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Density functional theory (DFT) uniquely predicts diverse materials phenomena by 
seamlessly connecting electron interactions at the atomic scale to tangible structure 
and property evolution for revolutionary materials design. Through DFT, materials 
behavior can be predicted without expansive experimentation. This work imparts a 
fundamental evaluation on the electronic and optical behavior of optimized zinc 
cobaltite (ZnCo2O4), computed via Density Functional Theory (DFT), within the 
Cambridge Serial Total Energy Package (CASTEP) framework. By employing two 
generalized gradient approximation (GGA-PBE and GGA-PBESOL) and a local density 
approximation (LDA-CAPZ) at the optimized cut-off energy of 630 eV and 4×4×4 k-
points, the electronic and optical properties analysis was successfully deduced. The 
direct band gap and conductive behavior of ZnCo2O4 have been evaluated by means of 
band structure and Density of States (DOS) calculation. The dielectric constant, 
refractive index, and absorption spectrum also reveals the viability of ZnCo2O4 in 
electronic device application. 
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1. Introduction 
 

Zinc cobaltite with the structural formula of ZnCo2O4 has been applauded for its remarkable 
contribution in the energy storage domain, owing to their suitable spinel structure and the availability 
of several oxidation states [1]. Furthermore, excellent electronic and optical behavior of ZnCo2O4 is 
also the reason behind the demanding needs. One of the vital contributions of ZnCo2O4 is in the field 
of supercapacitor application, with the reported specific capacitance can reach up to 1841 Fg-1 at 1 
Ag-1 current density [2]. As of 2024, there were more than 150 available publications in Scopus that 
are associated with ZnCo2O4 supercapacitor, showing the relevancy of ZnCo2O4 in the realm of 
supercapacitors. On the other hand, a limited number of publications that relate ZnCo2O4 with DFT, 
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first principles study, and CASTEP that can be attained as a result of the Scopus search. Hence, more 
research on the first principles study of ZnCo2O4 is needed. 

The progression of cobalt-based material for supercapacitor electrode studies have shown 
impressive feedback from the energy storage research communities [3]. It is mainly due to its 
excellent establishment in the electrochemistry discipline. Electrochemical properties such as 
excellent rate capability and good capacitance are the duo that is compulsory for a supercapacitor 
material. Binary metal oxide system which combined two types of metals have shown an improved 
reversible capacity and conductivity in comparison to single metal oxide constituent. The synergistic 
effects of each metal in a binary metal oxide system are believed to be the cause of the upgraded 
performance. For instance, ZnCo2O4 with a normal spinel structure is recognized as one of the 
materials that meets the performance benchmark of a supercapacitor electrode [2]. It is also proven 
that the electrical conductivity of ZnCo2O4 is better compared to its single metal constituents: ZnO 
and Co3O4 [4]. Experimentally, ZnCo2O4 can be prepared via various synthesis routes such as 
solvothermal/hydrothermal [5,6], ionothermal, [7] and sol-gel combustion method [8]. 
Solvothermal/hydrothermal method, also known to be a wet chemical synthesis process is the most 
common synthesis route used for binary metal oxides production. In a typical wet chemical synthesis 
process, it is customary to mix a proper precursor with solvent in a closed system until the reaction 
temperature of the mixed material exceeds the boiling point of the system. At the elevated 
temperature and pressure with induced catalysts, reaction then occurred in the system thus 
producing 2D metal oxide structure [9]. 

In a typical material design process, potential materials were discovered through trial-and-error 
basis. Therefore, a platform to prove the hypothesis, and expedite the material selection process are 
of great demand. For this purpose, this work will highlight the first principles calculation with the 
ability to produce more precise prediction and rapid calculations without physical experiment. 
Through DFT, an important insight into the ZnCo2O4 at the elemental extent can be explored, and 
further compared with its experimental results. Various computational methods such as CASTEP [10], 
VASP [11], Quantum Espresso [12], and WIEN2k [1] are already known for their effectiveness and 
convenience. For instance, a number of theoretical studies have been done to investigate the 
structural [13], electronic [14], optical [15,16], and magnetic [17] properties of metal oxides material. 
The integration of theoretical and experimental approaches has been shown to be crucial for 
optimizing the performance of materials and devices [18]. Simulation tools facilitate the efficient 
tuning of material properties, thus reducing the complexity of the optimization process. More 
importantly, excessive expenditure on chemicals can be averted. 

This work aims to provide a fundamental insight on the electronic and optical properties of 
ZnCo2O4 originated from Co3O4 parent metal oxide via first principles calculation. Once the initial 
stable structure is obtained, the material functional can be predicted. Herein, we also highlight the 
importance of the theoretical approach in predicting the synergy of various materials when they are 
combined, thus providing guidance for future work without having to conduct a series of laboratory 
experiments first-hand.  
 
2. Methodology  
 

The atomic characteristic of a material can be explored by optimizing the first principles 
calculation without having to conduct experimental observations. This fast calculation allows a 
precise prediction of material’s behavior by implementing the CASTEP code [19], in accordance with 
DFT. The ZnCo2O4 crystal structure was built by replacing Zn atoms onto the tetrahedral sites of Co3O4 
matrices. Specifically, in a typical spinel Co3O4 spinel composition, the tetrahedral sites are inhabited 
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by Co2+ ions whilst octahedral sites contain Co3+ ions. To build ZnCo2O4 crystal structure, Zn2+ ions will 
substitute the lattice sites that are originally occupied by Co2+ ions [20]. The Co3O4 structure was 
optimized beforehand, prior to Zn substitution. Co3O4 has a space group of Fd3m (227) with cobalt 
positioned at Wyckoff coordinates of 8a and 16d, while Oxygen occupies Wyckoff equipoint 32e [21]. 
The geometrical optimization of both Co3O4 and ZnCo2O4 was performed using three different 
exchange-correlation functionals: the generalized gradient approximation (GGA) with Perdew-Burke-
Ernzerhof (PBE), the PBE for solids (PBESOL), and the local density approximation (LDA) as introduced 
by Ceperley and Alder and parameterized by Perdew and Zunger (CAPZ). Convergence test was 
carried out to obtain the optimized cut off energy value and the k-points of the material’s Brillouin 
zone. Subsequently, all calculations were performed at 630 eV cut-off energy and 4×4×4 k-points of 
ZnCo2O4. On that account, the impetus of this work is to attain an appropriate description of ZnCo2O4 
now it can be used for further research in various field. 
 

3. Results  
3.1 Geometry Optimization 
 

To grasp the fundamental properties of ZnCo2O4 matrices, it must undergo geometrical 
optimization first to ensure valid DFT calculations. Figure 1 features the optimized ZnCo2O4 with 
Co3O4 as the parent metal oxide. On the other hand, Table 1 depicts the calculated lattice constant 
of ZnCo2O4 obtained in this work and the comparable lattice constant values adapted from previous 
studies. The consistency of the parameter obtained in this work is portrayed in Figure 2, in which the 
calculated lattice constants does not deviate much from the reported experimental values. GGA-PBE 
overestimates the reported value whilst LDA-CAPZ underestimates it. GGA-PBESOL established the 
closest agreement to [22-24] with less than 0.5 % deviation. 
 

 
Fig. 1. Crystal structure of ZnCo2O4 

 
Table 1 
Details on lattice parameter of ZnCo2O4 
Software XC Lattice constant, a = b = c, (Å) References 

CASTEP GGA-PBE 8.156 This work 
CASTEP GGA-PBESOL 8.067 This work 
CASTEP LDA-CAPZ 7.956 This work 
Experimental - 8.095 [22] 
Experimental - 8.091 [23] 
Experimental - 8.10 [24] 
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Fig. 2. ZnCo2O4 lattice parameter percentage difference using 
local functionals with respect to the previously reported work 
[22-24] 

 
3.2 Electronic Properties 
 

After optimization, the energy band gap at three different XC functionals, and DOS of ZnCo2O4 

were acquired to apprehend its electronic properties. The band structure in Figure 3 shows an 
apparent direct band gap (Eg) of ZnCo2O4 at G point in which the valence band maximum (VBM) and 
conduction band minimum (CBM) crossed at an equivalent k-point of Brillouin zone. A non-flat and 
wavy energy band near fermi energy (Ef) level stipulates a good electron mobility behavior along with 
appropriate electron conductivity [25]. Also depicted in the band structure, the Eg value of ZnCo2O4 

is in the range of 0.77 eV to 0.81 eV, varying upon different functionals. In a DFT work conducted by 
Silambarasan et al., a comparable Eg value of 0.91 eV was obtained, indicating the validity of this work 
[26]. 
 

 
Fig. 3. Band structure of ZnCo2O4 at three different exchange correlation functionals 
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The DOS feature at the band edge provides a perception into the electronic properties of a 
specified material [27]. In general DOS can be termed as the available electronic states over a unit 
volume for a specified energy range [28]. Figure 4 portrays the calculated DOS of ZnCo2O4 structure 
by GGA-PBESOL XC functional where Figure 4(a) indicates the total density of states (TDOS) whereas 
Figure 4(b) shows the partial density of states (PDOS) of Zn, O, and Co. In a typical PDOS graph, alpha 
(α) and beta (β) for orbitals typically indicate spin states, where α indicates the spin-up states whilst 
β for spin-down. The symmetrical and identical α and β states indicates no net magnetic moment. 
Near the fermi level, the distribution of α and β states signifies the material's electrical properties. 
Based on quantum theory, the electrons that are located close to the Ef can contribute to conductivity 
[25].  It appears that the DOS of ZnCo2O4 is predominantly contributed by the 3d states of Zn and Co, 
and the 2p orbital of O, which is well conceded with the principle of valence electrons [29]. It is also 
revealed from the PDOS that the electron accepting ability of Co3+ is more prominent compared to 
Zn2+, as Co shows an intense peak near Ef. 
 

  
(a) (b) 

Fig. 4. (a) TDOS of ZnCo2O4 (b) PDOS of Zn, O, and Co 

 
3.3 Optical Properties 
 

The optical properties computed in this work include dielectric constant, refractive index, and 
absorption spectrum which have been calculated at the cut-off energy of 630 eV. Figure 5 portrays 
the real (solid line) and imaginary (dashed line) dielectric functions for ZnCo2O4 plotted at the range 
of 0 to 45 eV photon energy. Theoretically, the dielectric function is mathematically expressed in Eq. 
(1). 
 
𝜀 (𝜔) =  𝜀′ (𝜔) + 𝑖𝜀′′ (𝜔)                                                                                                                              (1) 
 

Herein, 𝜀′ (𝜔)  represent the real part of dielectric constant which signify polarization whereas 
𝑖𝜀′′ (𝜔) is correlated to absorption [19]. Besides, the real part also quantifies the energy stored whilst 
the imaginary part is parallel to the energy loss over the ion’s movement in a continuously changing 
field. Based on the graph, the projected dielectric constant 𝜀′(𝜔) without the presence of 
electromagnetic (EM) transmission 𝜀′ (0) for ZnCo2O4 are 10.19, 10.22, and 11.23 for GGA-PBE, GGA-
PBESOL, and LDA-CAPZ XC functionals, respectively. These values are matched closely to those 
reported by Wu et al., [30].  In the imaginary section, the apparent peaks represent the absorption 
transition from the valence band to the conduction band [31]. The peaks at the imaginary part are 
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located at several points inclusive of 1.97 eV, 5.01 eV, 12.3 eV, 15.9 eV,17.1 eV, 20.3 eV, 22.9 eV, and 
25.5 eV. The real part of dielectric function and the real part of the index of refraction is inter-
correlated by how the propagation of EM waves impedes as it enters a material, also denoted as a 
function of the material’s ability to store and re-emits EM energy. Correspondingly, the imaginary 
part of both index of refraction and dielectric function is related by the slowing of EM propagation 
once it enters a different density medium, which is associated with the ability of the material to 
absorb energy. 

Figure 6 represents the refractive index graph of ZnCo2O4 deduced at three different XC 
functional. Both refractive index, n (solid line) and extinction coefficient, k (dashed line) of ZnCo2O4 

are well-plotted in the said graph. The value of n is affiliated to reflectivity whilst k value interprets 
the absorption factor of a specific material when interacted with electromagnetic rays [32]. Higher n 
values signify greater density and gradual speed of light when propagating through a material [30]. 
ZnCo2O4 was found to have a great n value of ~3.5 at perpendicular photon energy of ~1.1 eV. The 
interposing of n and k at five points which corresponds to ~5.6 eV, ~7.8 eV, ~20 eV, ~25 eV, and ~28 
eV is correlated to the interception of the real part with the x-axis at zero reference line of dielectric 
constant, shown in Figure 5.  
 

  
Fig. 5. Calculated dielectric function of ZnCo2O4 at 
three different exchange correlation functionals              

Fig. 6. Calculated refractive index of ZnCo2O4 at 
three different exchange correlation functionals 

 
Contrast to dielectric function, absorption spectra as shown in Figure 7 quantifies the energy 

spectrum that allows the greatest photoexcitation process. The absorption curves of ZnCo2O4 

calculated at three different XC functionals extend from 0 eV up to 45 eV with the most intense peak 
appearing at approximately 20 eV. The highest absorption at approximately 200 nm falls under the 
ultraviolet region which signifies the “barrier type”, and lower absorption in the visible light region 
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(390 nm-780 nm) [33]. The extensive range of ZnCo2O4 absorption spectra is expected as the material 
has a narrow band gap. The profile shown in Figure 7(b) agrees with the UV-Visible (UV-Vis) results 
obtained in [34,35]. In both studies, the synthesized ZnCo2O4 disclosed an excellent light absorption 
ability at the range of 200 nm-800 nm, also revealing its potential in photocatalysis application.  
 

  
(a) (b) 

Fig. 7. Calculated absorption spectrum of ZnCo2O4 at three different exchange correlation functionals (a) 
Absorption versus energy (b) Absorption versus wavelength 

 
4. Conclusions 
 

By implementing CASTEP framework, the electronic and optical behavior of ZnCo2O4 have been 
computed in this work by three different XC functionals; GGA-PBE, GGA-PBESOL, and LDA-CAPZ. 
Through series of convergence test, the optimized cut-off energy and k-points were obtained at 630 
eV and 4×4×4, respectively. All calculations for both electronic and optical properties elucidation 
was run at the same cut-off energy and k-points value. Out of the three XC functionals being used, 
GGA-PBESOL shows the lowest percentage difference in terms of lattice constant with respect to the 
previously reported data. The calculated Eg values are in the range of 0.77 eV to 0.81 eV, analogous 
to the value reported by Shamloofard et al., [24]. Moreover, it shows the lowest total energy in DFT, 
indicating the stability of the build crystal structure. CASTEP calculation also deduced that ZnCo2O4 

has a direct band structure which lies at the G-point of VBM and CBM. As a result of DOS 
measurement, it was discovered that the electron accepting ability of Co3+ is more prominent 
compared to Zn2+. It is also worth noting that replacing the Zn atom onto the octahedral sites of Co 
might give a different outcome. Contrast to the narrow Eg, the dielectric constants obtained at three 
different XC functionals are all of great value, specifying the suitability of ZnCo2O4 in electronic device 
applications such as supercapacitors. Moreover, ZnCo2O4 was found to have a great n value of ~3.5, 
which classifies the material as a dense material.  The extensive range of absorption profiles 
calculated in this work not only reveal the potentiality of ZnCo2O4 in supercapacitor devices, but also 
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in photocatalysis application. In the future, the outcome of this study can be extended in order to 
predict and tune a more advanced behavior of ZnCo2O4. 

 
Acknowledgement 
This research was not funded by any grant. 
 
References 
[1] Ashraf, Robina, Zanib Shehzadi, Tariq Mahmood, Samia Naeem, Noreen Shehzadi, Shan iftikhar, and Zahida 

Parveen. “DFT based investigations of BAWO4: Electronic and optical properties.” Physica B: Condensed Matter 621 
(2021): 413309-14. https://doi.org/10.1016/j.physb.2021.413309  

[2] Bindu Duvuru, H., S. K. Alla, S. K. Shaw, Sher Singh Meena, Nidhi Gupta, B. B.V.S.Vara Prasad, M. M. Kothawale, M. 
K. Kumar, and N. K. Prasad. “Magnetic and dielectric properties of Zn substituted cobalt oxide nanoparticles.” 
Ceramics International 45, no. 13 (2019): 16512-20. https://doi.org/10.1016/j.ceramint.2019.05.185 

[3] Casassa, S., A. M. Ferrari, M. Busso, and C. Pisani. “Structural, magnetic, and electronic properties of the NiO 
monolayer epitaxially grown on the (001) Ag surface: An Ab initio density functional study.” Journal of Physical 
Chemistry B 106, no. 50 (2002): 12978-85. https://doi.org/10.1021/jp026450q  

[4] Chang, Sook Keng, Zulkarnain Zainal, Kar Ban Tan, Nor Azah Yusof, Wan Mohamad Daud Wan Yusoff, and S. R.S. 
Prabaharan. “Recent development in spinel cobaltites for supercapacitor application.” Ceramics International 41, 
no. 1 (2015): 1-14. https://doi.org/10.1016/j.ceramint.2014.07.101 

[5] Chen, Huiyu, Jinpeng Wang, Xingrong Han, Fan Liao, Yanfei Zhang, Li Gao, and Chunju Xu. “Facile synthesis of 
mesoporous ZnCo2O4 hierarchical microspheres and their excellent supercapacitor performance.” Ceramics 
International 45, no. 7 (2019): 8577-84. https://doi.org/10.1016/j.ceramint.2019.01.176  

[6] Domancich, Nicolás, Ana Rossi Fernández, Lorena Meier, Silvia Fuente, and Norberto Castellani. “DFT study of 
graphene oxide reduction by a dopamine species.” Molecular Physics 118, no. 5 (2020). 
https://doi.org/10.1080/00268976.2019.1637029  

[7] Eum, Jeong Hyun, Debasish Mandal, and Hansung Kim. “A novel synthesis of 2D porous ZnCo2O4 nanoflakes using 
deep eutectic solvent for high-performance asymmetric supercapacitors.” Journal of Electroanalytical Chemistry 
892, no. April (2021): 2-11. https://doi.org/10.1016/j.jelechem.2021.115299  

[8] Gnanamoorthy, G., K. Ramar, Daoud Ali, Virendra Kumar Yadav, K. Sureshbabu, and V. Narayanan. “A series of 
ZnCo2O4/RGO/Pt nanocubes with excellent photocatalytic activity towards visible light.” Chemical Physics Letters 
759 (2020): 137988. https://doi.org/10.1016/j.cplett.2020.137988  

[9] Guo, Hongxu, Jianhua Chen, Wen Weng, Qingxiang Wang, and Shunxing Li. “Facile template-free one-pot 
fabrication of ZnCo2O4 microspheres with enhanced photocatalytic activities under visible-light illumination.” 
Chemical Engineering Journal 239 (2014): 192-99. https://doi.org/10.1016/j.cej.2013.11.021  

[10] Huang, Jiajia, Yuying Li, Ruikuan Xie, Jianwei Li, Zhihong Tian, Guoliang Chai, Yanwu Zhang. “Structural engineering 
of cathodes for improved Zn-ion batteries.” Journal of Energy Chemistry 58 (2021): 147-55. 
https://doi.org/10.1016/j.jechem.2020.09.035  

[11] Jafarova, V. N., and G. S. Orudzhev. “Structural and Electronic Properties of ZnO: A first-principles density-functional 
theory study within LDA(GGA) and LDA(GGA)+U methods.” Solid State Communications 325, no. November 2020 
(2021): 114166-71. https://doi.org/10.1016/j.ssc.2020.114166  

[12] Jauja-Ccana, V. R., Allison V. Córdova Huamán, Gustavo T. Feliciano, and Adolfo La Rosa-Toro Gómez. “Optical and 
electronic properties of TiO2/GOQDs composites: A combined experimental and first-principles calculations study.” 
Computational Materials Science 195, no. December 2020 (2021). 
https://doi.org/10.1016/j.commatsci.2021.110503     

[13] Kaewmaraya, Thanayut, Wei Luo, Xiao Yang, Puspamitra Panigrahi, and Rajeev Ahuja. “A new, layered monoclinic 
phase of Co3O4 at High Pressure.” Physical Chemistry Chemical Physics 17, no. 30 (2015): 19957-61. 
https://doi.org/10.1039/c5cp02126j  

[14] Liu, Chang, Bing Hong Chen, Wei Ren Liu, and Jenq Gong Duh. “Synthesis and theoretical calculations of N-doped 
ZnCo2O4 anode for Lithium-Ion anode via gradient pressure-induced processes and theoretical calculations.” 
Journal of Alloys and Compounds 797 (2019): 978-85. https://doi.org/10.1016/j.jallcom.2019.05.198  

[15] Liu, Mengyin, Sufang Wang, Changhong Wang, Gaofeng Zhang, Yuezhong Wang, Xiaopeng Li, Peng Shang, Rongshi 
Zhang, Yiqin Ji, and Jianhua Chu. "Understanding of electronic and optical properties of ZnS with high concentration 
of point defects induced by hot pressing process: The first-principles calculations." Computational Materials 
Science 174 (2020): 109492. https://doi.org/10.1016/j.commatsci.2019.109492 

https://doi.org/10.1016/j.physb.2021.413309
https://doi.org/10.1016/j.ceramint.2019.05.185
https://doi.org/10.1021/jp026450q
https://doi.org/10.1016/j.ceramint.2014.07.101
https://doi.org/10.1016/j.ceramint.2019.01.176
https://doi.org/10.1080/00268976.2019.1637029
https://doi.org/10.1016/j.jelechem.2021.115299
https://doi.org/10.1016/j.cplett.2020.137988
https://doi.org/10.1016/j.cej.2013.11.021
https://doi.org/10.1016/j.jechem.2020.09.035
https://doi.org/10.1016/j.ssc.2020.114166
https://doi.org/10.1016/j.commatsci.2021.110503
https://doi.org/10.1039/c5cp02126j
https://doi.org/10.1016/j.jallcom.2019.05.198
https://doi.org/10.1016/j.commatsci.2019.109492


Journal of Advanced Research in Micro and Nano Engineering 

Volume 28, Issue 1 (2025) 95-104 

103 
 

[16] Lobo, Laurel Simon, and A. Ruban Kumar. "Structural and electrical properties of ZnCo2O4 spinel synthesized by sol-
gel combustion method." Journal of Non-Crystalline Solids 505 (2019): 301-309. 
https://doi.org/10.1016/j.jnoncrysol.2018.11.004  

[17] Lu, Xuefeng, Tingting Zhao, Qingfeng Lei, Xiaobin Yan, Junqiang Ren, and Peiqing La. "Effects of co-doping on 
electronic structure and optical properties of 3C-SiC from first-principles method." Computational Materials 
Science 170 (2019): 109172. https://doi.org/10.1016/j.commatsci.2019.109172  

[18] Jasim, Qusay, and Najim Abd. "Experimental and Theoretical Study to Improve the Performance of Solar Cells by 
Evaporative Cooling in Iraq." Journal of Advanced Research in Applied Mechanics 100, no. 1 (2022): 1-12. 
https://doi.org/10.37934/arfmts.100.3.110  

[19] Mandal, Bithika, Paromita Roy, and Partha Mitra. "Comparative study on organic effluent degradation capabilities 
and electrical transport properties of polygonal ZnCo2O4 spinels fabricated using different green fuels." Materials 
Science and Engineering: C 117 (2020): 111304. https://doi.org/10.1016/j.msec.2020.111304  

[20] Mazumder, Julaiba Tahsina, T. R. Lenka, Milan Zunic, Zorica Brankovic, S. K. Tripathy, P. S. Menon, F. Lin, and A. G. 
Aberle. "First principle study on structural and optoelectronic properties and band-gap modulation in germanium 
incorporated tin (IV) oxide." Materials Today Communications 27 (2021): 102393. 
https://doi.org/10.1016/j.mtcomm.2021.102393  

[21] Mohamed, Elham A., Afnan Z. Mohamed, Abou El-Ela, M. Fadl, and Samy H. Aly. "ICMMS-2: First principles 
investigation of electronic properties of graphene doped with Al and N atoms." Egyptian Journal of Chemistry 64, 
no. 3 (2021): 1117-1123. https://doi.org/10.21608/ejchem.2021.55845.3180 

[22] Priya, M., V. K. Premkumar, P. Vasantharani, and G. Sivakumar. "Structural and electrochemical properties of 
ZnCo2O4 nanoparticles synthesized by hydrothermal method." Vacuum 167 (2019): 307-312. 
https://doi.org/10.1016/j.vacuum.2019.06.020 

[23] Ridzwan, M. H., M. K. Yaakob, M. F. M. Taib, A. M. M. Ali, O. H. Hassan, and M. Z. A. Yahya. "Investigation of 
structural, electronic and optical properties of hexagonal LuFeO3 using first principles LDA+ U." Materials Research 

Express 4, no. 4 (2017): 044001. https://doi.org/10.1088/2053-1591/aa65b5 
[24] Shamloofard, Maryam, Saeed Shahrokhian, and Mohammad K. Amini. "Mesoporous nanostructures of NiCo-

LDH/ZnCo2O4 as an efficient electrocatalyst for oxygen evolution reaction." Journal of Colloid and Interface 
Science 604 (2021): 832-843. https://doi.org/10.1016/j.jcis.2021.07.059  

[25] Shchur, Ya, and A. V. Kityk. "Ordered PbHPO4 nanowires: Crystal structure, energy bands and optical properties 
from first principles." Computational Materials Science 138 (2017): 1-9. 
https://doi.org/10.1016/j.commatsci.2017.06.008 

[26] Silambarasan, M., P. S. Ramesh, D. Geetha, K. Ravikumar, H. Elhosiny Ali, H. Algarni, P. Soundhirarajan, Kamlesh V. 
Chandekar, and Mohd Shkir. "A facile preparation of zinc cobaltite (ZnCo 2 O 4) nanostructures for promising 
supercapacitor applications." Journal of Inorganic and Organometallic Polymers and Materials 31 (2021): 3905-
3920. https://doi.org/10.1007/s10904-021-02077-z  

[27] Tien, Nguyen Thanh, Pham Thi Bich Thao, and Dao Hoang Chuong. "First-principles study of electronic and optical 
properties of defective sawtooth penta-graphene nanoribbons." Computational Materials Science 203 (2022): 
111065. https://doi.org/10.1016/j.commatsci.2021.111065  

[28] Toriyama, Michael Y., Alex M. Ganose, Maxwell Dylla, Shashwat Anand, Junsoo Park, Madison K. Brod, Jason M. 
Munro, Kristin A. Persson, Anubhav Jain, and G. Jeffrey Snyder. "How to analyse a density of states." Materials 
Today Electronics 1 (2022): 100002. https://doi.org/10.1016/j.mtelec.2022.100002  

[29] Wu, Chun, Junjie Cai, Qiaobao Zhang, Xiang Zhou, Ying Zhu, Lingjun Li, Peikang Shen, and Kaili Zhang. "Direct growth 
of urchin-like ZnCo2O4 microspheres assembled from nanowires on nickel foam as high-performance electrodes 
for supercapacitors." Electrochimica Acta 169 (2015): 202-209. https://doi.org/10.1016/j.electacta.2015.04.079 

[30] Wu, Lin, Li Sun, Xiaowei Li, Qiuyu Zhang, Haochen Si, Yuanxing Zhang, Ke Wang, and Yihe Zhang. "Mesoporous 
ZnCo2O4-CNT microflowers as bifunctional material for supercapacitive and lithium energy storage." Applied 
Surface Science 506 (2020): 144964. https://doi.org/10.1016/j.apsusc.2019.144964  

[31] Xie, Huaguang, Zhong Li, Liang Cheng, Azhar Ali Haidry, Jiaqi Tao, Yi Xu, Kai Xu, and Jian Zhen Ou. "Recent advances 
in the fabrication of 2D metal oxides." Iscience 25, no. 1 (2022). https://doi.org/10.1016/j.isci.2021.103598 

[32] Xu, Le, Yan Zhao, Jiabiao Lian, Yuanguo Xu, Jian Bao, Jingxia Qiu, Li Xu, Hui Xu, Mingqing Hua, and Huaming Li. 
"Morphology controlled preparation of ZnCo2O4 nanostructures for asymmetric supercapacitor with ultrahigh 
energy density." Energy 123 (2017): 296-304. https://doi.org/10.1016/j.energy.2017.02.018  

[33] Zaki, N. H. M., A. M. M. Ali, M. K. Yaakob, M. F. M. Taib, O. H. Hassan, A. Lepit, and M. Z. A. Yahya. "Structural and 
electronic properties of nickel doped cobalt oxide electrode for supercapacitors: A first principle study." In IOP 
Conference Series: Earth and Environmental Science, 685, no. 1, p. 012029. IOP Publishing, 2021. 

https://doi.org/10.1088/1755-1315/685/1/012029  

https://doi.org/10.1016/j.jnoncrysol.2018.11.004
https://doi.org/10.1016/j.commatsci.2019.109172
https://doi.org/10.37934/arfmts.100.3.110
https://doi.org/10.1016/j.msec.2020.111304
https://doi.org/10.1016/j.mtcomm.2021.102393
https://doi.org/10.21608/ejchem.2021.55845.3180
https://doi.org/10.1016/j.vacuum.2019.06.020
https://doi.org/10.1088/2053-1591/aa65b5
https://doi.org/10.1016/j.jcis.2021.07.059
https://doi.org/10.1016/j.commatsci.2017.06.008
https://doi.org/10.1007/s10904-021-02077-z
https://doi.org/10.1016/j.commatsci.2021.111065
https://doi.org/10.1016/j.mtelec.2022.100002
https://doi.org/10.1016/j.electacta.2015.04.079
https://doi.org/10.1016/j.apsusc.2019.144964
https://doi.org/10.1016/j.isci.2021.103598
https://doi.org/10.1016/j.energy.2017.02.018
https://doi.org/10.1088/1755-1315/685/1/012029


Journal of Advanced Research in Micro and Nano Engineering 

Volume 28, Issue 1 (2025) 95-104 

104 
 

[34] Zhang, Deyang, Yihe Zhang, Xiaowei Li, Yongsong Luo, Hongwei Huang, and Paul K. Chu. "Self-assembly of 
mesoporous ZnCo 2 O 4 nanomaterials: density functional theory calculation and flexible all-solid-state energy 
storage." Journal of materials chemistry A 4, no. 2 (2016): 568-577. https://doi.org/10.1039/C5TA07105D  

[35] Zhao, Yazhen, Wei Wang, Qijie Wang, Huiting Zhao, Pinbo Li, Junfeng Yan, Gang Wang, Wu Zhao, Jiangni Yun, 
Zhouhu Deng, and Zhiyong Zhang. "Construction of excellent electromagnetic wave absorber from multi-
heterostructure materials derived from ZnCo2O4 and ZIF-67 composite." Carbon 185 (2021): 514-525. 
https://doi.org/10.1016/j.carbon.2021.09.049  

https://doi.org/10.1039/C5TA07105D
https://doi.org/10.1016/j.carbon.2021.09.049

