, including high specific capacity, outstanding electrical conductivity, and robust chemical stability. The spinel structure of ZnCo2O4, characterized by its adaptable redox chemistry, facilitates the manifestation of multiple oxidation states of cobalt ions, thereby enabling efficient and reversible redox reactions, which are pivotal for the operation of energy devices. Progress in nanostructuring, doping, surface modification, hybridization, structural engineering, and electrochemical activation has markedly augmented the electrochemical attributes of ZnCo2O4. Such advancements have precipitated the evolution of sophisticated synthesis methodologies, including hydrothermal, sol-gel, and solvothermal synthesis, which permit the meticulous modulation of ZnCo2O4’s dimensional, morphological, and structural characteristics. This precise modulation engenders nanostructures endowed with expansive surface areas and copious active sites, which are imperative for superior electrochemical performance. ZnCo2O4-based materials have exhibited exemplary performance as anode materials in lithium-ion batteries, characterized by elevated capacity retention and cycling stability. Composite materials, such as ZnCo2O4/graphene [117] and ZnCo2O4/CNTs [58], further ameliorated conductivity and mechanical stability, enhancing specific capacity, rate capability, and cyclic stability. Moreover, core–shell and hollow nanostructures have addressed the challenges of volume expansion and structural degradation, ensuring sustained stability and performance over time. Future research endeavors should persistently explore novel materials and hybrid systems that amalgamate the merits of disparate components to forge next-generation electrochemical devices endowed with higher energy densities, accelerated charging rates, and extended lifespans. The scalability and reproducibility of advanced synthesis methodologies remain paramount for their practical application, and the optimization of electrode architecture is crucial for achieving a balance between capacity, rate capability, and cycling stability. ZnCo2O4 is promising for developing high-performance lithium-ion batteries, supercapacitors, and electrochemical sensors. The ongoing advancements in synthesis techniques, material design, and the fundamental comprehension of ZnCo2O4’s electrochemical properties are set to catalyze the development of efficient and durable energy storage systems, fulfilling the burgeoning demands of portable electronics, electric vehicles, and the integration of renewable energy sources.
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Figure 1. (a) The cubic spinel and (b) tetragonal spinel structures of ZnCo2O4. Gray, blue, and red balls represent Zn, Co, and O atoms. [Reprinted with permission from Ref. [9] Copyright 2016. Scientific Reports]. 
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Figure 2. Applications of ZnCo2O4 material. 
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Figure 3. (a) Schematic illustration of the synthesis of ZnCo2O4. (b) Setup of the experiment to measure the gas sensitivity of ZnCo2O4 nanoparticles. [Reproduced with permission from Ref. [19]. Copyright 2016, Sensors]. 
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Figure 4. The sensitivity of LaCoO3 pellets versus operating temperature, CO concentration, and propane concentration. [Reproduced with permission from Ref. [32]. 2014, Journal of Nanomaterials]. 
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Figure 5. (a) Dynamic electrical resistance of the ZnCo2O4 sample after exposure to 560 ppb of O3 at 200 °C for different durations. (b) Sensor response of the ZnCo2O4 sample at various operating temperatures after exposure to 560 ppb of O3. (c) Response of ozone concentration and recovery time ranging from 80 to 890 ppb at 200 °C. [Reproduced with permission from reference [37]. Copyright 2018, Sensors and Actuators]. 
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Figure 6. (A) Schematic representation of the ZnCo2O4/AuNPs hybrid material synthesis. (B) Schematic diagram of the GCE/ZCOA platform’s target-driven cascade TMSDR double-amplification ECL sensor for DNA detection. [Reproduced with permission from Ref. [38]. Copyright 2020. Elsevier]. 
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Figure 7. CV curves for (a) NZ− 0.5, (b) NZ−1, and (c) NZ−2 at various scan rates, as well as the corresponding GCD curves (a′–c′) and specific capacitance graphs (a″–c″) at different current densities. The corresponding Nyquist and Ragone plots, measured at different current densities, are displayed in the insets. [Reproduced with permission from [44]. Copyright 2022, Nanoscale Advances]. 
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Figure 8. (a) Cycling performances of the ZnCo2O4@C3N4, ZnCo2O4@C3N4−S, and ZnCo2O4@C3N4−B electrodes at 0.2 A·g−1. (b) Rate capability of the ZnCo2O4@C3N4, ZnCo2O4@C3N4−S, and ZnCo2O4@C3N4-B electrodes at 0.2, 0.4, 0.6, 0.8, 1, and 2 A·g−1. (c) Capacity retention of the ZnCo2O4@C3N4, ZnCo2O4@C3N4−S, and ZnCo2O4@C3N4−B electrodes at 0.2 A·g−1 in different cycles (1st, 2nd, 100th, 300th, and 500th). (d) Charge and discharge profiles of the ZnCo2O4@C3N4-B electrode for the different cycles (1st, 2nd, 100th, 300th, and 500th). (e) Long-term cycling performance of the ZnCo2O4@C3N4−B electrode at 0.5 and 2 A·g−1. [Reproduced with permission from [70]. Copyright 2020, RSC Advances]. 
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Figure 9. Electrochemical performance of ZnCo2O4/C microhydrangeas: (A) Typical discharge–charge profiles. (B) The corresponding differential capacity curves from 0.01 to 3.0 V at 1 A·g−1. (C) Cyclic performance at 1 A·g−1. (D) Impedance studies. (E) Randles plots in the seconds and 200th cycle. [Reproduced with permission from Ref [74]. Copyright 2019, Wiley]. 
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Figure 10. (a,b) SEM images. (c,d) TEM images of ZnCo2O4@CNT. [Reprinted with permission from Ref [77]. Copyright 2015, American Chemical Society]. 
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Figure 11. (a) Device structure and (b) cross-sectional SEM image of the PSC based on the ZnCo2O4 NPs layer, (c) energy level diagram of the whole device, (d) J-V characteristics, (e) normalized PCE evolution, and (f) EQE spectra and integrated current density of the PSCs based on PEDOT:PSS film or ZnCo2O4 NPs. [Reprinted with permission from [91]. Copyright 2022, PMC]. 
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Figure 12. PCE for DSSCs equipped with Pt, ZnCo2O4/RGO, ZnCo2O4, and RGO CEs. [Reprinted with permission from Ref. [94]. Copyright 2018, Elsevier]. 
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Figure 13. The simulated configuration of the device. (a) The schematic configuration of the device. (b) The energy level diagram of the whole device. [Reproduced with permission from Ref. [100]. Copyright 2024, Journal of Physics]. 
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Table 1. Electrochemical performance of ZnCo2O4-based material.
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	Sample
	Technique
	Specific Capacitance F·g−1
	Ref





	ZnCo2O4
	Hydrothermal
	434
	[42]



	ZnCo2O4
	Hydrothermal
	593.45
	[43]



	ZnCo2O4-UAH
	Hydrothermal
	1250
	[52]



	ZnCo2O4@NiCo2O4
	Hydrothermal
	1728
	[53]



	RGO/ZnCo2O4
	Hydrothermal
	755.38
	[54]



	ZnCo2O4
	Reflux
	629
	[55]



	ZnCo2O4@NiO
	Reflux
	882
	[44]



	ZnCo2O4/CNT
	Co-precipitation
	888
	[56]



	ZnCo2O4 with Zn/Co
	Solvothermal
	1608.95
	[57]



	ZnCo2O4/NiCo2S4
	Solvothermal
	2385
	[58]



	ZnCo2O4
	Solvothermal
	804
	[14]



	ZnCo2O4/NiCo2S4@ppy
	Electrochemical depo
	2507
	[59]










 





Table 2. Comparison of the electrochemical properties of ZnCo2O4-based anode materials for LIBs.
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	Electrode
	Current Density (mA·g−1)
	Cycle Number
	Capacity (mAh·g−1)
	Ref.





	ZnCo2O4@C3N4-B
	200
	500
	919.76
	[70]



	ZnCo2O4
	100
	50
	1274.5
	[71]



	ZnCo2O4
	100
	200
	810
	[72]



	ZnCo2O4/C
	100
	200
	964.6
	[74]



	ZnCo2O4@CNTS
	100
	200
	4275
	[77]



	ZnO/ZnCo2O4
	500
	200
	847
	[79]










 





Table 3. PCE of different ZnCo2O4 solar cells.
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	Sample
	Cell
	Synthesis Method
	PCE%
	Ref





	ZnCo2O4/RGO
	DSSC
	Hydrothermal
	6.73
	[88]



	ZnO@ZnCo2O4
	DSSC
	Sol-gel
	8.39
	[89]



	ZnCo2O4/WO3
	DSSC
	Sol-gel
	7.76
	[97]



	ZnCo2O4@NiMoO4
	DSSC
	Hydrothermal
	9.30
	[99]



	ZnCo2O4
	Perovskite
	Co-precipitation
	12.31
	[91]



	ZnCo2O4
	Perovskite
	OghmaNano/Taguchi
	32.23
	[100]



	ZnCo2o4
	Perovskite
	Sol-gel
	15.79
	[101]
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