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Abstract

Asymmetric supercapacitors (ASCs) constructed from metal oxide—metal sulfide—carbon composites have been identified
as high-performance energy storage devices due to their ability to combine fast redox kinetics with excellent electrical
conductivity and structural stability. In the present study, a ternary MnFe,0,/MoS,@MWCNT composite was synthesized
via a hydrothermal-ultrasonication route and employed as the positive electrode material. The MnFe,O, spinel oxide con-
tributes rich redox activity, MoS, offers layered architecture for enhanced ion diffusion, and MWCNTs act as a conductive
matrix that improves electron transport and mechanical integrity. Activated carbon (AC), with its enhanced surface area
and porosity, was employed as the anode. The resulting ASC cell delivered a high energy density of 47.5 Wh kg ! at a
power density of 750 W kg! and demonstrated stable performance over extended cycles stability with maintaining 95.9%
capacitance after 10,000 cycles. This study highlights the potential of designing hybrid electrode systems by integrating
transition metal oxides, sulfides and carbonaceous materials for next-generation supercapacitor applications.

Keywords MnFe,O, - Energy density - Electrochemical performance - Hydrothermal - Asymmetric supercapacitor -
Energy storage device

Introduction fossil fuel reserves, highlighting the urgent need for eco-
friendly, efficient, and reliable energy storage technologies
In recent years, the rapid pace of technological innovation [1, 2]. Consequently, there has been increasing interest in
aimed at enhancing human comfort has led to a signifi-  developing advanced power storage devices that are not only
cant increase in global energy consumption. This growing  environmentally sustainable but also lightweight, portable,

demand places considerable pressure on the world’s limited ~ and capable of delivering energy quickly and consistently
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[3-5]. Among the various energy storage options, super-
capacitors have emerged as a highly promising technology
due to their exceptional power density, fast electrochemical
response, and long operational life. These devices are gen-
erally classified into two main types based on their charge
storage mechanisms: electrochemical double-layer capaci-
tors (EDLCs) and pseudocapacitors (PCs). EDLCs store
energy via physical adsorption and desorption of ions at the
electrode—electrolyte interface, whereas pseudocapacitors
rely on rapid Faradaic redox reactions of electrochemically
active materials [6—8].

While EDLCs typically offer longer cycle life, they often
fall short in terms of specific capacitance when compared to
pseudocapacitors. To overcome this limitation, hybrid sys-
tems that combine features of both types have been devel-
oped, offering a balance between high energy output and
sustained electrochemical durability [9, 10]. In this context,
MFe,0,-type spinel ferrites, where M corresponds to diva-
lent transition metal ions such as Mn?*, Co?", Ni**, Zn**, or
Cu®" have gained considerable attention as pseudocapaci-
tor electrode materials. Their ability to undergo multiple
redox transitions and maintain electrochemical stability
makes them well-suited for modern power storage device
[11, 12]. MnFe,O, (MFO), a bimetallic oxide, has been
widely studied for its eco-friendly nature and its ability to
undergo multiple oxidation states, which promote efficient
electrochemical activity. Manganese ferrite (MnFe,0,) is
widely considered a promising pseudocapacitive material
attributable to its chemical and physical properties. Its spi-
nel structure offers excellent structural stability, while the
presence of Mn**/Mn*" and Fe?"/Fe*" redox couples facili-
tates fast Faradaic reactions [13]. MnFe,O, also exhibits
good electrical conductivity, moderate band gap, high theo-
retical capacitance, and strong magnetic and thermal sta-
bility. Additionally, it is low-cost, environmentally benign,
and abundant, making it ideal for scalable and sustainable
advanced storage architectures [14, 15]. In earlier studies,
Z. Ansari et al. [16] reported that MnFe,O, nanofibers deliv-
ered a specific capacitance (Cs) of 365 F g 'at 1 Ag™!, along
with notable long-term stability. Wenjuan Yang et al. [17]
demonstrated that MnFe,O, can be employed in symmetric
supercapacitors operating over an extended potential range
of 1.6 V, achieving a capacitance of 0.92 F cm™? at 3 mA
cm 2. Rushiraj P. Bhosale et al. [18] observed that the opti-
mized MnFe,O, showed Cs of 227 F g ! at 2 A g!. Despite
the redox-rich nature and high theoretical capacitance of
MnFe,0,, its charge storage performance is still hindered
by limited conductive behaviour and sluggish ion diffusion.

To overcome these challenges, introducing MoS, and
MWCNTs into the composite structure offers a highly
effective strategy. MoS, contributes additional pseudo-
capacitive behaviour and a large surface area due to its
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layered structure, which provides abundant active sites
and facilitates fast ion intercalation [19, 20]. For instance,
Samira Sharifi et al. [21] developed a CoFe,0,/MoS, com-
posite exhibiting a remarkable enhancement in Cs from 500
to 1013 F g-!. Similarly, Pratik V. Sinde et al. [22] reported
that a MoS,/NiFe,0, hybrid delivered 246.68 F g~' at 0.5 A
g!. In another study, Zeyad M. Abdulhamid et al. [23] dem-
onstrated that MoS,—ZnFe,0, nanocomposites achieved an
impressive 2077 F g! at 25 A g*!. These observations high-
light the interactive contribution of MoS, and various fer-
rite materials, confirming the viability of integrating MoS,
with MnFe,O, for significantly enhanced supercapacitor
performance. However, while MoS, enhances pseudoca-
pacitance and ion transport, its intrinsic poor electronic
conductivity can still limit overall efficiency. To overcome
this limitation, scientific efforts have focused on developed
composites by integrating MnFe,O, nanoparticles with
conductive carbon framework like graphene and carbon
nanotubes (CNTs) [24, 25]. These carbon additives not
only improve electron transport but also help in tailoring
the morphology of the composite, such as forming porous
networks, increasing active surface sites and enhancing the
accessibility of electroactive sites.

For example, Najmeh Foroutan et al. [26] showed that
MnFe,0,/GO delivered 298 F g! at 1 A g'! with stable
cycling behaviour. K. Manimegala et al. [27] also revealed
that ZnCo,0,/MoS,@rGO attained a high Cs of 1764 F g~!
at 1 A g'!. Kun-Yauh Shih et al. [28] prepared MnFe,0,/
rGO hybrid material, which delivered a Cs of 196.6 F g"!
at 0.5 A g'!. Jing Ran et al. [29] observed that NiC0,0,@
MoS,/RGO exhibited a Cs of 946 F ¢! at 1 A g”!. Hamza
Nawaz et al. [30] demonstrated that the (MnFe,O0,), 40—
(CNTs) 49 material achieved a high specific capacitance
of 652 F g'!. To address this, multi-walled carbon nano-
tubes (MWCNTs) are introduced as a conductive support-
ive network to facilitate rapid electron transport across the
electrode. Their high aspect ratio, excellent electrical con-
ductivity, and structural flexibility support effective charge
percolation and mechanical stability of the composite [31,
32]. Furthermore, the integration of MWCNTs prevents
agglomeration of both MnFe,O, and MoS,, enabling uni-
form dispersion and enhancing electrochemical utilization.

Therefore, the rational design of MnFe,O,/MoS,@
MWCNT composites integrates the redox activity of
MnFe,0,, the layered structure and pseudocapacitance of
MoS,, and the conductive scaffold of MWCNTs to achieve
enhanced electrochemical performance. In this work, we
report the hydrothermal synthesis of morphology-controlled
MnFe,0,/MoS,@MWCNT composites, where MnFe,O,
forms nanospherical architectures anchored onto MWCNTs
and coated with MoS, nanosheets, providing high sur-
face area, efficient ion transport, and excellent structural
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Table 2 Energy and power density comparison of the present device
with previous reports for Ragone plot representation

S.  Electrode Energy Power Refer-

No density density ence

1 MnCo,0,/Ti;C,Tx 40 Whkg™! 482|8 w [57]

kg~

2 ZnMn,0,/RGO 40.2 Wh 1125 W [58]
kg! kg

3 Gd-ZnFe,0,/CNT 40.025 Wh  279.78 W [59]
Kgf1 Kg71

4 NiCo,S,/MoS,/MWCNT 2373 Wh/  7495W  [60]
kg kg

5 MnNi,O,/PPY 359W 8029W  [61]
hkg'! kg!

6  P-CNT@MnCo,0,/Co;0, 46.4Wh 800 W [62]
kg! kg!

7  MnFe,0,/MoS,@MWCNT 47.5 Wh 750 W This
kg™ kg™ Work

high energy density of 47.5 Wh kg ! at a power density of
750 W kg !. Table 2 summarizes the energy and power den-
sity values of the present work in comparison with previ-
ously reported materials, as represented in the Ragone plot
[57-62]. The MnFe,0,/MoS,@MWCNT device demon-
strates superior performance, delivering both higher energy
and power densities than earlier studies. This enhanced
performance arises from the complementary integration
of redox-active MnFe,O, and MoS, with highly conduc-
tive MWCNTs, which together create a hierarchical porous
framework conducive to fast ion transport, efficient electron
transfer, and stable electrochemical cycling. In summary, the
assembled ASC device demonstrates outstanding capacitive
performance, electrochemical characteristics and combin-
ing high energy and power densities. These electrochemical
attributes make the MnFe,0,/MoS,@MWCNT composite a
promising candidate for high-performance next-generation
hybrid capacitors.

Conclusion

In this study, a MnFe,0,/MoS,@MWCNT composite elec-
trode was successfully prepared via a simple hydrothermal
technique followed by ultrasonication. The hybrid structure
integrates the high redox activity of spinel-type MnFe,0,,
the layered architecture and pseudocapacitive behaviour of
MoS,, and the excellent conductivity of MWCNTs. This
well-designed composite offers abundant active sites, effi-
cient ion diffusion, and rapid electron transport. Assembled
into an asymmetric supercapacitor achieved a high energy
density of 47.5 Wh kg ! at a power density of 750 W kg ..
It also exhibited excellent cycling stability, retaining 95.9
% of its capacitance over 10,000 cycles. Electrochemi-
cal impedance studies confirmed low internal and charge
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transfer resistance, both before and after long-term cycling.
These findings highlight the synergistic interaction among
the metal oxide, metal sulfide, and carbon components,
demonstrating the MnFe,O0,/MoS,@MWCNT composite
as a strong candidate for advanced energy storage systems.
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25-06809-w.

Author contributions **L. Ganesh Babu, ** Supervision, writing
(original draft) the manuscript. **P. Prasanth, C. Thirumarai Selvi,
** study conceptualization **N. Atthikumaran, T. Nithyanandhan,
S. Nanthakumar** data curation, formal analysis **J. Kumaresan, R.
Girimurugan, N. Vijayakumar** Software and Funding.

Funding Not available.

Data availability The data that support the findings of this study are
available from the corresponding author, upon reasonable request.

Declarations

Ethical approval The authors declare that there are no human cells and
tissues are used in this manuscript.

Financial interest The authors have no relevant financial or non-finan-
cial interests to disclose.

Competing interests The authors declare no competing interests.

References

1.  Zhang X, Javed MS, Ali S, Ahmad A, Shah SS, Hussain I, Choi
D, Tighezza AM, Tag-Eldin E, Xia C, Ali S (2024) Band engi-
neering in Ti,N/Ti;C,Tx-MXene interface to enhance the per-
formance of aqueous NH4+-ion hybrid supercapacitors. Nano
Energy 120:109108

2. Prasankumar T, Vigneshwaran J, Bagavathi M, Jose S (2020)
Expeditious and eco-friendly synthesis of spinel LiMn,O, and
its potential for fabrication of supercapacitors. J Alloys Compd
834:155060

3. Shinde PA, Mahamiya V, Safarkhani M, Chodankar NR, Ishii M,
Ma R, Ghaferi AA, Shrestha LK, Ariga K (2024) Unveiling the
nanoarchitectonics of interfacial electronic coupling in atomi-
cally thin 2D WO;/WSe, heterostructure for sodium-ion storage
in aqueous system. Adv Funct Mater 34:2406333

4.  Mateen A, Javed MS, Khan S, Saleem A, Majeed MK, Khan AJ,
Tahir MF, Ahmad MA, Assiri MA, Peng KQ (2022) Metal-organic
framework-derived walnut-like hierarchical Co-O nanosheets as
an advanced binder-free electrode material for flexible superca-
pacitor. J Energy Storage 49:104150

5. Zeng T, Meng L, Cheng L, Wang R, Ran Z, Liu D, Fu J, He J,
Zhou Q, Li Q, Li Q (2025) Scalable hybrid films of polyimide-
animated quantum Dots for high-temperature capacitive energy
storage utilizing quantum confinement effect. Adv Funct Mater
35:2419278

6. Gharanli S, Gharib A, Moharramnejad M, Karim A, Malekshah
RE, Karimi F, Ehsani A, Sayah T, Shahi M, Ghehsareh Z, Hsu SC
(2025) Environmentally friendly nickel-based nanocomposites


https://doi.org/10.1007/s11581-025-06809-w
https://doi.org/10.1007/s11581-025-06809-w

lonics

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

for energy storage: A review of supercapacitor and battery-type
mechanisms. J Energy Storage 122:116509

Shinde PA, Shrestha LK, Ariga K (2025) Heteroatom-functional-
ized carbon nanoarchitectonics: unlocking the doping effects for
high-performance supercapacitor electrode design. Green Energy
Environ

Banerjee S, Mordina B, Sinha P, Kar KK (2025) Recent advance-
ment of supercapacitors: A current era of supercapacitor devices
through the development of electrical double layer, Pseudo
and their hybrid supercapacitor electrodes. J Energy Storage
108:115075

Shinde PA, Chodankar NR, Kim HJ, Abdelkareem MA, Ghaferi
AA, Han YK, Olabi AG, Ariga K (2023) Ultrastable 1T-2H WS,
heterostructures by nanoarchitectonics of phosphorus-triggered
phase transition for hybrid supercapacitors. ACS Energy Lett
8:4474-4487

Gao X, Wu H, SuC, Lu C, Dai Y, Zhao S, Hu X, Zhao F, Zhang
W, Parkin IP, Carmalt CJ (2023) Recent advances in carbon-
based nanomaterials for multivalent-ion hybrid capacitors: A
review. Energy Environ Sci 16(4):1364-1383

Urvashi V, Sharma A, Jain (2025) Metal ferrites and their synthe-
sis techniques for energy storage devices: A review, AIP Confer-
ence Proceedings 3185(1):020045

Vigneshwaran J, Abraham S, Muniyandi B, Prasankumar T, Li
JT, Jose S (2021) Fe,O5 decorated graphene oxide/polypyrrole
matrix for high energy density flexible supercapacitor. Surf Inter-
faces 27:101572

Poudel MB, Shin M, Kim HJ (2021) Polyaniline-silver-manga-
nese dioxide Nanorod ternary composite for asymmetric super-
capacitor with remarkable electrochemical performance. Int J
Hydrog Energy 46:474-485

Gupta GK, Sagar P, Srivastava M, Singh AK, Anwar S, Singh
J, Kumar A, Srivastava SK, Srivastava A (2024) Fabrication of
manganese ferrite-reduced graphene oxide nanostructure as an
electrode material for high performance supercapacitor. Emer-
gent Mater 7(4):1475-1487

Poudel MB, Kim HJ (2022) Confinement of Zn—-Mg—Al layered
double hydroxide and a-Fe,0; nanorods on Hollow porous car-
bon nanofibers: a free-standing electrode for solid-state symmet-
ric supercapacitors. Chem Eng J 429:132345

Jokandan ZA, Mazloom J, Ghaziani MM (2024) Optimized elec-
trospun MnFe,0, nanofibers as promising electrode materials for
supercapacitor applications: physical and electrochemical proper-
ties. J Mater Sci: Mater Electron 35(2):113

Yang W, Zhitomirsky 1 (2024) Ferrimagnetic pseudocapaci-
tive MnFe,0, electrodes and supercapacitor devices. Ceram Int
50(18):33409-33416

Bhosale RP, Kumbhar SS, Bhosale SB, Salunkhe RR, Kadam
VA, Pardhi SP, Gholap SS, Lokhande CD, Jamadade VS (2024)
Morphology modulation of MnFe,O, thin film electrode for
enhanced performance of hybrid supercapacitor. J Energy Stor-
age 86:111146

Huo S, Qu H, Meng F, Zhang Z, Yang Z, Zhang S, Hu X, Wu
E (2024) Negative differential resistance with ultralow peak-to-
valley voltage difference in Td-WTe,/2H-MoS, heterostructure.
Nano Lett 24:11937-11943

Shinde PA, Ariga K (2023) Two-dimensional nanoarchitectonics
for two-dimensional materials: interfacial engineering of transi-
tion-metal dichalcogenides. Langmuir 39:18175-18186

Sharifi S, Rahimi K, Yazdani A (2023) Largely enhanced pseu-
docapacitance by a facile in-situ decoration of MoS, nanosheets
with CoFe,0, nanoparticles. J Energy Storage 72:108499

Shinde PV, Babu S, Mishra SK, Late D, Rout CS, Singh MK
(2021) Tuning the synergistic effects of MoS, and spinel NiFe,O,
nanostructures for high performance energy storage and conver-
sion applications. Sustainable Energy Fuels 5(15):3906-3917

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Abdulhamid ZM, Lokhande AC, Dabbawala AA, Choi D, Singh
N, Polychronopoulou K, Anjum DH (2025) ZnFe,O, nanopar-
ticles decorated MoS, nanosheets for high-performance superca-
pacitors. J Energy Storage 131:117544

Abdulwahab KO, Khan MM, Jennings JR (2024) Ferrites and
ferrite-based composites for energy conversion and storage appli-
cations. Crit Rev Solid State Mater Sci 49(5):807-855
Prasankumar T, Vigneshwaran J, Abraham S, Jose SP (2019)
3D structures of graphene oxide and graphene analogue MoS,
with polypyrrole for supercapacitor electrodes. Mater Lett
238:121-125

Foroutan N, Lashkenari MS, Alizadeh E, Sedighi M (2023)
Synthesis of manganese ferrite/graphene oxide nanocomposite
and investigation of its supercapacitor behaviours. Int J Hydrog
Energy 48(66):25859-25868

Manimegala K, Mary SS, Manthrammel MA, Shkir M, Subra-
mani T, Sakthivel M (2025) Porous rGO nanosheet-enhanced
ZnCo,04/MoS, flower-like structures for high-efficiency positive
electrodes in asymmetric supercapacitor applications. J Porous
Mater 1-5. https://doi.org/10.1007/s10934-025-01812-y

Shih KY, Tseng HY (2025) One-step microwave-assisted synthe-
sis of MnFe,0,/rGO nanocomposites and their electrochemical
properties in supercapacitors. ACS Omega 10(5):4473-4485
Ran J, Liu Y, Feng H, Zhan H, Yang S (2024) Rapid hydrother-
mal green synthesis of core-shell-shaped NiCo,0,/MoS,/RGO
ternary composites for high-performance electrode materials. J
Ind Eng Chem 133:273-283

Nawaz H, Iqgbal J, Jabeen S, Shahzad MI, Ahmad N (2025) High
conductivity and a large specific surface area triggered elec-
trochemical properties of MnFe,0,-CNTs nanocomposites for
energy storage applications. J Alloys Compd 1031:180773
Prasankumar T, Manoharan K, Bashir S, Kandiah KK, Ramesh
K, Ramesh S, Ramachandaramurthy VK (2025) Binder-free flex-
ible supercapacitor utilizing Ni-doped biomass-derived activated
carbon embraced with MWCNTs. Diamond Relat Mater 112473
Vigneshwaran J, Abraham S, Vasudevan YK, Prasankumar T, Jose
SP, Jose J (2024) Carbon nanotube-based nanostructured materi-
als for supercapacitor applications: synthesis and electrochemical
analysis. Nanostructured Mater Energy Storage 3:1011-1059
Hazarika M, Chinnamuthu P, Borah JP (2018) MWCNT decorated
MnFe,0, nanoparticles as an efficient photo-catalyst for phenol
degradation. J Mater Sci: Mater Electron 29(14):12231-12240
Zolfaghari Y, Ghorbani M, Lashkenari MS (2021) Electro-
chemical study on zeolitic imidazolate framework-67 modified
MnFe,0,/CNT nanocomposite for supercapacitor electrode.
Electrochim Acta 380:138234

Manimegala K, Stella Mary S, Shkir M, Siddiqui NA, Khan A,
Saravanakumar M, Sakthivel M (2025) Hydrothermally synthe-
sized rGO-coated NiCo,0,/MoS, cubes as high-performance
positive electrode for asymmetric supercapacitors. J Inorg
Organomet Polym Mater 35:6659-6675

Shaheen I, Ahmad KS, Zequine C, Gupta RK, Thomas AG, Malik
MA (2021) Facile ZnO-based nanomaterial and its fabrication as
a supercapacitor electrode: synthesis, characterization and elec-
trochemical studies. RSC Adv 11(38):23374-23384

Sharifi S, Rahimi K, Yazdani A (2021) Highly improved super-
capacitance properties of MnFe,O, nanoparticles by MoS,
nanosheets. Sci Rep 11(1):8378

Igbal M, Saykar NG, Mahanta AK, Mahapatra SK (2022) One-
step hydrothermal synthesis of MoS, nano-flowers CoS, square
composites electrode materials for supercapacitor application.
Mater Today: Proceed 67:762-767

Fernando N, Chinnappan A, Aziz A, Abdelkader A, Ramakrishna
S, Welland ME (2021) Flexible free-standing Ni-Mn oxide
antenna decorated CNT/nanofiber membrane for high-volumetric
capacitance supercapacitors. Nanoscale 13(45):19038-19048

@ Springer


https://doi.org/10.1007/s10934-025-01812-y

lonics

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Tiwari P, Janas D, Chandra R (2021) Self-standing MoS,/CNT
and MnO,/CNT one dimensional core shell heterostructures for
asymmetric supercapacitor application. Carbon 177:291-303
Yang C, Shi M, Nuli Y, Song X, Zhao L, Liu J, Zhang P, Gao L
(2020) Interfacial electrochemical investigation of 3D space-con-
fined MnFe204 for high-performance ionic liquid-based superca-
pacitors. Electrochim Acta 331:135386

Mensah SA, El-Bab AM, Tominaga Y, Khalil AS (2025) Pre-
cisely engineered interface of laser-induced graphene and MoS2
nanosheets for enhanced supercapacitor electrode performance.
Appl Surf Sci 688:162230

Mandal M, Subudhi S, Alam I, Subramanyam BV, Patra S, Raig-
uru J, Das S, Mahanandia P (2021) Facile synthesis of new hybrid
electrode material based on activated carbon/multiwalled car-
bon nanotubes@ZnFe,0, for supercapacitor applications. Inorg
Chem Commun 123:108332

Chang H, Zhang L, Lyu S, Wang S (2022) Flexible and freestand-
ing MoS, nanosheet/carbon nanotube/cellulose nanofibril hybrid
aerogel film for high-performance all-solid-state supercapacitors.
ACS Omega 7(16):14390-14399

Moradi SA, Ghobadi N (2024) Fabrication of composite
GO/NiFe,0,~MnFe,0,~CoFe,0, anode material: toward
high performance hybrid supercapacitors. Microsc Res Tech
87(10):2459-2474

Hou Z, Yan P, Sun B, Elshekh H, Yan B (2019) An excellent soft
magnetic Fe/Fe;0,-FeSiAl composite with high permeability and
low core loss. Results Phys 14:102498

Tiwari P, Jaiswal J, Chandra R (2019) Hierarchal growth of
MoS,@CNT heterostructure for all solid-state symmetric super-
capacitor: insights into the surface science and storage mecha-
nism. Electrochim Acta 324:134767

Bhosale R, Bhosale S, Sankannavar R, Chavan V, Jambhale C,
Kim H, Kolekar S (2024) Bimetallic MnFe,-MOF and its derived
MnFe,0, nanostructures for supercapacitive applications. ACS
Appl Nano Mater 7:4078-4091

Sureka P, Mahalakshmi G, Vanasundari K, Almulhem NK, Alam
MW (2024) Facile synthesis of Nanoflower shaped MnFe,O,@
rGO nanocomposite for ultra-stable asymmetric supercapacitor.
Chem Phys Lett 842:141228

Makkar P, Ghosh NN (2020) Facile synthesis of MnFe,O, Hol-
low sphere-reduced graphene oxide nanocomposites as electrode
materials for all-solid-state flexible high-performance asymmet-
ric supercapacitors. ACS Appl Energy Mater 3:2653-2664

He W, Pang M, Jiang S, Yang H, Wang R, Li N, Pan Q, Li J (2022)
Zhao. Binder-free MgCo,0,@Ni;S, core-shell-like composites
as advanced battery materials for asymmetric supercapacitors.
Synth Met 285:117021

Shukla PS, Agrawal A, Gaur A, Varma GD (2023) Facile syn-
thesis of mesoporous MnCo,0,@MoS, nanocomposites for
asymmetric supercapacitor application with excellent prolonged
cycling stability. J Energy Storage 59:106580

Kanaujiya N, Kumar N, Singh M, Sharma Y, Varma GD (2021)
CoMn,0, nanoparticles decorated on 2D MoS, frame: a

@ Springer

54.

55.

56.

57.

58.

59.

60.

61.

62.

synergetic energy storage composite material for practical super-
capacitor applications. J Energy Storage 35:102302

Acharya J, Raj BG, Ko TH, Khil MS, Kim HY, Kim BS (2020)
Facile one-pot sonochemical synthesis of CoFe,O,/MWCNTs
hybrids with well-dispersed MWCNTs for asymmetric hybrid
supercapacitor applications. Int J Hydrog Energy 45:3073-3085
Mandal M, Nayak AK, Upadhyay P, Patra S, Subudhi S, Mahapa-
tra A, Mahanandia P (2023) Hydrothermal synthesis of ZnFe,0,
anchored graphene and activated carbon as a new hybrid elec-
trode for high-performance symmetric supercapacitor applica-
tions. Diam Relat Mater 139:110300

Zhou M, Wei Z, Zhang H, Bai J, Zhao J, Ding M (2025) Design
of layered MoS,/CNTs composite materials and study of elec-
trochemical performance in supercapacitors. J Mater Sci: Mater
Electron 36:199

Pathak M, Mane P, Chakraborty B, Rout CS (2023) Facile in-situ
grown spinel MnCo,0,/MWCNT and MnCo,0,/Ti;C, MXene
composites for high-performance asymmetric supercapacitor
with theoretical insight. J Energy Storage 66:107475

Rosaiah P, Maaouni N, Goddati M, Lee J, Sambasivam S, Karim
MR, Alnaser 1A, Reddy VR, Kim WK (2024) Surface design
and engineering of ZnMn,0,/RGO composites for highly stable
supercapacitor devices. J Energy Storage 76:109636

Aadil M, Taki AG, Zulfigar S, Rahman A, Shahid M, Warsi
MF, Ahmad Z, Alothman AA (2023) Mohammad. Gadolinium
doped zinc ferrite nanoarchitecture reinforced with a carbona-
ceous matrix: a novel hybrid material for next-generation flexible
capacitors. RSC Adv 13:28063-28075

Subramani S, Tamilselvan A, Rajamanickam G, Karuppannan A
(2025) Enhanced electrochemical proficiency of NiCo,S,/MoS,/
MWCNT hybrid electrodes for superior energy storage applica-
tions. Langmuir 41(29):19550-19561

Sathiyan A, Elanthamilan E, Wang SF, Dhineshkumar S, Mer-
lin JP (2024) Fabrication of polypyrrole conductive matrix
covered MnNi,O, nanocomposite as a positive electrode mate-
rial for asymmetric supercapacitor applications. New J Chem
48:3080-3088

Liu Y, Chen X, Lin H, Zhou P, Ying Y (2023) A self-support-
ing P-doped CNT@MnCo,0,/Co;0, electrode with ion and
electron-conductive hierarchical structure for high performance
supercapacitor. J Alloys Compd 958:170453

Publisher’s note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.



	﻿Synergistic integration of MWCNT-decorated MnFe﻿2﻿O﻿4﻿/MoS﻿2﻿ composite electrode for high-performance asymmetric supercapacitors
	﻿Abstract
	﻿Introduction
	﻿Conclusion
	﻿References


