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Abstract 
The global transition toward sustainable energy grids and electrified 
transportation has intensified the demand for advanced electrochemical energy 
storage (EES) technologies capable of concurrently delivering high energy density, 
rapid power capability, and long-term cycling stability. Supercapatteries, as 
asymmetric battery-supercapacitor hybrid devices, have emerged as promising 
solutions to bridge the performance gap between conventional electrochemical 
double-layer capacitors (EDLCs) and rechargeable lithium-ion batteries. This 
study examines the design, synthesis, interfacial kinetics, and electrochemical 
performance of multi-component hybrid nanocomposite electrodes integrating 
transition metal oxides (TMOs), MXenes, graphene, and conductive polymers 
(CPs) for high-energy-density supercapattery systems. The synergistic roles of each 
component are critically analyzed: TMOs provide high theoretical Faradaic 
capacity, MXenes contribute metallic conductivity and intercalation 
pseudocapacitance, graphene offers exceptional surface area and mechanical 
flexibility, while conductive polymers supply additional pseudocapacitance and 
act as elastic binders. Advanced synthesis strategies including hydrothermal 
crystallization, in-situ polymerization, and self-assembly are evaluated for 
constructing integrated heterostructures with optimized interfacial coupling. Key 
electrochemical performance metrics, charge storage mechanisms, and power-law 
kinetic analysis are systematically discussed. System-level integration 
considerations including charge balancing, voltage window expansion, and 
impedance optimization are addressed. Despite remarkable progress, challenges 
remain regarding MXene oxidation, interfacial delamination, and synthesis 
complexity. Emerging strategies such as high-entropy MXenes, 3D aerogel 
architectures, covalent organic framework integration, and AI-driven design are 
highlighted as promising pathways for next-generation supercapattery electrodes. 
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1. INTRODUCTION 
The global transition toward sustainable energy 
grids and electrified transportation has intensified 
the demand for advanced electrochemical energy 
storage (EES) technologies capable of concurrently 

delivering high energy density, rapid power 
capability, and long-term cycling stability 
(Priyadharshini et al., 2026). Conventional 
electrochemical energy storage technologies are 
fundamentally divided between electrochemical 
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double-layer capacitors (EDLCs) and rechargeable 
batteries. EDLCs store charge through non-
Faradaic electrostatic ion accumulation at the 
electrode/electrolyte interface, delivering high 
power densities (> 10 kW kg−1) and long 
operational lifespans (> 105 cycles). However, 
their low gravimetric energy density 
(0.5--10 Wh kg−1) limits their use in applications 
requiring sustained power delivery (Basirun et al., 
2021). Conversely, lithium-ion batteries rely on 
solid-state Faradaic bulk diffusion mechanisms, 
achieving high specific energy densities 
(125--200 Wh kg−1) at the expense of power 
delivery (< 1 kW kg−1), charge-discharge rates, 
and cycle life due to strain-induced phase 
transformations (Gusain et al., 2021). 

To bridge this performance gap, the 
"supercapattery" (also designated as a battery-
supercapacitor hybrid device) has emerged as an 
asymmetric storage system. Supercapatteries 
integrate a high-capacity Faradaic battery-type or 
pseudocapacitive positive electrode with a high-
rate non-Faradaic capacitive negative electrode 
within a single cell (Afreh et al., 2025). This hybrid 
design leverages both rapid interfacial electrostatic 
adsorption and reversible multi-electron Faradaic 
redox reactions. Consequently, supercapatteries 
routinely achieve energy densities ranging from 
20 to 100 Wh kg−1 while maintaining power 
densities exceeding 5000 W kg−1 (Gür, 2018). 

 

 
Figure 1. Schematic illustration of multi-component active electrode architectures and interfacial ion 

transport pathways in advanced energy storage systems. 
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Table 1: Comparative Overview of Primary Electrochemical Energy Storage Systems 
Metric / Feature Electrochemical Double-

Layer Capacitors (EDLCs) 
Supercapattery Systems Rechargeable Lithium-

Ion Batteries 
Primary Charge 
Mechanism 

Non-Faradaic physical ion 
adsorption 

Combined Faradaic redox 
& non-Faradaic 
electrostatic 

Bulk Faradaic 
intercalation & phase 
conversion 

Energy Density 
(Wh kg−1) 

0.5 − 10 20 − 100 125 − 200 

Power Density 
(W kg−1) 

> 10,000 ≥ 5,000 < 1,000 

Charge/Discharge 
Time 

Seconds Seconds to Minutes Hours 

Cyclic Lifespan 
(Cycles) 

> 100,000 5,000 − 10,000 + 1,000 − 2,000 

Primary Electrode 
Limitation 

Limited electrostatic 
surface area 

Interfacial transport 
kinetics & restacking 

Volumetric lattice 
strain & sluggish 
kinetics 

 
The ultimate performance of a supercapattery 
system is governed by the structural, electronic, 
and electrochemical properties of its active 
electrode materials. Single-component materials 
possess intrinsic performance trade-offs: 
• Transition metal oxides (TMOs) offer high 
theoretical Faradaic capacity, but suffer from low 
intrinsic electronic conductivity 
(10−6 to 10−2 S cm−1) and structural 
degradation caused by volumetric swelling during 
charge/discharge cycles (Detka, K., & Górecki, 
2023). 
• Two-dimensional (2D) carbon structures like 
graphene possess exceptional theoretical specific 
surface area (2630 m2 g−1) and metallic 
conductivity (106 S cm−1), but tend to restack via 
strong Van der Waals forces, reducing their 
accessible surface area down to ∼ 705 m2 g−1. 
• 2D transition metal 
carbides/nitrides/carbonitrides (MXenes) exhibit 
metallic electrical conductivity (2.4 ×
104 S cm−1), hydrophilic surface terminations 
(−O, −OH, −F, −Cl), and fast cation 
intercalation pseudocapacitance, but suffer from 
irreversible restacking and self-oxidation (Solyali et 
al., 2022). 
• Conductive polymers (CPs) such as polyaniline 
(PANI) and polypyrrole (PPy) supply high specific 
capacitance through fast Faradaic 

doping/dedoping, but undergo mechanical 
breakdown during ion cycling (Márquez et al., 
2023). 
To address these material limitations, multi-
component hybrid nanocomposite electrodes 
integrating TMOs, MXenes, graphene, and CPs 
have been developed. In these multi-dimensional 
architectures, MXene and graphene sheets 
establish an electrically conductive, flexible carbon 
backbone. Intercalated TMO nanoparticles act as 
physical spacers that suppress sheet restacking, 
while conductive polymer matrices function as 
elastic binders that buffer volumetric strain and 
contribute additional pseudocapacitance. This 
review examines the design, synthesis, interfacial 
kinetics, and performance of hybrid electrodes for 
high-energy-density supercapattery systems (Abbas 
et al., 2020). 
 
2. Fundamental Properties and Synergistic Roles 
of Component Nanomaterials 
2.1 Transition Metal Oxides (TMOs) 
Transition metal oxides (NiCo2O4, MnO2, 
Fe3O4, ZnO, CuCo2O4) serve as primary battery-
type redox species in hybrid electrodes, offering 
multiple oxidation states and high theoretical 
specific capacities (> 1000 C g−1 or F g−1). 
Charge storage in TMOs proceeds via multi-
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electron Faradaic redox reactions involving cation 
insertion and surface oxidation state changes: 

MO + C+ + e− ⇌ MOC 
where M represents the transition metal ion and 
C+ denotes the electrolyte cation (H+, Li+, Na+, 
or K+) (Liang et al., 2021). Despite their high 
capacity, standalone TMO electrodes exhibit low 
intrinsic electrical conductivity and large charge 
transfer resistance. Volumetric expansion and 
contraction during Faradaic cycling can cause 
particle pulverization, loss of electrical contact, 
and rapid capacity fading (Azadmanjiri et al., 
2018). 
 
2.2 Two-Dimensional MXenes (Ti𝟑C𝟐T𝒙) 
MXenes are produced by selectively etching the 
"A" atomic layers from parent MAX phases using 
fluoride-containing etchants. Represented by the 
general formula 𝑀𝑛+1𝑋𝑛𝑇𝑥 (where 𝑀 is an early 
transition metal, 𝑋 is carbon/nitrogen, and 𝑇𝑥 
represents surface terminations like −O, −OH, 
−F, −Cl), MXenes combine metallic electrical 
conductivity (2.4 × 104 S cm−1) with hydrophilic 
surfaces (Gogotsi & Huang, 2021). 
Unlike non-polar carbon substrates, the 
hydrophilic surface terminations of MXenes 
enhance electrolyte wetting and ion access to 
active sub-nanometer channels. Charge storage in 
MXenes occurs through intercalation 
pseudocapacitance, where cations reversibly 
intercalate between conductive layers with 
minimal structural deformation. However, face-to-
face sheet restacking driven by interlayer Van der 
Waals interactions can restrict ion transport and 
lower accessible surface area during prolonged 
operation (Zhu et al., 2021). 
 
2.3 Graphene and Derivatives (rGO) 
Graphene and reduced graphene oxide (rGO) 
provide high theoretical specific surface area 
(2630 m2 g−1), mechanical strength, and high 
electrical conductivity (106 S cm−1). Within 
multi-component hybrid electrodes, graphene acts 
as a conductive skeletal matrix and flexible current 
collector (Su & Loh, 2013). Pure graphene stores 
charge via non-Faradaic electrostatic double-layer 
formation, while rGO retains oxygen functional 
groups (−COOH, −OH) that impart localized 

pseudocapacitance and improve interfacial 
wettability. When combined with MXenes, 
flexible rGO sheets interweave between carbide 
layers, forming a porous 2D/2D carbon network 
that accommodates volumetric strain and prevents 
active material detachment (Li et al., 2022). 
 
2.4 Conductive Polymers (PANI, PEDOT:PSS, 
PPy) 
Conductive polymers, such as polyaniline (PANI) 
and poly(3,4-ethylenedioxythiophene):polystyrene 
sulfonate (PEDOT:PSS), provide high mass-
specific pseudocapacitance, flexibility, and low 
density (Rout, 2021). Charge storage in PANI 
proceeds through reversible doping/dedoping 
Faradaic processes along its conjugated backbone, 
cycling between oxidation states (leucoemeraldine, 
emeraldine, and pernigraniline): 

PANI0 + 𝑥A− ⇌ PANI𝑥(A−)𝑥 + 𝑥e− 
where A− represents the dopant anion (Guo & 
Ma, 2018). Standalone conductive polymers 
degrade during long-term cycling due to 
mechanical fatigue from counter-ion insertion and 
extraction. Hybridizing CPs with rigid 2D MXenes 
or graphene substrates constrains polymer 
expansion. Strong 𝜋--𝜋 interactions and hydrogen 
bonding anchor the polymer chains, maintaining 
structural integrity over extended charge-discharge 
cycles (El-Bery et al., 2021). 
 
2.5 Synergistic Multi-Component Integration 
Integrating TMOs, MXenes, graphene, and CPs 
into a single electrode architecture creates 
synergistic effects across dimensions: 
• 2D/2D MXene/graphene networks form a 
continuous electronic matrix that lowers bulk 
internal resistance (𝑅𝑠) and charge transfer 
resistance (𝑅𝑐𝑡) (Kang et al., 2026). 
• Zero-dimensional (0D) or one-dimensional (1D) 
TMO nanostructures intercalated between 2D 
sheets act as physical pillars, preventing sheet 
restacking and creating mesoporous channels for 
rapid electrolyte transport. 
• Interpenetrating conductive polymer networks 
encapsulate TMO particles, acting as a flexible 
buffer against volume changes during redox 
cycling while adding redox active sites (Zhou et al., 
2026). 
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3. Interfacial Engineering and Multi-Component 
Synthesis Strategies 
Synthesizing multi-component nanocomposite 
electrodes requires control over material 
distribution, interfacial adhesion, and porous 
architecture. Physical mixing of individual 
components often leads to non-uniform phase 
separation and high contact resistance. Advanced 
fabrication routes leverage chemical self-assembly, 
hydrothermal crystallization, and in-situ 
polymerization to construct integrated 
heterostructures (Peng et al., 2025). 
Hydrothermal and solvothermal growth strategies 
enable the direct nucleation of TMO 
nanoparticles (NiCo2O4, MnO2, ZnO) onto 
functionalized MXene or GO sheets. Oxygen 

groups (−OH, −O) on MXene/GO act as 
nucleation centers, ensuring strong chemical 
bonding and low interfacial charge transfer 
resistance (Yu et al., 2025). In-situ interfacial 
polymerization introduces monomers (such as 
aniline) into aqueous suspensions containing pre-
formed TMO/MXene/graphene composites. 
Electrostatic attraction draws monomers onto 
negatively charged MXene/GO surfaces, where 
chemical oxidation yields uniform polymer 
coatings that interlock the 2D sheets. Self-
assembled co-coacervation and vacuum-assisted 
filtration enable the fabrication of flexible, 
freestanding, binder-free hybrid films with 
sandwich-like layered microstructures (Yao et al., 
2024). 

 
Table 2: Synthetic Routes, Interfacial Coupling Mechanisms, and Key Structural Features of 
Representative Hybrid Electrodes 

Composite System Primary 
Synthesis 
Method 

Interfacial 
Coupling 
Mechanism 

Key Structural 
Features 

Performance 
Metrics 

MnNiS@MXene Hydrothermal 
synthesis 

Chemical 
bonding via 
sulfur bridging 
at MXene basal 
planes 

Intercalated 
sulfide prevents 
MXene 
restacking; high 
active area 

𝐶𝑠𝑝 =

1189.98 C g−1 
(1983.3 F g−1) 
at 2 A g−1 

Cu-GO/PANI In-situ chemical 
electrodeposition 

𝜋--𝜋 conjugation 
& Cu-mediated 
coordination 

Fibrillar PANI 
wrapped on 
GO; metal 
doping increases 
active site 
density 

𝐶𝑠𝑝 =

1953 F g−1 at 
1 A g−1; 𝐸 =

43.4 Wh kg−1 

rGO/Fe3O4/PANI (rGFP) Solvothermal & 
in-situ polymer 
wrapping 

Hydrogen 
bonding & 
electrostatic 
anchoring 
between PANI 
and rGO 

3D 
interpenetrating 
matrix with 
embedded 
Fe3O4 
nanoparticles 

𝐶𝑠𝑝 =

283.4 F g−1; 
𝐸 =

47.7 Wh kg−1 
at 550 W kg−1 

MXene/PANI/PEDOT:PSS Wet spinning & 
in-situ coating 

Electrostatic 
assembly & 
polymer chain 
entanglement 

Highly 
conductive fiber 
matrix; sheet 
resistance =
0.3 kΩ/sq 

𝐶𝑠𝑝 =

279 F g−1 at 
5 mV s−1; 𝑅𝑠 =
27.19 Ω 

MXene-pBOA-NiO-rGO Multi-step 
hydrothermal & 

Covalent 
bridging & 
interfacial 

Expanded 
gallery spacing; 
open 

𝐶𝑠𝑝 =

338.4 F g−1; 
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polymer 
intercalation 

hydrogen 
bonding 

mesoporous ion 
channels 

𝐸 =

16.9 Wh kg−1 
Ti3C2T𝑥 MXene@ZnO Chemical 

precipitation 
Surface 
nucleation at 
−O/−OH 
termination 
sites 

Metal oxide 
spacers prevent 
restacking; 
surface area =
43.64 m2 g−1 

𝐶𝑠𝑝 =

139.0 F g−1; 
discharge time 
= 172.6 s 

PANI/Fe2S2/MnO2 Wet chemical 
polymerization 

Synergistic 
redox bridging 
in an 
interpenetrating 
matrix 

Reticular porous 
fiber network; 
short diffusion 
path 

𝐶𝑠𝑝 =

580 F g−1 at 
1 A g−1; 𝐸 =

37.93 Wh kg−1 

PANI-COF/NrGO Condensation & 
oxidative 
polymerization 

COF integration 
with conjugated 
rGO framework 

Ordered 3D 
porous channels 
with abundant 
active nitrogen 
sites 

𝑄𝑠 =

410 C g−1 at 
2 A g−1; cell 
𝐸 =

9.2 Wh kg−1 
 
4. Electrochemical Performance Metrics and 
Energy Storage Mechanisms 
4.1 Governing Electrochemical Equations 
Evaluating supercapattery electrode materials 
requires separating non-Faradaic capacitive, 
surface pseudocapacitive, and bulk Faradaic 
battery-type responses (Franco et al., 2015). 
1. Gravimetric Specific Capacitance (𝐶𝑠𝑝) 
and Specific Capacity (𝑄𝑠): 
Calculated from Galvanostatic Charge-Discharge 
(GCD) data: 

𝐶𝑠𝑝 =
𝐼 ⋅ Δ𝑡

𝑚 ⋅ Δ𝑉
 (F g−1) 

𝑄𝑠 =
𝐼 ⋅ Δ𝑡

𝑚
 (C g−1 or mAh g−1) 

where 𝐼 is the discharge current (A), Δ𝑡 is the 
discharge time (s), 𝑚 is the active material mass (g), 
and Δ𝑉 is the operational voltage window (V) 
(Rajeh et al., 2026). 
Calculated from Cyclic Voltammetry (CV) data: 

𝐶𝑠𝑝 =
∫ 𝐼  𝑑𝑉

𝑚 ⋅ 𝑠 ⋅ Δ𝑉
 (F g−1) 

where ∫ 𝐼  𝑑𝑉 is the integrated area of the CV 
curve and 𝑠 is the scan rate (V s−1). 
2. Specific Energy Density (𝐸): 

𝐸 =
1

2
𝐶𝑠𝑝(Δ𝑉)

2 =
𝑄𝑠 ⋅ Δ𝑉

2 ⋅ 3.6
 (Wh kg−1) 

where Δ𝑉 represents the full cell voltage window 
(Yang et al., 2018). 

3. Specific Power Density (𝑃): 

𝑃 =
𝐸

Δ𝑡
× 3600 =

𝐼 ⋅ Δ𝑉

2𝑚
 (W kg−1) 

4. Coulombic Efficiency (𝜂): 

𝜂 =
Δ𝑡discharge

Δ𝑡charge
× 100% 

4.2 Power-Law Kinetic Analysis 
The charge storage kinetics of hybrid electrodes 
can be evaluated using the power-law relationship 
between peak current (𝑖) and scan rate (𝑣) in cyclic 
voltammetry experiments: 
𝑖 = 𝑎𝑣𝑏  ⟹  log(𝑖) = log(𝑎) + 𝑏 log(𝑣) 

where 𝑎 and 𝑏 are empirical parameters 
(Bernstein, 2026). 
• 𝑏 = 1.0: Indicates ideal non-Faradaic 
capacitive or fast surface pseudocapacitive kinetics 
governed by charge adsorption/desorption. 
• 𝑏 = 0.5: Represents a semi-infinite 
diffusion-controlled Faradaic battery-type process 
(Hernandez et al., 2019). 
Multi-component hybrid electrodes typically 
exhibit transitional 𝑏-values between 0.7 and 0.9, 
confirming a hybrid charge storage mechanism. In 
these structures, the highly conductive MXene and 
graphene networks enable fast electron transport 
(𝑏 → 1.0), while embedded TMOs and conductive 
polymers provide high Faradaic capacity (𝑏 → 0.5) 
(Talabis et al., 2018). 
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Table 3: Comparative Electrochemical Performance Metrics of Advanced Multi-Component 
Supercapattery Electrodes and Devices 

Electrode / 
Device 
Configuration 

Positive / 
Negative Pair 

Electrolyt
e 

Specific 
Capacity 
/ 
Capacita
nce 

Cell 
Volt
age 
(ΔV) 

Max 
Energy 
Density 
(E) 

Max Power 
Density (P) 

Reten
tion 
& 
Cycle 
Life 

MnNiS@MXene//AC MnNiS@MXene 
// Activated 
Carbon 

1.0 M KOH 307.18 C g−1 
at 
2 A g−1 

1.6 V 34.79 Wh kg−1 1142.61 W kg−1 87.57% 
after 
7,000 
cycles 

Cu-GO/PANI (3-
electrode) 

Cu-GO/PANI 
// Pt 

1.0 M H2SO4 1953 F g−1 
at 
1 A g−1 

0.45 V 43.40 Wh kg−1 ∼ 850 W kg−1 53.00% 
after 
200 
cycles 

rGO/Fe3O4/
PANI (Solid-state) 

rGFP // rGFP Gel / 
Solid 

283.40 F g−1 
at 
1 A g−1 

1.10 V 47.70 Wh kg−1 550.00 W kg−1 78.00% 
after 
5,000 
cycles 

MXene/PANI/PEDOT:PSS Hybrid Fiber 
// pBOA 

Aqueous 279.00 F g−1 
at 
5 mV s−1 

1.4 V 13.00 Wh kg−1 > 1000 W kg−1 >
90.00% 
after 
10,00
0 
cycles 

MXene-pBOA-NiO-rGO Quaternary Composite 
// AC 

Gel / 
Aqueous 

338.40 F g−1 1.5 V 16.90 Wh kg−1 ∼ 750 W kg−1 Stable 
over 
extend
ed 
cycling 

PANI/Fe2S2
/MnO2//AC 

PANI/Fe2S2/
MnO2 // AC 

Aqueous 580.00 F g−1 
at 
1 A g−1 

1.6 V 37.93 Wh kg−1 850.00 W kg−1 82.00% 
after 
5,000 
cycles 

PANI-COF/NrGO PANI-COF/NrGO 
// Carbon 

Aqueous 410.00 C g−1 
at 
2 A g−1 

1.2 V 9.20 Wh kg−1 300.00 W kg−1 60.00% 
after 
5,000 
cycles 

NiO--CNT//AC NiO--CNT // 
Activated 
Carbon 

1.0 M Na2SO4 197.70 F g−1 
at 
2 mV s−1 

1.8 V 85.70 Wh kg−1 11200.00 W kg−1 91.00% 
after 
4,000 
cycles 

K0.5Mn2O4@C//ZIF-67 C NCMO // 
Porous 
Carbon 

1.0 M Na2SO4 75.00 F g−1 
at 
10 A g−1 

2.4 V 60.00 Wh kg−1 12300.00 W kg−1 92.60% 
after 
10,00
0 
cycles 
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5. System-Level Integration and Supercapattery 
Device Architectures 
Maximizing the energy density of a supercapattery 
system requires expanding the operating cell 
voltage window (Δ𝑉), as energy density increases 
quadratically with voltage (𝐸 ∝ Δ𝑉2). In single-
component symmetric supercapacitors using 
aqueous electrolytes, the cell voltage is 
thermodynamically limited to ∼ 1.0 V due to the 
water-splitting reaction (hydrogen and oxygen 
evolution at 1.23 V) (Asrari et al., 2026). 
Asymmetric supercapatteries overcome this 
limitation by combining a high-overpotential 
pseudocapacitive or Faradaic positive electrode 
(such as MnNiS@MXene or NiCo2O4/PANI) 
with a carbonaceous negative electrode (activated 
carbon or rGO). This configuration extends the 
operating potential window to 1.6--2.4 V in 
aqueous media (Kamaraj et al., 2026). 
To maintain cell stability and prevent localized 
overcharging, the total charge (𝑞) stored at the 
positive (+) and negative (−) electrodes must be 
balanced (𝑞+ = 𝑞−): 

𝑞 = 𝑚 ⋅ 𝐶𝑠𝑝 ⋅ Δ𝑉 ⟹  
𝑚+

𝑚−
=
𝐶− ⋅ Δ𝑉−

𝐶+ ⋅ Δ𝑉+
 

where 𝑚 is the active material mass, 𝐶 is the 
gravimetric specific capacitance, and Δ𝑉 is the 

potential range during charging/discharging. 
Proper charge balancing ensures optimal mass 
loading and utilization of electroactive sites 
(Ugwuanyi et al., 2026). 
Electrochemical Impedance Spectroscopy (EIS) 
provides insight into internal charge transport 
resistance. Nyquist plots for hybrid 
nanocomposite electrodes typically display a low 
high-frequency real-axis intercept corresponding 
to the Equivalent Series Resistance (𝑅𝑠), a small 
mid-frequency semicircle reflecting the Charge 
Transfer Resistance (𝑅𝑐𝑡), and a steep low-
frequency line (> 45∘) indicative of low Warburg 
ion diffusion resistance (Li et al., 2025). 
Incorporating conductive polymers and MXenes 
into metal oxide matrices significantly lowers 
internal resistance. For instance, combining 
MXene with PANI and PEDOT: PSS reduces the 
bulk series resistance (𝑅𝑠) from 75.71 Ω (pristine 
MXene) to 27.19 Ω, while reducing charge 
transfer resistance (𝑅𝑐𝑡) from 77.57 Ω to 28.03 Ω. 
This drop in internal resistance minimizes ohmic 
voltage drop (𝐼𝑅 drop) during rapid discharge, 
enabling high power density (> 10 kW kg−1) 
while maintaining stable operation (Rajendran et 
al., 2026). 
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Figure 2. Comparative morphological designs and geometric configurations of hybrid supercapacitors 
(HSCs), ranging from planar cells to flexible pouch, twisted fiber, and coaxial cable-type form factors. 

 
6. Challenges, Emerging Trends, and Future 
Perspectives 
Despite their performance advantages, multi-
component hybrid nanocomposite electrodes face 
several engineering and scaling challenges: 
1. Ambient Oxidation of MXenes: In aqueous 
electrolytes containing dissolved oxygen, titanium-
based MXenes (Ti3C2T𝑥) can undergo oxidation, 
forming insulating TiO2 nanocrystals along sheet 
edges. This structural degradation degrades 
electrical conductivity and accelerates capacity loss 
over time (Samala et al., 2024)). 
 

2. Interfacial Delamination and Mechanical 
Strain: Differing volumetric expansion rates 
among rigid TMOs, flexible 2D carbon sheets, and 
swollen conductive polymers can cause 
mechanical strain during long-term cycling. This 
strain can lead to phase separation, delamination, 
and electrical isolation of active particles 
(Çakmakçı et al., 2024). 
 
3. Synthesis Complexity and Processing Costs: 
Multi-step fabrication procedures involving 
hydrofluoric acid (HF) etching of MAX phases, 
solvothermal crystallization, and precise chemical 
polymerization add processing complexity and 
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safety requirements that hinder large-scale 
manufacturing (Uddin et al., 2023). 
To address these challenges, several advanced 
material strategies are under investigation: 
• High-Entropy and Ordered Double-Transition-
Metal MXenes: Utilizing double-transition-metal 
MXenes (e.g., Mo2TiC2) or multi-element high-
entropy formulations increases structural stability, 
broadens electroactive redox states, and improves 
oxidation resistance compared to conventional 
Ti3C2T𝑥 (Lopes et al., 2020). 
• 3D Macroscopic Aerogel and Hydrogel 
Architectures: Assembling 2D MXene and 
graphene sheets into 3D porous hydrogel/aerogel 
frameworks prevents face-to-face restacking, 
increases mass loading per unit area, and facilitates 
electrolyte access throughout the electrode 
(Naeem et al., 2021). 
• Covalent Organic Framework (COF) 
Integration: Incorporating conjugated COFs into 
conductive polymer networks introduces 
structured sub-nanometer pore channels and 
isolated redox-active sites, stabilizing charge 
transfer while constraining polymer chain 
deformation (Sathya et al., 2024). 
• In-Situ Characterization and AI-Driven 
Design: Applying operando spectroscopic and 
microscopic techniques enables real-time 
monitoring of phase changes, oxidation states, and 
mechanical strain during charge/discharge cycles. 
Machine learning models can further accelerate 
the screening of optimal stoichiometry, surface 
terminations, and component ratios for multi-
component heterostructures (Chandrasekaran, 
2016). 
 
Conclusion 
This review has systematically examined the 
design, synthesis, and electrochemical 
performance of multi-component hybrid 
nanocomposite electrodes integrating transition 
metal oxides, MXenes, graphene, and conductive 
polymers for high-energy-density supercapattery 
systems. The synergistic integration of these 
disparate nanoscale building blocks into unified 
architectures addresses the intrinsic limitations of 
single-component materials, enabling 
simultaneous enhancement of energy density, 

power capability, and cycling stability. Key findings 
demonstrate that 2D/2D MXene/graphene 
networks establish continuous electronic matrices 
that substantially lower internal resistance and 
charge transfer resistance, while intercalated TMO 
nanoparticles function as physical spacers that 
suppress sheet restacking and create mesoporous 
ion transport channels. Conductive polymer 
matrices contribute additional pseudocapacitance 
while serving as elastic buffers against volumetric 
strain during repeated charge-discharge cycling. 
The electrochemical performance metrics 
compiled in this review confirm that optimized 
hybrid electrodes achieve specific capacities 
exceeding 1000 C g⁻¹ and energy densities 
approaching 100 Wh kg⁻¹ while maintaining 
power densities above 5000 W kg⁻¹. Power-law 
kinetic analysis reveals that these multi-
component systems exhibit transitional b-values 
between 0.7 and 0.9, validating the hybrid charge 
storage mechanism combining fast surface-
controlled kinetics with bulk Faradaic 
contributions. System-level considerations 
including charge balancing, asymmetric cell 
configuration, and electrolyte optimization enable 
operating voltage windows of 1.6–2.4 V in 
aqueous media, leveraging the quadratic 
dependence of energy density on cell voltage. 
Despite these advances, several engineering 
challenges must be addressed to facilitate 
commercial translation. Ambient oxidation of 
MXenes in aqueous electrolytes, interfacial 
delamination arising from mismatched volumetric 
expansion rates among components, and synthesis 
complexity associated with multi-step fabrication 
procedures represent significant barriers to 
scalable manufacturing. Emerging strategies 
including high-entropy and ordered double-
transition-metal MXenes, three-dimensional 
macroscopic aerogel and hydrogel architectures, 
covalent organic framework integration, and AI-
driven materials design offer promising pathways 
to overcome these limitations. Future research 
should prioritize operando characterization 
techniques for real-time monitoring of interfacial 
phenomena, development of green and scalable 
synthesis routes, and standardization of 
performance metrics to enable meaningful cross-
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study comparisons. The continued advancement 
of hybrid nanocomposite electrode architectures 
holds considerable promise for realizing practical 
supercapattery devices that meet the demanding 
requirements of next-generation sustainable 
energy storage systems. 
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