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Abstract  
Supercapacitor, a fascinating electronic device in the field of energy storage possess extraordinary 

electrochemical characteristics which include enhanced life-cycle stability, fast mechanism of charging and 

discharging, high capacitance and energy density. In order to bring development and enhancing 

electrochemical features of supercapacitors, significant attention have been dedicated by researchers in 

fabrication and novelty of electrode materials. In this regard, composites based on transition metals as 

electrode materials for supercapacitors have been envisioned. Particularly, transition metals-based oxides, 

sulfides and their composites along with consequences have been reviewed. 
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I. INTRODUCTION  

Immense focus have been employed in supercapacitors owing to their superior characteristics of 

excellent cyclic stability, high value of capacitance, high energy density and fast charge-discharge capabilities 

when compared with traditional capacitors or batteries [1]. For technological advancements, these specific 
properties significantly influence the capabilities of supercapacitors while applying in any energy storage 

device. Easy packaging, low-cost maintenance, large heat range and low weight are the characteristics of 

supercapacitors which give superiority to it over other devices that can store energy [2]. 

Depending on supercapacitors’ charge-discharge phenomenon, following types are allocated: electric-

double layer capacitors (EDLCs) whose separation or accumulation of charges takes place at electrode-

electrolyte interface for capacitance, and pseudocapacitors (PSC) in which the capacitance is derived as a 

consequence of redox reaction occurring reversibly at electrode’s surface [3]. In EDLCs, active materials having 

composition of carbon were reported to be employed because they possess excellent life cycle yet are deficient 

in energy density. While on the other hand, metallic oxides as well as metallic sulfides and conducting polymers 

have been  employed as active material as they possess excellent capacitance but the negative consequence of 

compromised stability [4-6]. Recently, hybrid supercapacitors have been investigated in which EDLCs as well 

as pseudocapacitors have been joined together [7].  
 

1.1 The key Parameters for Determining the performance of supercapacitor 

  For the purpose of determination of efficiency and performance, supercapacitor is tested from its life-

cycle, capacitive property, energy as well as power density [8]. For increment in the power as well as density, it 

is recommended that there must be a significant value of specific capacitance and the range of potential. Range 

of operating potential is significantly dependent on electrolyte that is to be employed. Electrochemical 

supercapacitors based on aqueous electrolyte can possess the potential window ranging from 0V to 1V. In case 

of non-aqueous electrolyte employed in electrochemical supercapacitors, a wider potential can be acquired as 

compared to aqueous electrolyte. While ionic liquid-based electrolytes are found to be operating at even higher 

potential window of 3.5V [9].   

 Properties of electrode materials are also very crucial in order to determine the capacitive behaviour of 
supercapacitor. Ideal material for electrode should certainly possess following characteristics: 

1. Higher specific surface area, as specific capacitance is directly dependent on it. 

2. Controlled porosity, as the rate capability and specific capacitance are influenced by it. 

3. Higher electronic conductivity, as it is crucial to determine the power density and rate capability. 

4. Electroactive sites are mandatory as they permit pseudocapacitance. 

5. Higher chemical as well as thermal stability, as cyclic stability is greatly influenced by this factor. 
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Figure 1: key Parameters for Determining the Performance of a Supercapacitor 

 

II. TRANSITION MATEL-BASED ELECTRODE MATERIALS 

Due to the possession of unique and extraordinary physical as well as chemical properties, various 

nanomaterials have been found to be an appropriate candidate for their applicability in fields of energy storage  

e.g. supercapacitors [10]. In present review, electrode materials based on oxides and sulfides of transition metals 

and their composites are comprehensively discussed. In order to meet the technological advancement, their 

properties, modification and developmental works are also reviewed. 

 

2.1 Metallic Oxides-Based Electrodes 
 Metallic oxide are to be utilized for various applications of energy storage, specifically as materials for 

fabrication of electrodes of supercapacitors having characteristics of environmental friendly, cost-effective as 

well as highly capacitive behaviour [11-17]. While fabricating metallic oxides, various strategies e.g., formation 

of nanoarchitectures, joining composites of oxides with numerous oxidation states and more than one metallic 

oxide composites make them capable for application in electrochemical storage devices partaking elevated 

energy and power density as advanced electrode material.  

Various oxides metals e.g., Mn, Ni, Co, Fe, etc.  having pseudocapacitive characteristic have been 

extensively studied owing to their superior characteristics of cost effectiveness, reversible faradaic redox 

reaction and higher theoretical capacitances and thus they get excel in the perspective of specific capacitance 

over carbon-based materials [14, 18-29]. There are some more transition metal oxides in which faradaic 

behaviour is observed in their charge storage mechanism and they are: RuO2, Co3O4, Fe3O4, NiO, MnO2, IrO2, 

CuO and V2O5 [30, 31].  

 

2.1.1 Binary Transition Metal Oxides-based Electrodes 

 Despite of exhibiting outstanding electrochemical performance, metal oxides are reported to be inferior 

in electrical conductivity and rate capability. Multiple studies reveal that in various bimetallic oxides, good 

electrical conductivity, higher thermal and mechanical stability together with active sites aimed at redox activity 

lead to higher specific capacitance of them when compared to their corresponding single metallic oxides [32-

40]. Similarly, binary metallic oxides like, NiCo2O4 expose much developed electrical conduction than that of 

the oxides of cobalt and nickel. In case of FeCo2O4, it also exhibits extraordinary electrochemical activity as 

both cobalt and iron exhibit good electrochemical performance and this delivers extra functioning sites for redox 

activity than their corresponding single counterparts [22].  

 

2.1.2 Mixed-Transition Metal Oxides-Based Electrodes 

In order to achieve high performance of supercapacitors, another idea that is gaining significant 

attention is that of the fabrication of electrodes based on mixed metal oxides by incorporating a number of 
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functionalities in organic framework of metals (MOF) and developing high surface area and some of them are: 

as ZnO@ZnCo2O4, CuO@NiO, Fe2O3/Co3O4, NiFe2O4/Fe2O3, Fe2O3@TiO2, Co3O4/NiCo2O4, , Co3O4/ZnFe2O4, 

Cu/Cu2O@TiO2, ZnO/ZnFe2O4, NiO@ZnO, ZnO@Co3O4, Fe2O3/NiCo2O4, and CuO/Cu2O [41-55]. 

 

 
Figure 2: Numerous Electrode Materials of Metallic Oxides 

 

2.1.3 Metallic Hydroxides-based Electrodes 

Further, transition metal hydroxides-based electrodes like Ni(OH)2, Co(OH)2 etc.  are likewise playing 

significant role in enhancing the capacitance of supercapacitors, as in between their layers, there is enough 

space, and they also impart their role in redox reactions. Although higher charge storage is offered by transition 

metal hydroxides as compared to their corresponding metal oxides, but they still have lesser electronic 

conductivity as compared to their corresponding oxides. As compared to their corresponding oxides, lower 

structure stability is exhibited by transition metal hydroxides, as a consequence of which they offer decreased 

cycling stability. However, multiple strategies are found applicable in order to minimize this limitation and 

enhance the cycling performance such as layered engineering of transition metal hydroxides by utilizing the 

cation and anion doping process [56]. 

Despite of exhibiting satisfactory electrochemical characteristics, transition metal oxides still possess 
limited conductivity and thus offering decreased rate capability. So, practically capacitances of metal oxides 

differ much from theoretical assumptions because they are intrinsically deficient in electronic and ionic 

conductivities[57]. In order to adjust the nanostructure of metal oxides, some significant strategies are employed 

which include, incorporation of metallic oxides into substrate which are conducting, fixing of metals with the 

intention of boosting the conductivity plus redox reaction and linking transition metal oxides composites with 

various oxidation states etc. [15, 56, 58-60]. 

 

2.2 Transition Metal Sulfide-based Electrode Materials 

Other potential materials utilized for fabrication of electrodes for energy storage applications are 

transition meta sulfides and they are CoS, MoS, FeS, NiS, MnS etc., and they own extraordinary 

electrochemical characteristics [61]. Transition metal sulfides are found to have much superior electrochemical 
properties that that of electrochemical characteristics of transition metal oxides and these characteristics are 

attributed to the existence of sulfur in transition metal sulfides instead of oxygen atom. Electron transfer process 

is much easier and facilitated by inferior electronegativity in sulfur atom in structure of sulfides of metals. 

Hence, more flexibility is introduced in the fabrication of nanomaterials due to the replacement of oxygen with 

sulfur [62].  

 Supercapacitors besides Lithium-ion batteries are the arenas of research in which transition metal 

sulfides consume tremendous concentration be indebted to distinctive characteristics of them for instance, 

unique optical along with electric properties and these properties are significantly enhanced when 

nanocomposite structures are prepared by combining other materials [63]. Excellent electrical conductivity, 

good redox activity, significantly high specific capacitance, low electronegativity of sulfur in them and unique 

structure of crystal lattice are the distinctive properties due to which transition metal sulfides exhibit excellent 

electrochemical characteristics and are emerging electrode materials [64]. These extraordinary electrochemical 
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features of transition metal sulfides generally belong to their particular structure with outstanding morphology 

of surface in terms of uniqueness in shapes like nanowires, nanorods, hierarchical etc. Extensively studied 

pseudocapacitive materials called transition metal sulfides also possess the efficiency of supplying high energy 

density [65-71].  

 

2.2.1 Binary Metallic Sulfides as Materials for Electrodes along with their Composites  

 From corresponding metallic oxide or metal hydroxide precursors, a number of metal sulfides have 

been reproduced hydrothermally processed through bartering anion, who follows Kirkendall mechanism  in 

which effective growth of tunable morphologies like nanotubes, nanowires, nanosheets and nanoparticles [14, 
72-76]. NiCoS nanosheets arrays arranged over carbon cloth is reported by Liu T et. al. as electrodes for 

supercapacitor application. Uniqueness in structure of this composite electrode material displays grander 

electrochemical activity attributable to accessibility of plentiful dynamic sites for reaction.  

Binary transition metal sulfides involve their various composites along with various other materials like Oxides, 

sulfides and hydroxides etc. [77-81]. The sulfides, oxides and hydroxide which contribute towards composition 

of a nanocomposite with transition metal sulfides provide supplementary functioning sites for electrochemical 

redox reactivity so as for the expansion of rate performance and capacity. For the purpose of electrochemical 

energy storage, a lot of exertions have stood employed concerning the fabrication of mixtures based on binary 

metallic sulfides [82]. MoO2/MoS2, SnS2–SnO2, NiCo2S4@NiO, SnNi2S4, ZnS/MnS, CuS/MnS and 

CuWS/Ni are some more examples of synthesized materials founded on binary metallic sulfides composites 

intended for electrode material [83-90]. 
 

 
Figure 3: Metallic Sulfides as Materials for Electrode  

 

Some major drawbacks of metal sulfides include the inadequate interlayer spacing in the encrusted 

material of transition metal sulfides that obstructs the transference of charge and applies constraints in the 

marketable application. Synthesizing composite of metal sulfides with Mxene and metal organic framework is 

great idea in order to minimize this drawback and enhance the interlayer spacing.  Narrow band gap of transition 

metal sulfides and performing faradaic redox reaction while charging and discharging process results in the low 

potential window, short life cycle stability and energy density. This issue can also be addressed by utilizing 

anions with greater ionic polarizability so that metal sulfides may exhibit faster ionic diffusivity [90].   

 

III. CONCLUSION 
In this review, the oxides and sulfides of numerous metals applied in electrodes fabrication and their 

variation in application of supercapacitor have been comprehensively discussed. Electrode constituents built on 

metallic oxides in addition to their consequences have been reviewed. They were found as auspicious electrode 

resources owed to their possessions of cost effectiveness, reversible faradaic redox reaction and high theoretical 

capacitance, and specifically in terms of capacitance, they are preferred over carbon-based electrode materials. 

Despite of all these characteristics, as they lack in electrical conductivity intrinsically, still there application and 

utilization for commercial purposes are limited. To overcome this hurdle, binary metallic oxides, mixed-metallic 

oxides plus metallic hydroxides-based nanomaterials and various nanocomposites of them have also been 

investigated by many researchers and some of them are reviewed here. Transition metallic sulfides  also were 

studied generally and explored for electrodes fabrication intended for utilization as supercapacitor applications. 

Existence of sulfur and its low electronegativity in metal sulfides makes them superior over metal oxides-based 
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electrode materials as metal sulfides possess some distinctive characteristics like good electrical conductivity, 

excellent redox activity, significantly high specific capacitance and unique structure of crystal lattice. Binary 

metal sulfides and their composites along with characteristics have also been reviewed. 

 

REFERENCES 

 
[1] Y. Wang, J. Chen, J. Cao, Y. Liu, Y. Zhou, J.-H. Ouyang, and D. Jia, "Graphene/carbon black hybrid film for flexible and high 

rate performance supercapacitor," Journal of Power Sources, vol. 271, pp. 269-277, 2014. 

[2] Y. Wang, Z. Shi, Y. Huang, Y. Ma, C. Wang, M. Chen, and Y. Chen, "Supercapacitor devices based on graphene materials," The 

Journal of Physical Chemistry C, vol. 113, pp. 13103-13107, 2009. 

[3] S.-E. Chun, B. Evanko, X. Wang, D. Vonlanthen, X. Ji, G. D. Stucky, and S. W. Boettcher, "Design of aqueous redox-enhanced 

electrochemical capacitors with high specific energies and slow self-discharge," Nature communications, vol. 6, pp. 1-10, 2015. 

[4] G. A. Snook, P. Kao, and A. S. Best, "Conducting-polymer-based supercapacitor devices and electrodes," Journal of Power 

Sources, vol. 196, pp. 1-12, 2011. 

[5] Y. Zhu, S. Murali, M. D. Stoller, K. Ganesh, W. Cai, P. J. Ferreira, A. Pirkle, R. M. Wallace, K. A. Cychosz, and M. Thommes,  

"Carbon-based supercapacitors produced by activation of graphene," science, vol. 332, pp. 1537-1541, 2011. 

[6] D. Qu, L. Wang, D. Zheng, L. Xiao, B. Deng, and D. Qu, "An asymmetric supercapacitor with highly dispersed nano-Bi2O3 and 

active carbon electrodes," Journal of Power Sources, vol. 269, pp. 129-135, 2014. 

[7] R. Barik and P. P. Ingole, "Challenges and prospects of metal sulfide materials for supercapacitors," Current Opinion in 

Electrochemistry, vol. 21, pp. 327-334, 2020. 

[8] M. D. Stoller and R. S. Ruoff, "Best practice methods for determining an electrode material's performance for ultracapacitors," 

Energy & Environmental Science, vol. 3, pp. 1294-1301, 2010. 

[9] A. Balducci, R. Dugas, P.-L. Taberna, P. Simon, D. Plee, M. Mastragostino, and S. Passerini, "High temperature carbon–carbon 

supercapacitor using ionic liquid as electrolyte," Journal of Power Sources, vol. 165, pp. 922-927, 2007. 

[10] S. Saha, P. Samanta, N. C. Murmu, and T. Kuila, "A review on the heterostructure nanomaterials for supercapacitor application," 

Journal of Energy Storage, vol. 17, pp. 181-202, 2018. 

[11] M. R. Lukatskaya, B. Dunn, and Y. Gogotsi, "Multidimensional materials and device architectures for future hybrid energy 

storage," Nature communications, vol. 7, pp. 1-13, 2016. 

[12] A. S. Arico, P. Bruce, B. Scrosati, J.-M. Tarascon, and W. Van Schalkwijk, "Nanostructured materials for advanced energy 

conversion and storage devices," Materials for sustainable energy: a collection of peer-reviewed research and review articles 

from Nature Publishing Group, pp. 148-159, 2011. 

[13] V. Augustyn, P. Simon, and B. Dunn, "Pseudocapacitive oxide materials for high-rate electrochemical energy storage," Energy & 

Environmental Science, vol. 7, pp. 1597-1614, 2014. 

[14] M. Cui and X. Meng, "Overview of transition metal-based composite materials for supercapacitor electrodes," Nanoscale 

Advances, vol. 2, pp. 5516-5528, 2020. 

[15] S. Liu, K. San Hui, K. N. Hui, J. M. Yun, and K. H. Kim, "Vertically stacked bilayer CuCo 2 O 4/MnCo 2 O 4 heterostructures 

on functionalized graphite paper for high-performance electrochemical capacitors," Journal of Materials Chemistry A, vol. 4, pp. 

8061-8071, 2016. 

[16] C. N. Chervin, R. H. DeBlock, J. F. Parker, B. M. Hudak, N. L. Skeele, J. S. Ko, D. R. Rolison, and J. W. Long, "Enhancing Li -

ion capacity and rate capability in cation-defective vanadium ferrite aerogels via aluminum substitution," RSC Advances, vol. 11, 

pp. 14495-14503, 2021. 

[17] Y. Huang, L. Quan, T. Liu, Q. Chen, D. Cai, and H. Zhan, "Construction of MOF-derived hollow Ni–Zn–Co–S nanosword arrays 

as binder-free electrodes for asymmetric supercapacitors with high energy density," Nanoscale, vol. 10, pp. 14171-14181, 2018. 

[18] R. A. Patil, C.-P. Chang, R. S. Devan, Y. Liou, and Y.-R. Ma, "Impact of nanosize on supercapacitance: study of 1D nanorods 

and 2D thin-films of nickel oxide," ACS Applied Materials & Interfaces, vol. 8, pp. 9872-9880, 2016. 

[19] H. Liang, J. Lin, H. Jia, S. Chen, J. Qi, J. Cao, T. Lin, W. Fei, and J. Feng, "Hierarchical NiCo-LDH/NiCoP@ NiMn-LDH 

hybrid electrodes on carbon cloth for excellent supercapacitors," Journal of Materials Chemistry A, vol. 6, pp. 15040-15046, 

2018. 

[20] Y. Zhao, H. Dong, X. He, J. Yu, R. Chen, Q. Liu, J. Liu, H. Zhang, R. Li, and J. Wang, "Design of 2D mesoporous Zn/Co-based 

metal-organic frameworks as a flexible electrode for energy storage and conversion," Journal of Power Sources, vol. 438, p. 

227057, 2019. 

[21] K. A. Owusu, L. Qu, J. Li, Z. Wang, K. Zhao, C. Yang, K. M. Hercule, C. Lin, C. Shi, and Q. Wei, "Low-crystalline iron oxide 

hydroxide nanoparticle anode for high-performance supercapacitors," Nature communications, vol. 8, pp. 1-11, 2017. 

[22] K. Wasiński, M. Walkowiak, P. Półrolniczak, and G. Lota, "Capacitance of Fe3O4/rGO nanocomposites in an aqueous hybrid 

electrochemical storage device," Journal of Power Sources, vol. 293, pp. 42-50, 2015. 

[23] Q. Xia, T. Xia, M. Dai, X. Wu, and Y. Zhao, "A facile synthetic protocol of α-Fe 2 O 3@ FeS 2 nanocrystals for advanced 

electrochemical capacitors," CrystEngComm, vol. 23, pp. 2432-2438, 2021. 

[24] O. Ghodbane, J.-L. Pascal, and F. Favier, "Microstructural effects on charge-storage properties in MnO2-based electrochemical 

supercapacitors," ACS Applied Materials & Interfaces, vol. 1, pp. 1130-1139, 2009. 

[25] J. Xu, Y. Sun, M. Lu, L. Wang, J. Zhang, J. Qian, and X. Liu, "Fabrication of hierarchical MnMoO4· H2O@ MnO2 core-shell 

nanosheet arrays on nickel foam as an advanced electrode for asymmetric supercapacitors," Chemical Engineering Journal, vol. 

334, pp. 1466-1476, 2018. 

[26] H. Gu, Y. Zeng, S. Wan, S. Zhang, Q. Zhong, and Y. Bu, "A well-controlled three-dimensional tree-like core–shell structured 

electrode for flexible all-solid-state supercapacitors with favorable mechanical and electrochemical durability," Journal of 

Materials Chemistry A, vol. 9, pp. 16099-16107, 2021. 

[27] Z.-S. Wu, G. Zhou, L.-C. Yin, W. Ren, F. Li, and H.-M. Cheng, "Graphene/metal oxide composite electrode materials for energy 

storage," Nano Energy, vol. 1, pp. 107-131, 2012. 

[28] R. Bi, C. Zeng, H. Huang, X. Wang, and L. Zhang, "Metal–organic frameworks derived hollow NiS 2 spheres encased in 

graphene layers for enhanced sodium-ion storage," Journal of Materials Chemistry A, vol. 6, pp. 14077-14082, 2018. 

[29] R. R. Kapaev, F. A. Obrezkov, K. J. Stevenson, and P. A. Troshin, "Metal-ion batteries meet supercapacitors: high capacity and 

high rate capability rechargeable batteries with organic cathodes and a Na/K alloy anode," Chemical Communications, vol. 55, 

pp. 11758-11761, 2019. 



Electrode Materials Based on Oxides and Sulfides of Transition Metals and Their Composites: A Review 

www.ijres.org                                                                                                                                          1175 | Page 

[30] Y. Zhang, Q. Ma, K. Feng, J. Guo, X. Wei, Y. Shao, J. Zhuang, and T. Lin, "Effects of microstructure and electrochemical 

properties of Ti/IrO2–SnO2–Ta2O5 as anodes on binder-free asymmetric supercapacitors with Ti/RuO2–NiO as cathodes," 

Ceramics International, vol. 46, pp. 17640-17650, 2020. 

[31] B. E. Conway, "Transition from “supercapacitor” to “battery” behavior in electrochemical energy storage," Journal of the 

Electrochemical Society, vol. 138, p. 1539, 1991. 

[32] B. Liu, B. Liu, Q. Wang, X. Wang, Q. Xiang, D. Chen, and G. Shen, "New energy storage option: toward ZnCo2O4 

nanorods/nickel foam architectures for high-performance supercapacitors," ACS Applied Materials & Interfaces, vol. 5, pp. 

10011-10017, 2013. 

[33] P. Ren, Z. Wang, B. Liu, Y. Lu, Z. Jin, L. Zhang, L. Li, X. Li, and C. Wang, "Highly dispersible hollow nanospheres organized  

by ultra-small ZnFe2O4 subunits with enhanced lithium storage properties," Journal of Alloys and Compounds, vol. 812, p. 

152014, 2020. 

[34] Q. Zhou, J. Xing, Y. Gao, X. Lv, Y. He, Z. Guo, and Y. Li, "Ordered assembly of NiCo2O4 multiple hierarchical structures for 

high-performance pseudocapacitors," ACS Applied Materials & Interfaces, vol. 6, pp. 11394-11402, 2014. 

[35] X. Gao, J. Bi, W. Wang, H. Liu, Y. Chen, X. Hao, X. Sun, and R. Liu, "Morphology-controllable synthesis of NiFe2O4 growing 

on graphene nanosheets as advanced electrode material for high performance supercapacitors," Journal of Alloys and 

Compounds, vol. 826, p. 154088, 2020. 

[36] X. Hou, X. Wang, B. Liu, Q. Wang, T. Luo, D. Chen, and G. Shen, "Hierarchical MnCo 2 O 4 nanosheet arrays/carbon cloths as 

integrated anodes for lithium-ion batteries with improved performance," Nanoscale, vol. 6, pp. 8858-8864, 2014. 

[37] F. H. Hsu, S. Y. Hsu, C. W. Pao, J. L. Chen, C. L. Chen, J. M. Chen, and K. T. Lu, "Electrochemical properties and mechanism 

of CoMoO 4@ NiWO 4 core–shell nanoplates for high-performance supercapacitor electrode application studied via in situ X-

ray absorption spectroscopy," Nanoscale, vol. 12, pp. 13388-13397, 2020. 

[38] H. Tong, Q. Meng, J. Liu, T. Li, D. Gong, J. Xiao, L. Shen, T. Zhang, D. Bing, and X. Zhang, "Cross-linked NiCo2O4 

nanosheets with low crystallinity and rich oxygen vacancies for asymmetric supercapacitors," Journal of Alloys and Compounds,  

vol. 822, p. 153689, 2020. 

[39] C. Zhang, Z. Xie, W. Yang, Y. Liang, D. Meng, X. He, P. Liang, and Z. Zhang, "NiCo2O4/biomass-derived carbon composites 

as anode for high-performance lithium ion batteries," Journal of Power Sources, vol. 451, p. 227761, 2020. 

[40] J. Tang, Y. Ge, J. Shen, and M. Ye, "Facile synthesis of CuCo 2 S 4 as a novel electrode material for ultrahigh supercapacitor 

performance," Chemical Communications, vol. 52, pp. 1509-1512, 2016. 

[41] W. Guo, W. Sun, and Y. Wang, "Multilayer CuO@ NiO hollow spheres: microwave-assisted metal–organic-framework 

derivation and highly reversible structure-matched stepwise lithium storage," ACS nano, vol. 9, pp. 11462-11471, 2015. 

[42] L. Hu, Y. Huang, F. Zhang, and Q. Chen, "CuO/Cu 2 O composite hollow polyhedrons fabricated from metal–organic 

framework templates for lithium-ion battery anodes with a long cycling life," Nanoscale, vol. 5, pp. 4186-4190, 2013. 

[43] I. Mondal and U. Pal, "Synthesis of MOF templated Cu/CuO@ TiO 2 nanocomposites for synergistic hydrogen production," 

Physical Chemistry Chemical Physics, vol. 18, pp. 4780-4788, 2016. 

[44] K. E. Dekrafft, C. Wang, and W. Lin, "Metal‐ organic framework templated synthesis of Fe2O3/TiO2 nanocomposite for 

hydrogen production," Advanced materials, vol. 24, pp. 2014-2018, 2012. 

[45] G. Huang, L. Zhang, F. Zhang, and L. Wang, "Metal–organic framework derived Fe 2 O 3@ NiCo 2 O 4 porous nanocages as 

anode materials for Li-ion batteries," Nanoscale, vol. 6, pp. 5509-5515, 2014. 

[46] Y. V. Kaneti, Q. M. Zakaria, Z. Zhang, C. Chen, J. Yue, M. Liu, X. Jiang, and A. Yu, "Solvothermal synthesis of ZnO-decorated 

α-Fe 2 O 3 nanorods with highly enhanced gas-sensing performance toward n-butanol," Journal of Materials Chemistry A, vol. 2, 

pp. 13283-13292, 2014. 

[47] X. Zhou, X. Li, H. Sun, P. Sun, X. Liang, F. Liu, X. Hu, and G. Lu, "Nanosheet-assembled ZnFe2O4 hollow microspheres for 

high-sensitive acetone sensor," ACS Applied Materials & Interfaces, vol. 7, pp. 15414-15421, 2015. 

[48] H. Hu, B. Guan, B. Xia, and X. W. Lou, "Designed formation of Co3O4/NiCo2O4 double-shelled nanocages with enhanced 

pseudocapacitive and electrocatalytic properties," Journal of the American Chemical Society, vol. 137, pp. 5590-5595, 2015. 

[49] X. Yang, H. Xue, Q. Yang, R. Yuan, W. Kang, and C.-S. Lee, "Preparation of porous ZnO/ZnFe2O4 composite from metal 

organic frameworks and its applications for lithium ion batteries," Chemical Engineering Journal, vol. 308, pp. 340-346, 2017. 

[50] L. Hou, L. Lian, L. Zhang, G. Pang, C. Yuan, and X. Zhang, "Self‐ sacrifice template fabrication of hierarchical mesoporous 

Bi‐ Component‐ Active ZnO/ZnFe2O4 sub‐ microcubes as superior anode towards high‐ performance lithium‐ ion battery," 

Advanced Functional Materials, vol. 25, pp. 238-246, 2015. 

[51] H. Cao, S. Zhu, C. Yang, R. Bao, L. Tong, L. Hou, X. Zhang, and C. Yuan, "Metal-organic-framework-derived two-dimensional 

ultrathin mesoporous hetero-ZnFe2O4/ZnO nanosheets with enhanced lithium storage properties for Li-ion batteries," 

Nanotechnology, vol. 27, p. 465402, 2016. 

[52] W. Zhang, Y. Liu, G. Lu, Y. Wang, S. Li, C. Cui, J. Wu, Z. Xu, D. Tian, and W. Huang, "Mesoporous metal–organic 

frameworks with size‐ , shape‐ , and space‐ distribution‐ controlled pore structure," Advanced materials, vol. 27, pp. 2923-

2929, 2015. 

[53] G. Huang, F. Zhang, L. Zhang, X. Du, J. Wang, and L. Wang, "Hierarchical NiFe 2 O 4/Fe 2 O 3 nanotubes derived from metal 

organic frameworks for superior lithium ion battery anodes," Journal of Materials Chemistry A, vol. 2, pp. 8048-8053, 2014. 

[54] G.-C. Li, P.-F. Liu, R. Liu, M. Liu, K. Tao, S.-R. Zhu, M.-K. Wu, F.-Y. Yi, and L. Han, "MOF-derived hierarchical double-

shelled NiO/ZnO hollow spheres for high-performance supercapacitors," Dalton Transactions, vol. 45, pp. 13311-13316, 2016. 

[55] X. Xu, K. Cao, Y. Wang, and L. Jiao, "3D hierarchical porous ZnO/ZnCo 2 O 4 nanosheets as high-rate anode material for 

lithium-ion batteries," Journal of Materials Chemistry A, vol. 4, pp. 6042-6047, 2016. 

[56] Y. Chen, W. K. Pang, H. Bai, T. Zhou, Y. Liu, S. Li, and Z. Guo, "Enhanced structural stability of nickel–cobalt hydroxide via 

intrinsic pillar effect of metaborate for high-power and long-life supercapacitor electrodes," Nano letters, vol. 17, pp. 429-436, 

2017. 

[57] J. Zhu, S. Tang, H. Xie, Y. Dai, and X. Meng, "Hierarchically porous MnO2 microspheres doped with homogeneously 

distributed Fe3O4 nanoparticles for supercapacitors," ACS Applied Materials & Interfaces, vol. 6, pp. 17637-17646, 2014. 

[58] Y. Yuan, W. Wang, J. Yang, H. Tang, Z. Ye, Y. Zeng, and J. Lu, "Three-dimensional NiCo2O4@ MnMoO4 core–shell 

nanoarrays for high-performance asymmetric supercapacitors," Langmuir, vol. 33, pp. 10446-10454, 2017. 

[59] Y. Wang, B. Shang, F. Lin, Y. Chen, R. Ma, B. Peng, and Z. Deng, "Controllable synthesis of hierarchical nickel hydroxide 

nanotubes for high performance supercapacitors," Chemical Communications, vol. 54, pp. 559-562, 2018. 

[60] S. Liu, S. C. Lee, U. Patil, I. Shackery, S. Kang, K. Zhang, J. H. Park, K. Y. Chung, and S. C. Jun, "Hierarchical MnCo-layered 

double hydroxides@ Ni (OH) 2 core–shell heterostructures as advanced electrodes for supercapacitors," Journal of Materials 

Chemistry A, vol. 5, pp. 1043-1049, 2017. 



Electrode Materials Based on Oxides and Sulfides of Transition Metals and Their Composites: A Review 

www.ijres.org                                                                                                                                          1176 | Page 

[61] Q. Zhang, L. Mei, X. Cao, Y. Tang, and Z. Zeng, "Intercalation and exfoliation chemistries of transition metal dichalcogenides," 

Journal of Materials Chemistry A, vol. 8, pp. 15417-15444, 2020. 

[62] Y. Jiang, Y. Yang, J. Zhu, L. Qiang, T. Ye, L. Li, T. Su, and R. Fan, "Nickel silicotungstate-decorated Pt photocathode as an 

efficient catalyst for triiodide reduction in dye-sensitized solar cells," Dalton Transactions, vol. 45, pp. 16859-16868, 2016. 

[63] N. J. Vickers, "Animal communication: when i’m calling you, will you answer too?," Current biology, vol. 27, pp. R713 -R715, 

2017. 

[64] X. Lou and X. Lou, "Mixed Metal Sulfides for Electrochemical Energy Storage and Conversion, Adv," Energy Mater, vol. 8, p. 

1701592, 2018. 

[65] S. Chandrasekaran, L. Yao, L. Deng, C. Bowen, Y. Zhang, S. Chen, Z. Lin, F. Peng, and P. Zhang, "Recent advances in metal 

sulfides: from controlled fabrication to electrocatalytic, photocatalytic and photoelectrochemical water splitting and beyond," 

Chemical Society Reviews, vol. 48, pp. 4178-4280, 2019. 

[66] J. Yang, W. Liu, H. Niu, K. Cheng, K. Ye, K. Zhu, G. Wang, D. Cao, and J. Yan, "Ultrahigh energy density battery-type 

asymmetric supercapacitors: NiMoO4 nanorod-decorated graphene and graphene/Fe2O3 quantum dots," Nano Research, vol. 11, 

pp. 4744-4758, 2018. 

[67] W. Xu, J. Lu, W. Huo, J. Li, X. Wang, C. Zhang, X. Gu, and C. Hu, "Direct growth of CuCo 2 S 4 nanosheets on carbon fiber 

textile with enhanced electrochemical pseudocapacitive properties and electrocatalytic properties towards glucose oxidation," 

Nanoscale, vol. 10, pp. 14304-14313, 2018. 

[68] A. Mohammadi, N. Arsalani, A. G. Tabrizi, S. E. Moosavifard, Z. Naqshbandi, and L. S. Ghadimi, "Engineering rGO-CNT 

wrapped Co3S4 nanocomposites for high-performance asymmetric supercapacitors," Chemical Engineering Journal, vol. 334, pp. 

66-80, 2018. 

[69] B. Xie, M. Yu, L. Lu, H. Feng, Y. Yang, Y. Chen, H. Cui, R. Xiao, and J. Liu, "Pseudocapacitive Co9S8/graphene electrode for 

high-rate hybrid supercapacitors," Carbon, vol. 141, pp. 134-142, 2019. 

[70] J. S. Sanchez, A. Pendashteh, J. Palma, M. Anderson, and R. Marcilla, "Insights into charge storage and electroactivation of 

mixed metal sulfides in alkaline media: NiCoMn ternary metal sulfide nano-needles forming core–shell structures for hybrid 

energy storage," Journal of Materials Chemistry A, vol. 7, pp. 20414-20424, 2019. 

[71] W. Lu, M. Yang, X. Jiang, Y. Yu, X. Liu, and Y. Xing, "Template-assisted synthesis of hierarchically hollow C/NiCo2S4 

nanospheres electrode for high performance supercapacitors," Chemical Engineering Journal, vol. 382, p. 122943, 2020. 

[72] S. E. Moosavifard, S. Fani, and M. Rahmanian, "Hierarchical CuCo 2 S 4 hollow nanoneedle arrays as novel binder-free 

electrodes for high-performance asymmetric supercapacitors," Chemical Communications, vol. 52, pp. 4517-4520, 2016. 

[73] Y. M. Chen, Z. Li, and X. W. Lou, "General formation of MxCo3− xS4 (M= Ni, Mn, Zn) hollow tubular structures for hybrid 

supercapacitors," Angewandte Chemie, vol. 127, pp. 10667-10670, 2015. 

[74] J. Xiao, L. Wan, S. Yang, F. Xiao, and S. Wang, "Design hierarchical electrodes with highly conductive NiCo2S4 nanotube 

arrays grown on carbon fiber paper for high-performance pseudocapacitors," Nano letters, vol. 14, pp. 831-838, 2014. 

[75] M. Liang, M. Zhao, H. Wang, J. Shen, and X. Song, "Enhanced cycling stability of hierarchical NiCo 2 S 4@ Ni (OH) 2@ PPy 

core–shell nanotube arrays for aqueous asymmetric supercapacitors," Journal of Materials Chemistry A, vol. 6, pp. 2482-2493, 

2018. 

[76] Q. Yang, Y. Liu, M. Yan, Y. Lei, and W. Shi, "MOF-derived hierarchical nanosheet arrays constructed by interconnected NiCo-

alloy@ NiCo-sulfide core-shell nanoparticles for high-performance asymmetric supercapacitors," Chemical Engineering Journal, 

vol. 370, pp. 666-676, 2019. 

[77] Y. Li, H. Gao, Z. Sun, Q. Li, Y. Xu, C. Ge, and Y. Cao, "Tuning morphology and conductivity in two-step synthesis of zinc-

cobalt oxide and sulfide hybrid nanoclusters as highly-performed electrodes for hybrid supercapacitors," Journal of Solid State 

Electrochemistry, vol. 22, pp. 3197-3207, 2018. 

[78] Y. Zhu, S. An, X. Sun, D. Lan, J. Cui, Y. Zhang, and W. He, "Core-branched NiCo2S4@ CoNi-LDH heterostructure as 

advanced electrode with superior energy storage performance," Chemical Engineering Journal, vol. 383, p. 123206, 2020. 

[79] T. Tang, S. Cui, W. Chen, H. Hou, and L. Mi, "Bio-inspired nano-engineering of an ultrahigh loading 3D hierarchical Ni@ NiCo 

2 S 4/Ni 3 S 2 electrode for high energy density supercapacitors," Nanoscale, vol. 11, pp. 1728-1736, 2019. 

[80] W. He, C. Wang, H. Li, X. Deng, X. Xu, and T. Zhai, "Ultrathin and porous Ni3S2/CoNi2S4 3D‐ network structure for 

superhigh energy density asymmetric supercapacitors," Advanced Energy Materials, vol. 7, p. 1700983, 2017. 

[81] L. Hou, Y. Shi, S. Zhu, M. Rehan, G. Pang, X. Zhang, and C. Yuan, "Hollow mesoporous hetero-NiCo 2 S 4/Co 9 S 8 submicro-

spindles: unusual formation and excellent pseudocapacitance towards hybrid supercapacitors," Journal of Materials Chemistry A, 

vol. 5, pp. 133-144, 2017. 

[82] J. Li, N. Luo, F. Wan, S. Zhao, Z. Li, W. Li, J. Guo, P. R. Shearing, D. J. Brett, and C. J. Carmalt, "Defected vanadium bronzes 

as superb cathodes in aqueous zinc-ion batteries," Nanoscale, vol. 12, pp. 20638-20648, 2020. 

[83] T. Zhang, L.-B. Kong, M.-C. Liu, Y.-H. Dai, K. Yan, B. Hu, Y.-C. Luo, and L. Kang, "Design and preparation of MoO2/MoS2 

as negative electrode materials for supercapacitors," Materials & Design, vol. 112, pp. 88-96, 2016. 

[84] P. Asen, M. Haghighi, S. Shahrokhian, and N. Taghavinia, "One step synthesis of SnS2-SnO2 nano-heterostructured as an 

electrode material for supercapacitor applications," Journal of Alloys and Compounds, vol. 782, pp. 38-50, 2019. 

[85] Y. Huang, T. Shi, S. Jiang, S. Cheng, X. Tao, Y. Zhong, G. Liao, and Z. Tang, "Enhanced cycling stability of NiCo2S4@ NiO 

core-shell nanowire arrays for all-solid-state asymmetric supercapacitors," Scientific reports, vol. 6, pp. 1-10, 2016. 

[86] N. I. Chandrasekaran, H. Muthukumar, A. D. Sekar, A. Pugazhendhi, and M. Manickam, "High-performance asymmetric 

supercapacitor from nanostructured tin nickel sulfide (SnNi2S4) synthesized via microwave-assisted technique," Journal of 

Molecular Liquids, vol. 266, pp. 649-657, 2018. 

[87] N. S. Arul, L. Cavalcante, and J. In Han, "Facile synthesis of ZnS/MnS nanocomposites for supercapacitor applications," Journal 

of Solid State Electrochemistry, vol. 22, pp. 303-313, 2018. 

[88] B. Burscher, J. van Spanje, and C. H. de Vreese, "Owning the issues of crime and immigration: The relation between 

immigration and crime news and anti-immigrant voting in 11 countries," Electoral studies, vol. 38, pp. 59-69, 2015. 

[89] T. Anitha, A. E. Reddy, I. K. Durga, S. S. Rao, H. W. Nam, and H.-J. Kim, "Facile synthesis of ZnWO4@ WS2 cauliflower-like 

structures for supercapacitors with enhanced electrochemical performance," Journal of Electroanalytical Chemistry, vol. 841, pp. 

86-93, 2019. 

[90] P. Pazhamalai, K. Krishnamoorthy, S. Sahoo, V. K. Mariappan, and S.-J. Kim, "Copper tungsten sulfide anchored on Ni-foam as 

a high-performance binder free negative electrode for asymmetric supercapacitor," Chemical Engineering Journal, vol. 359, pp. 

409-418, 2019. 

 

 


