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ABSTRACT

Global transition toward sustainable and efficient energy storage has intensified research into supercapacitors,
valued for their rapid charge-discharge capability, high power density, and long operational lifespan. Among
carbonaceous materials, biomass-derived biochar has emerged as a low-cost, renewable, and structurally tunable
precursor for electrode design. This review provides a structured and critical synthesis of biochar-based super-
capacitor strategies, systematically categorizing heteroatom doping, nanocomposite engineering, and hybrid
architecture within an integrated electrochemical performance framework. Unlike existing literature that pre-
dominantly summarizes modification approaches, this review emphasizes cross-study comparability, mechanistic
attribution, and device-level relevance to clarify transferable design principles. A consolidated analysis of recent
machine learning (ML) applications reveals a paradigm shift from empirical optimization to data-driven pre-
dictive design. Benchmarking against reported datasets, descriptors, and model architectures, we confirm that
tree-based ensemble and neural-network models (e.g., XGBoost, LightGBM, ANN) consistently achieve high
predictive accuracy (R? > 0.9), while also identifying current limitations in data standardization and descriptor
harmonization. The review critically evaluates how ML can move beyond correlation towards interpretable and
transferable optimization under realistic device constraints.

Finally, a converging research roadmap is proposed, prioritizing standardized reporting, device-level bench-
marking, and constraint-aware ML integration to accelerate scalable implementation. By integrating materials
engineering, data-driven modeling, and practical deployment considerations, this review establishes a compre-
hensive framework for advancing sustainable biochar-based supercapacitors toward real-world energy storage
applications.

1. Introduction

meeting the escalating energy requirements resulting from worldwide
population growth [1]. Continuous development and exploration of

The swift progression of emerging technologies has led to a rise in
global energy demand, accompanied by escalating concerns over fossil
fuel depletion and the deterioration of natural environment. Although
renewable energy options such as wind and solar power have progressed
considerably, their intermittent nature necessitates the development of
reliable and high-efficiency energy storage systems. Systems capable of
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sustainable energy storage technologies is vital for replacing fossil
fuel-based energy systems. Among novel solutions, supercapacitors have
gained remarkable prominence due to their superior power density,
safety, cycling stability, and reversibility [2,3]. Owing to their rapid
charging capability and excellent power performance, supercapacitors
are increasingly used in portable electronics and electric transportation

E-mail addresses: rashid.iftikhar@iese.nust.edu.pk, rashid.iftikhar@hotmail.com (R. Iftikhar).

https://doi.org/10.1016/j.nxmate.2026.101971

Received 27 December 2025; Received in revised form 3 March 2026; Accepted 23 March 2026

Available online 31 March 2026

2949-8228/© 2026 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0002-6515-7709
https://orcid.org/0000-0002-6515-7709
https://orcid.org/0000-0001-7204-4326
https://orcid.org/0000-0001-7204-4326
https://orcid.org/0000-0003-3812-0801
https://orcid.org/0000-0003-3812-0801
https://orcid.org/0009-0002-2052-1391
https://orcid.org/0009-0002-2052-1391
mailto:rashid.iftikhar@iese.nust.edu.pk
mailto:rashid.iftikhar@hotmail.com
www.sciencedirect.com/science/journal/29498228
https://www.sciencedirect.com/journal/next-materials
https://doi.org/10.1016/j.nxmate.2026.101971
https://doi.org/10.1016/j.nxmate.2026.101971
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nxmate.2026.101971&domain=pdf
http://creativecommons.org/licenses/by/4.0/

F. Sajjad et al.

systems [4,5]. Like rechargeable batteries, supercapacitors belong to the
class of electrochemical energy storage devices (EESDs), that is they rely
on ion diffusion and migration mechanisms to store and transform en-
ergy. Supercapacitors typically contain two electrodes divided by an
ion-permeable separator that permits ion transport while inhibiting
electron transfer, whereas the electrolyte provides a conductive medium
for ion transfer between the electrodes [6,7]. Supercapacitors have
various benefits, including rapid charging and switching, long cycle life,
and significant power density. The electrode itself, electrolyte, and
electrode-electrolyte interactions all have an impact on supercapacitor
properties. The overall storage capability of a supercapacitor depends on
interfacial charge accumulation, highlighting the importance of elec-
trode material in their performance.

Carbon-based materials are considered as one of the leading candi-
dates for constructing supercapacitor electrodes due to their surface
area, chemical robustness, electrical conductivity, and economic feasi-
bility [8]. Among carbon sources, biomass-based carbon stands out as a
renewable, carbon-neutral resource with low environmental impact and
reduced carbon dioxide emissions [9]. Biomass can be transformed into
porous carbon structures such as biochar through pyrolysis, which has
attracted increasing attention for its inherently large surface area, hi-
erarchical pore network, adjustable surface functionalities, and capacity
for heteroatom doping [10-12]. Compared to other materials, biochar
also offers additional advantages such as environmental sustainability,
cost-effectiveness, reusability, and facile synthesis [13]. The
physico-structural properties of biochar, particularly particle size,
strongly influence its subsequent modification behavior. Depending on
the pyrolysis method and operational parameters, biochar particles may
vary in size ranging from micrometers to centimeters [14]. Recently,
nano-biochar has emerged as an innovative subclass of biomass-based
carbon materials that combine the advantages of biochar and nano-
structured systems. At particle sizes below 100 nm, the markedly
increased surface to volume ratio leads to higher surface energy and
adsorption capacity [15-17]. Nanoscale enhancement enables modifi-
cation processes, such as heteroatom incorporation and composite
development, to be carried out more efficiently.

The post-synthesis engineering of biochar is a primary factor that
defines the electrochemical behavior of an electrode, independent of the
biomass source, its intrinsic purity and the pyrolysis conditions. Broadly,
two modification strategies have been reported in literature with rare
overlaps. The first deals with activation and structural modification
involving chemical and physical treatments to improve the surface
functions and pore accessibility. These treatments are often combined
with nanocomposite inclusion to improve conductivity and catalytic
behavior. The second focuses on heteroatom doping, where elements
such as sulfur, nitrogen, phosphorus, or boron are introduced into the
carbon structure to alter charge distribution, electronic configuration,
and surface polarity. While structural modification and electronic
configuration are two distinct modification strategies, they occasionally
overlap and collectively describe biochar design for electrochemical
applications. Despite a great deal of research into the modification
processes for biochar-based materials, an in-depth analysis that connects
the performance of biochar-based electrode materials with cutting-edge
Al and machine learning methods is still missing.

To systematically address this shortcoming, the present review is
structured into four primary objectives. First, establish an integrated
structural electrochemical performance framework that systematically
links biochar modification strategies to device-level metrics. Second,
critically compare heteroatom doping and nanocomposite engineering
through mechanistic attribution and cross-study benchmarking to
identify transferable design principles. Third, evaluate current machine
learning approaches by analyzing dataset scope, descriptor selection,
model interpretability, and predictive reliability, highlighting both ca-
pabilities and limitations. Finally, we propose a converging research
roadmap that aligns materials design, device validation, and constraint-
aware ML optimization under realistic scalability and manufacturing
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considerations. By explicitly bridging materials science and artificial
intelligence within a device-relevant context, this review aims to pro-
vide a strategic and actionable perspective for advancing sustainable
biochar-based supercapacitors beyond empirical optimization.

2. Biomass precursors and their composition

A high carbon content and favorable elemental composition (C, H, O,
N) play a critical role in defining the structure, surface chemistry, and
electrochemical behavior of biochar-based supercapacitor electrodes.
To assess their suitability to produce biochar and energy storage appli-
cations, researchers have historically evaluated various lignocellulosic
feedstocks, such as agricultural residues like rice husk, sugarcane
bagasse, and rice husk, woody biomass such as hardwood, softwood, nut
shells and organic wastes that includes biosolids and municipal organics
[18-21]. Although most biomass feedstocks contain substantial fixed
carbon suitable for electrode applications, their inherent ash and inor-
ganic constituents particularly K, Na, Ca, and Mg, can significantly
diminish the porosity and electrical conductivity of the resulting biochar
if not properly removed. To meet electrode purity standards, water
washing and mild acid leaching are commonly employed to eliminate
soluble and acid-extractable metal impurities, thereby reducing ash
content by over 90%. The porosity and conductivity of biochar can
further be improved by chemical activation, making them suitable for
high-performance supercapacitors applications [22-24]. Raw biomass
preparation, particularly maintaining biomass moisture content below
10%, is essential in continuous pyrolysis systems to reduce drying
related energy demand and increase operational safety. On the other
hand, maintaining a volatile matter content in the range of 60-70%
promotes effective pore formation, while simultaneously retaining
enough fixed carbon to achieve desirable biochar yield [25].

2.1. Pyrolysis and carbonization pathways

Pyrolyzed biochar is a solid carbonaceous product obtained after the
thermal decomposition of biomass, a process which involves heating a
carbon-rich material under little oxygen or inert conditions. Among the
various pyrolysis approaches, slow and fast pyrolysis are most utilized
methods, with slow pyrolysis generally considered the most effective for
its high biochar yield [26-28]. Slow pyrolysis is carried out at atmo-
spheric pressure with moderate temperatures between 300 and 550°C,
low heating rates between 0.1 and 0.8 °C min ™, and extended residence
times spanning from 5 to 30 min to as long as 25-35 h [29]. Slow py-
rolysis is generally favored for biochar synthesis due to its longer resi-
dence time and controlled heating rate, which promotes higher solid
yield (>30 wt percent), enhanced carbonization, and more stable pore
structures, which is ideal for electrode applications. In contrast, fast
pyrolysis biochar tends to be less ordered, more oxygen-rich, and ob-
tained at lower yield lower (~10-20 wt%), which is less ideal for elec-
trode fabrication. However, the rapid devolatilization can produce
biochar’s with greater specific surface areas (often >400 m?/g) and
well-developed pore structures. The pyrolysis temperature strongly in-
fluences biochar characteristics through volatile release, increasing
temperature promotes further cracking of volatile fractions into
low-molecular-weight gases and liquids rather than solid carbon,
thereby reducing biochar yield [30-33]. Although the resultant porous
structure can be beneficial for supercapacitor applications, the reduced
solid yield remains a major limitation [21]. As summarized in Table 1,
pyrolysis yields more stable, higher-mass biochar, while fast and flash
processes favor volatile release and reduced char yield due to rapid
heating.

2.2. Modification strategies for biochar electrochemical enhancement

The two principal, though occasionally overlapping, strategies for
biochar modification in electrode applications are: (i) activation and
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Table 1

Comparison of pyrolysis techniques for biochar production, highlighting operating conditions, yields, surface areas, and volatile release trends.
Pyrolysis Temperature (°C) Heating Rate(°C/s) Biochar Yield(%) BET Surface Area (m?/g) Volatile Matter Release References
Slow 400-500 0.1-1 30-60 0.397 - 3.45(varied feedstocks) VM | as temp 1 [34-36]
Fast 850-1250 10-200 15-30 Generally low VM 1 [34-36]
Intermediate 500-650 1.0-10 15-25 25 — 270 (varied stocks) No data found [37,38]
Vacuum 450-600 0.1-1.0 12 Not widely reported for biochar Generally [36,39]

Lower than slow pyrolysis

Flash 900-1200 1000 30-50 <20 No authentic data found [34,36]

structural engineering, which improve porosity, surface area, and
interfacial properties and are often extended through nanocomposite
formation; and (ii) heteroatom doping, which tailors the electronic
structure and surface chemistry by adding elements like N, S, P, or B into
the carbon matrix. These approaches optimize the structural-interfacial
and electronic-chemical domains of biochar, respectively, providing
complementary ways of performance enhancement. In the subsequent
sections, both modification approaches are discussed in detail, with
emphasis on how they influence the structure-property relationships
and overall capacitive behavior of biochar-based electrodes.

2.3. Activation and structural engineering

The pore structure and surface functionalities of biochar can be
customized for supercapacitor applications through various physical
and chemical activation techniques. Physical activation takes place at
high temperatures, whereas chemical activation often includes low
temperatures and lesser activation times than physical activation.
Despite these benefits, chemical activation has certain downsides,
including the necessity for post-activation water-washing to remove
pollutants and the need for treatment facilities to handle polluted water.
These reasons undermine the technique's environmental sustainability
and cost-effectiveness [40]. In physical activation, pyrolysed biochar is
exposed to oxidizing gases such as steam, CO2, or air at 700-1100 °C.
This selective oxidation of carbon atoms by steam or CO: generates
micro- and mesoporous networks while preserving the carbon frame-
work. Steam activation typically leads to higher carbon loss with
abundant micropore formation, whereas CO: activation offers better
control over pore development with reduced carbon loss [41]. The
physical activation is valued for its environmental compatibility and
scalability as it can yield surface areas of 700-900 m?/g with specific
capacitances around 90-100 F/g [21,42].

Chemical activation includes heating a biomass carbon precursor
and activating agent to temperatures between 450 and 900 °C. Chemical
activation has various benefits over physical activation, including lower
pyrolysis temperatures, higher carbon yields, larger surface area
(3600 m2 g~1), and well-developed microporous structures [43]. In
chemical activation, chemical compounds such as KOH, NaOH, or HsPOa
promote dehydration and redox reactions during pyrolysis, thereby
enhancing pore formation and surface functionality. KOH activation is
unique among chemical activation procedures, notably for increasing
specific surface area and improving porous structure, which is beneficial
for energy storage applications [44]. Compared to physical activation,
chemical activation usually results in a significantly larger specific
surface area (SSA) and microporosity. Within chemical activating
agents, KOH is generally preferred, as acidic activators diminish con-
ductivity, whereas KOH being the most reactive alkali yields superior

porosity and electrochemical behavior. The porosity originates from the
strong chemical interaction between KOH and the carbon matrix during
activation, leading to the development of hierarchical structures [45].
As shown in Table 2, chemical activation using KOH or mixed
KOH-HsPO. yields the highest surface areas and tunable porosity,
whereas physical agents like CO:z and steam offer eco-friendly scalable
activation routes.

2.3.1. Carbon-based composites

Carbon-based composites are designed to overcome the intrinsic
energy-density limitation of pure biochar electrodes, which predomi-
nantly store charge through electric double-layer capacitance (EDLC)
mechanisms [47]. While high surface area activated biochar can achieve
capacitance values exceeding 300 F g™' under optimized conditions, its
energy density remains constrained by purely electrostatic charge
storage.

The incorporation of redox-active components such as metal oxides,
MXenes, or conductive polymers introduces faradaic charge storage
pathways, enabling hybrid EDLC-pseudocapacitive behavior [48-53].
Structurally, the effectiveness of these composites depends on intimate
interfacial contact between biochar and the active phase, hierarchical
pore accessibility, and preservation of conductive carbon pathways.

For example, KOH/KNOs-activated biochar derived from rose flower
waste achieved a high specific surface area (~1980 m? g™') and deliv-
ered 350 F g' at 1 A g! in a three-electrode configuration [55]. The
enhanced rate capability (165 F g™ at 150 A g™) and long-term cycling
stability (95.4% retention after 140,000 cycles) indicate that hierar-
chical porosity and conductive carbon backbone play a dominant role in
sustaining pseudocapacitive enhancement. However, such high perfor-
mance is strongly dependent on measurement configuration, as
three-electrode systems may overestimate practical device-level metrics.

Metal oxide incorporation (e.g., RuO2, MnO2, NiO, C030s, V20s)
further increases theoretical capacitance through fast surface redox re-
actions [54]. Nevertheless, trade-offs frequently arise and volume
expansion during cycling, interfacial resistance, and limited electrical
conductivity can reduce rate performance and long-term durability.
Consequently, composite performance is governed not solely by the
intrinsic capacitance of the metal oxide phase but by the efficiency of
charge transfer across the carbon-oxide interface and the stability of the
composite architecture.

Cross-study discrepancies reported in composite performance
commonly stem from differences in oxide loading fraction, particle
dispersion, pore blocking effects, electrolyte type, and electrode mass
loading. Excessive oxide incorporation may increase theoretical capac-
itance while simultaneously blocking micropores and reducing con-
ductivity, thereby diminishing rate capability. Overall, carbon-based
composites provide a pathway to enhanced energy density through

Table 2

Comparison of common activation methods for biochar-derived carbons, summarizing conditions, textural properties, yields, and key performance advantages.
Method Temp (°C)  Agent Ratio SSA (m?/g)  Pore Volume  Yield Key Advantages Reference
CO: 800 — ~800-1000 0.5-0.8 25-35 Clean, mild etching, scalable [21,46]
Steam 750 — 1000-1400 0.6-1.0 20-30  Faster pore development, higher SSA [39]
KOH 700-800 1:2-6:1 1500-2200 1.0-1.4 20-25  Very high SSA, tailored micro or meso pores [42]
HsPOs (or mixed KOH+HsPOs)  500-600 ~1:1 or mixed  1500-1950 0.8-1.4 25-35  P-functional groups, pseudocapacitive enhancement  [46]
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hybrid charge storage, but their practical effectiveness depends critically
on interfacial engineering, oxide loading optimization, and preservation
of conductive carbon networks.

2.3.1.1. Metal oxide-biochar composites. Metal oxide-biochar compos-
ites are designed to integrate the high electrical conductivity and
structural stability of biochar with the redox-active properties of tran-
sition metal oxides such as MnO2, FesOs, Co304, NiO, and layered double
hydroxides (LDHs). In this hybrid architecture, biochar functions as a
conductive scaffold that facilitates electron transport and prevents oxide
particle agglomeration, while the metal oxide phase contributes faradaic
pseudocapacitance through reversible surface or near-surface redox re-
actions [56-58].

Structurally, the effectiveness of these composites depends on ho-
mogeneous oxide dispersion, optimized oxide loading fraction, and
preservation of hierarchical pore accessibility. Electrochemically, the
introduction of metal oxides can substantially increase theoretical
capacitance compared to pure biochar by adding redox-active sites
beyond electric double-layer capacitance (EDLC). However, practical
performance is strongly governed by interfacial charge transfer effi-
ciency between the oxide phase and the carbon matrix.

Despite their enhanced redox activity, intrinsic limitations of metal
oxides including low electrical conductivity and volume expansion
during repeated cycling can compromise rate capability and long-term
stability. Excessive oxide loading may block micropores, reduce acces-
sible surface area, and increase internal resistance, thereby offsetting
theoretical capacitance gains. Consequently, reported performance im-
provements vary widely across studies depending on oxide content,
particle size distribution, electrolyte type, and electrode mass loading.

Cross-study discrepancies frequently arise from differences in syn-
thesis method (hydrothermal vs. co-precipitation vs. in situ growth),
oxide crystallinity, and carbon structural integrity. In systems where
conductive pathways are preserved and oxide loading is carefully opti-
mized, metal oxide-biochar composites achieve significant capacitance
enhancement while maintaining acceptable cycling stability.
Conversely, poorly engineered interfaces or high oxide fractions often
lead to rapid performance decay. Overall, metal oxide-biochar com-
posites represent a viable strategy for increasing energy density through
hybrid charge storage, but their effectiveness relies on precise control of
interfacial engineering, oxide dispersion, and structural integrity rather
than simply maximizing redox-active content.

2.3.1.2. Polymer-biochar composites. Polymer-biochar composites are
engineered to combine the high electrical conductivity and structural
rigidity of biochar with the fast and reversible redox activity of con-
ducting polymers such as polyaniline (PANI), polypyrrole (PPy), and
poly(3,4-ethylenedioxythiophene) (PEDOT). Structurally, biochar
functions as a mechanically robust and porous support matrix that
suppresses polymer agglomeration, buffers volumetric expansion, and
provide continuous conductive pathways for efficient electron transport
[59-61].

Electrochemically, conducting polymers contribute substantial
pseudocapacitance through reversible redox reactions occurring at
heteroatom sites (e.g., amine/imine groups in PANI). These rapid ion-
—electron coupling processes significantly increase specific capacitance
compared to EDLC-dominated carbon electrodes.

The hybrid architecture partially mitigates the degradation of bio-
char that restricts excessive polymer expansion and improves interfacial
electron transfer, thereby enhancing cycling stability relative to pristine
polymers. Nevertheless, performance variability across reported systems
arises from differences in polymer loading fraction, polymer distribution
within the pore network, electrolyte type, and electrode mass loading.
Excessive polymer content can block micropores and reduce effective
ion diffusion, while insufficient loading limits pseudocapacitive contri-
bution. Consequently, polymer-biochar composite performance reflects
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a trade-off between redox-enhanced capacitance and mechanical dura-
bility. Optimal systems maintain moderate polymer content, uniform
interfacial contact, and preserved pore accessibility to balance capaci-
tance enhancement with long-term stability. Despite their high con-
ductivity and flexibility, polymer swelling and contraction remain
critical limiting factors for extended cycle life [59-61].

2.3.1.3. Carbonaceous nano-hybrid composites. Carbonaceous nano-
hybrid composites integrate biochar with highly conductive carbon
nanomaterials such as carbon nanotubes (CNTs) and graphene to
enhance electron transport pathways and structural integrity. Structur-
ally, the incorporation of CNTs or graphene introduces a percolated
conductive network within the biochar matrix, reducing internal resis-
tance and improving charge transport efficiency [62-64].

From an electrochemical perspective, this enhanced conductivity
facilitates rapid electron transfer during charge-discharge cycles,
thereby improving power density and rate capability. The high intrinsic
surface area and layered architecture of graphene-like carbon frame-
works also promote electrolyte ion diffusion and enable efficient pseu-
docapacitive contributions when combined with redox-active
components such as PANI. Consequently, carbonaceous nano-hybrids
frequently exhibit superior high-rate performance and enhanced
cycling stability compared to pristine biochar electrodes.

However, the performance gains of nano-hybrid systems are strongly
dependent on uniform nanocarbon dispersion and interfacial compati-
bility. Poor dispersion of CNTs or graphene can result in agglomeration,
reduced accessible surface area, and ineffective conductive pathways,
limiting practical performance improvement. Additionally, excessive
nanocarbon loading may obstruct micropores and hinder ion transport.
Cross-study discrepancies arise from variations in nanocarbon loading
fraction, dispersion technique (e.g., in situ growth versus physical
mixing), degree of graphitization, and electrolyte selection. While nano-
hybrids significantly enhance rate capability and power density, their
large-scale implementation remains constrained by the high cost of
CNTs and graphene, as well as challenges associated with reproducible
dispersion.

Overall, carbonaceous nano-hybrid composites represent a strategy
primarily aimed at conductivity enhancement, power density optimi-
zation and practical utility depends on achieving uniform conductive
networks at minimal nanocarbon loading to balance performance
improvement with economic feasibility.

2.3.1.4. Core-shell metal-carbon composites. Core-shell metal carbon
composites are architecturally designed systems in which a redox-active
metal or metal oxide core is encapsulated within a conductive carbon
shell. Structurally, the carbon shell functions as a protective and
conductive barrier, restricting direct electrolyte exposure of the active
core while maintaining continuous electron transport pathways [65,66].

From an electrochemical standpoint, this configuration enhances
charge storage through two primary mechanisms. First, the conductive
shell reduces interfacial resistance and facilitates rapid electron transfer
between the core and the external circuit. Second, physical confinement
of the metal oxide core mitigates volume expansion during redox
cycling, thereby preserving structural integrity and improving cycling
stability. Compared to simple metal oxide-biochar composites, core—-
shell architectures often exhibit improved retention due to reduced
pulverization and suppressed dissolution of active species.

However, performance is highly sensitive to shell thickness, core—
shell interface quality, and uniformity of encapsulation. An excessively
thick carbon shell may hinder ion diffusion and limit utilization of the
active core, while an insufficient shell may fail to suppress structural
degradation. Additionally, non-uniform core distribution or incomplete
encapsulation can result in localized stress accumulation and acceler-
ated capacity fading.

As summarized in Table 3, hybrid systems such as NiFe-LDH/Biochar



F. Sajjad et al.

Next Materials 11 (2026) 101971

Table 3

Comparison of biochar-based composite electrodes for supercapacitors, highlighting feedstocks, synthesis routes, capacitance, and cycling performance.
Composite Type Feedstock Capacitance (F/g) Cycling Retention Synthesis Method Reference
MnO2/Biochar Wood, Bagasse, Banana peel 200-345 80-92% after 5000 cycles Hydrothermal, Solvothermal [67]
Fes04/Biochar Rice husk, Corncob 150-300 up to 5000 cycles Co-precipitation, Hydrothermal [24,68]
NiFe-LDH/Biochar Rice husk, Coconut shell 300-450 85-90% after 8000 cycles Hydrothermal [69]
PANI/Biochar Sugarcane bagasse, Rice husk 350-400 65-75% at high current In-situ polymerization [70-72]
PEDOT/Biochar Brewery bagasse, Agricultural waste 300-350 > 90% Electropolymerization [73]
CNT/Biochar Rice husk, Corn cob 350-420 80-85% In-situ CNT growth [74]

[75]

Fe-C (core-shell) Rice husk, Peanut shell 250-300 High stability Pyrolysis of Fe-doped biochar [76]
Co-C (core-shell) Wood-based biochar, Cashew shell 280-310 Stable and high-rate capability Co-pyrolysis [77,78]

and PANI/Biochar demonstrate enhanced capacitance and retention,
reflecting the broader principle that interfacial engineering governs
long-term electrochemical stability. Cross-study discrepancies in re-
ported performance frequently arise from differences in core loading
fraction, crystallinity, shell conductivity, and synthesis method (e.g., in
situ growth versus post-encapsulation). Precise control over shell
thickness and uniform dispersion remains a critical barrier to scalable
production.

Overall, core-shell metal carbon composites represent an advanced
strategy focused on interfacial stabilization and confinement-controlled
redox behavior. Their practical success depends on balancing conduc-
tive shell thickness with ion accessibility to maximize active-site utili-
zation while maintaining structural durability.

2.4. Heteroatom-doping

Heteroatom doping introduces external atoms into the carbon matrix
of biochar, thereby altering its ion-accessible porosity, electronic dis-
tribution, and surface chemistry. This modification is typically catego-
rized into metal-ion doping and non-metal element doping. While metal-
ion doping is predominantly employed in anode materials to enhance
electrical conductivity and charge transport, non-metal doping is more
common in cathode materials due to its ability to introduce surface
functionalities and active sites. In some cases, dual doping is employed,
which involves the simultaneous incorporation of metal and non-metal
species to synergistically enhance electrochemical performance. Along
with creating adequate pore shapes, doping heteroatoms in the carbon
structure is a typical technique for improving the electrochemical
characteristics of porous carbon materials. This includes nitrogen [79,
80], sulfur [81,82], phosphorous [83] and boron [84]. The doped

Biochar —
Nanocomposite
Doped
Electrodes

carbon structure with pores is gaining attention with a variety of het-
eroatom sources being exploited. These ecologically friendly organic
substances are used not only as a dopant of nitrogen-, sulfur-, or
co-doped heteroatoms [85,86], as well as a carbon precursor for pro-
ducing heteroatom-doped carbon-based compounds [87-89]. In doped
biochar, structural and electronic changes enhance charge transfer ki-
netics, surface redox activity, and electrolyte wettability, which collec-
tively govern the electrochemical performance of supercapacitors [90,
91]. Doped biochar electrodes are therefore known to demonstrate
distinctly improved electronic and ionic properties compared to their
undoped counterparts [92-94]. Fig. 2 depicts the heteroatom doped
structures of biochar enhances charge storage capacity of electrodes. To
date, heteroatom doping of biochar has primarily focused on nitrogen
(N), sulfur (S), and phosphorus (P) either individually or in combination,
each imparting distinct structural and electrochemical functionalities,
discussed in the following sections.

2.4.1. Nitrogen doping

Nitrogen doping represents one of the most effective and scalable
strategies for enhancing biochar-based supercapacitor electrodes due to
its simultaneous modulation of electronic structure and surface chem-
istry [95-99]. Nitrogen atoms are typically incorporated as pyridinic-N
(N-6), pyrrolic-N (N-5), and graphitic-N (N-Q), with each configuration
exerting distinct electrochemical effects. Pyridinic and pyrrolic nitrogen
introduce defect sites and localized lone-pair electrons that promote
surface redox reactions, whereas graphitic nitrogen enhances electrical
conductivity through substitution within the carbon lattice [95-97].

From a structural perspective, the distribution and relative content of
nitrogen species depend strongly on precursor chemistry and carbon-
ization temperature, which govern both defect density and

MgCo:04

-7

Bonding

Charge storage mechanism at
electrode-electrolyte interface

Fig. 1. Conceptual illustration of charge storage pathways within biochar—nanocomposite doped electrodes.
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Charge storage mechanism at
electrode-electrolyte interface

Fig. 2. Conceptual illustration of charge storage pathways within biochar— heteroatom doped electrodes.

graphitization degree [95,98]. Increased pyridinic-N content generally
correlates with enhanced pseudocapacitive behavior, while excessive
defect generation may disrupt conductive pathways and compromise
rate capability [96-99].

Electrochemically, optimized nitrogen doping enhances electrolyte
wettability and facilitates ion-accessible active sites, leading to
improved charge storage kinetics. Several high-performance systems
illustrate this structural-electrochemical synergy. For example,
nitrogen-functionalized microporous carbon nanoparticles achieved
approximately 391 Fg'at 0.1 Ag™in 6 M KOH, attributed to the
combined effect of high specific surface area (~1938 m? g™) and
nitrogen-enriched  defect sites [138]. Similarly, activated
nitrogen-doped carbons derived from biomass precursors demonstrated
capacitance values up to ~385F g™ under alkaline conditions when
hierarchical porosity was coupled with optimized nitrogen incorpora-
tion [139]. In contrast, systems with moderate nitrogen content and
predominantly microporous structures more commonly report capaci-
tance values in the range of 200-300 F g™! [95-99], indicating that
dopant concentration alone does not dictate performance.

Cross-study discrepancies in reported capacitance frequently arise
from variations in electrolyte type (e.g., concentrated alkaline vs.
neutral aqueous systems), electrode mass loading, and measurement
configuration (two-electrode versus three-electrode testing), with the
latter often yielding inflated capacitance values [95-99,138,139].
Furthermore, excessive nitrogen incorporation or aggressive activation
may increase defect density but reduce graphitic conductivity, leading
to diminished rate capability and cycling stability [96-99]. Overall, the
collective evidence indicates that optimal nitrogen doping is achieved
through a balanced interplay between defect-induced pseudocapaci-
tance and preserved electronic conductivity, rather than maximization
of total nitrogen content. Controlled dopant speciation combined with
hierarchical pore architecture consistently yields the most favorable
configuration between specific capacitance, rate capability, and
long-term stability [95-99,138,139].

2.4.2. Sulfur doping

Sulfur doping modifies the carbon framework of biochar through the
incorporation of thiophenic, sulfonic, and sulfide species, typically
introduced via sulfur-containing precursors such as thiourea, elemental
sulfur, Na=S, or organosulfur compounds during pyrolysis, or by post-
treatment sulfur vapor exposure [100-102]. Structurally, sulfur atoms
introduce lattice distortion due to their larger atomic radius compared to
carbon, altering local electronic density and potentially generating
redox-active surface functionalities.

From an electrochemical perspective, sulfur-containing functional
groups can enhance surface wettability and introduce additional pseu-
docapacitive reactions, contributing to improved charge storage kinetics
[103-106]. In highly conductive carbon architectures such as
sulfur-doped graphene and porous carbon nanosheets, capacitance
values exceeding 300 F g™! have been reported [107,108]. However,
these systems typically benefit from inherently high conductivity and
well-developed mesoporosity, which amplify the electrochemical
contribution of sulfur functionalities.

In contrast, sulfur doping applied to activated carbon frameworks
with limited structural optimization yields more modest performance
enhancement. For example, the incorporation of 2.7% sulfur into acti-
vated carbon increased specific capacitance from 44.6 to 62.0 F g™ at
1.4 A g, representing a ~40% improvement but remaining substan-
tially lower than graphene-based analogues [109]. This discrepancy
highlights that sulfur incorporation alone does not guarantee high
capacitance; rather, its electrochemical effectiveness is strongly depen-
dent on the underlying pore architecture, electrical conductivity, and
dopant distribution.

Several challenges remain associated with sulfur-doped biochar
systems, including sluggish redox kinetics, limited rate capability,
cycling degradation, and relatively low achievable energy density
[110]. Excessive sulfur incorporation may also introduce structural
instability or block micropores, reducing ion accessibility. Furthermore,
cross-study variability arises from differences in sulfur content, precur-
sor chemistry, porosity development, and electrolyte selection, making
direct comparison of reported capacitance values difficult [100-102].
Collectively available evidence suggests that sulfur doping is most
effective when integrated with hierarchical pore engineering and
conductive carbon frameworks, rather than as a standalone modification
strategy. Optimized sulfur content combined with controlled porosity
can provide incremental capacitance enhancement, but the overall
performance remains strongly governed by structural factors.

2.4.3. Phosphorus doping

Phosphorus doping in biochar exploits its multiple valence states and
larger atomic radius, enabling out-of-plane substitution within the car-
bon lattice and inducing local structural distortion. During pyrolysis,
phosphorus-containing functional groups such as C-P-O, C-O-P, P = O,
and POs are generated through interactions between phosphorus pre-
cursors and oxygen-containing surface sites. The formation and relative
abundance of these groups are strongly governed by pyrolysis temper-
ature and precursor chemistry [111].

From a structural perspective, phosphorus incorporation introduces
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defect sites and modifies local charge density distribution, which can
enhance surface polarity and electrolyte affinity. Electrochemically,
these effects may promote additional redox-active sites and improve ion-
accessible surface area. However, unlike nitrogen doping, phosphorus
incorporation often reduces graphitization degree, thereby decreasing
intrinsic electrical conductivity if not carefully controlled. The net
electrochemical performance of phosphorus-doped biochar therefore
reflects a balance between defect-induced pseudocapacitance and con-
ductivity loss. Moderate phosphorus incorporation can enhance capac-
itance through increased surface functionality and improved electrolyte
wettability, whereas excessive phosphorus content may disrupt
conductive pathways and limit rate capability [111]. In systems where
pore architecture and graphitic domains are preserved, phosphorus
doping contributes to measurable capacitance enhancement; however,
when graphitization is significantly suppressed, performance gains may
plateau or decline.

Discrepancies in reported phosphorus-doped biochar performance
frequently arise from variations in dopant concentration, pyrolysis
temperature, precursor type, and pore development. Additionally, dif-
ferences in electrolyte composition and electrode configuration
complicate direct cross-study comparison. Consequently, phosphorus
doping is most effective when integrated with controlled thermal
treatment or co-doping strategies that preserve electronic conductivity
while leveraging phosphorus-induced surface reactivity. Optimized
phosphorus content combined with structural engineering is essential to
achieve simultaneous improvement in capacitance, rate capability, and
cycling stability.

2.4.4. Multi-element co-doping

As single-element doping approaches performance saturation,
increasing attention has shifted toward multi-element co-doping stra-
tegies in biochar systems. Co-doping leverages synergistic interactions
between heteroatoms such as N-B, N-S, or N-P combinations to engi-
neer the carbon matrix in a more complex and tunable manner. Struc-
turally, the simultaneous incorporation of multiple heteroatoms
modifies lattice distortion, defect density, and charge redistribution
beyond what is achievable through single-element substitution
[112-115].

From an electronic perspective, co-doping can create complementary
effects: for example, nitrogen introduces electron-rich defect sites, while
boron acts as an electron acceptor, promoting localized charge polari-
zation. The formation of C-N-B bonding configurations in N-B co-doped
biochar has been shown to suppress the generation of polycyclic aro-
matic hydrocarbons (PAHs) during pyrolysis while stabilizing the car-
bon framework [116]. Such interactions highlight the broader structural
impact of co-doping beyond simple additive effects of individual
dopants.

Electrochemically, co-doping can enhance active site density,
improve surface polarity, and promote synergistic pseudocapacitive
behavior. However, the electrochemical response of co-doped systems is
not always predictable. Emergent properties arise from dopant-dopant
interactions, making performance outcomes highly sensitive to dopant
ratio, spatial distribution, and thermal treatment conditions. Improper
co-doping may increase structural disorder excessively, reduce electrical
conductivity, or introduce unstable surface groups, thereby negatively
affecting rate capability and cycling durability. To move beyond quali-
tative interpretation, quantitative assessment of co-doping synergy is
essential.

Experimentally, synergy can be assessed by comparing the measured
performance of co-doped systems against the weighted average perfor-
mance of individually doped counterparts under identical testing con-
ditions. A synergistic interaction may be inferred when the observed
capacitance or energy density exceeds the linear combination predicted
from single-element doping contributions.

From a modeling perspective, machine learning offers a systematic
approach to quantifying interaction effects. Interaction terms between
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dopant concentrations can be explicitly incorporated into regression
models, while tree-based ensemble methods inherently capture
nonlinear feature interactions. Feature importance ranking and SHAP-
based interaction analysis can further quantify whether combined
dopant descriptors contribute more significantly than individual ele-
ments alone. However, current literature does not establish a universal
composition window for optimal atomic ratios, as the effective ratio
depends strongly on feedstock type, pyrolysis temperature, activation
conditions, and electrolyte environment. Furthermore, performance
landscapes often exhibit non-monotonic dependence on dopant ratios,
suggesting the existence of system-specific optimal ranges.

Discrepancies in reported performance of co-doped biochar systems
frequently stem from differences in dopant concentration ratios, pre-
cursor compatibility, porosity evolution, and graphitization degree.
Moreover, the lack of standardized reporting on dopant speciation and
bonding configuration complicates cross-study outcome comparison.
Unlike single-element doping, where structure-property relationships
are relatively well-established, co-doping introduces higher-
dimensional design space complexity that challenges both experi-
mental optimization and predictive modeling [111]. Overall, co-doping
represents a promising but intrinsically complex approach demanding
systematic experimental datasets utilization in conjunction with
computational modeling to identify optimal dopant combinations and
concentration windows that maximize output without sacrificing rate
performance.

2.5. Approaches for heteroatom doping

2.5.1. In-situ doping

In situ, self-doping (endogenous) is achieved by directly carbonizing
biowaste rich in the target element, enabling efficient heteroatom
incorporation and consequent alteration of the biochar’s surface area,
functional groups, crystallinity, carbon defect density and active sites
[117]. Heteroatoms like N, P, S and O can self-dope into biochar via
pyrolysis, hydrothermal, or microwave processing. For example, the N
and O in bamboo are retained during carbonization, enhancing pore
formation in the resulting biochar [118]. This happens because nitrogen
and oxygen species drive gas evolution and generate microchannels
during devolatilization, which improves porosity while also providing
surface-active areas conducive to redox reactions. In situ doping can also
be achieved by combining biomass with external dopant sources such as
phosphoric acid for P or urea for N, either prior to or during heat
treatment. Such co-doping routes allow finer control over heteroatom
concentration but may also cause competitive reactions between
external and intrinsic species, influencing final dopant bonding config-
urations (e.g., pyridinic-N vs. graphitic-N, or C-O-P linkages). Chen
et al. [119] reported successful synthesis of N-doped biochar from
bamboo by pyrolyzing under an ammonia atmosphere [119]. Although
self-doping is simple and low cost, accurately determining the type,
quantity, and distribution of dopant within inherent material remains
challenging [111].

2.5.2. Ex-situ doping

Biowastes with inherently low heteroatom content such as bagasse,
maize stalks, grapefruit peels, fruit hulls, or banyan residues are exog-
enously (ex situ) doped by introducing external dopant as a post-
treatment to achieve targeted heteroatom incorporation. Compared
with in-situ doping, exogenous doping offers greater control over dopant
concentration and distribution, as well as providing easier quantifica-
tion of heteroatom levels in the resulting biochar [111]. Direct contact
approaches and chemical vapor deposition (CVD) are the two main
methods of exogenous doping. The CVD method offers excellent control
over dopant uniformity and concentration, enabling precise incorpora-
tion of heteroatoms onto biochar surfaces via gas-phase reactions. In
contrast, direct contact methods rely on physical mixing or impregna-
tion of biochar with dopant precursors followed by thermal treatment.
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Although simpler and more cost-effective, direct contact methods often
lead to less uniform doping and weaker dopant-carbon bonding
compared with CVD [120]. Wu et al. (2025) prepared N, O, and P
co-doped biochar from sawdust using phosphoric acid and urea activa-
tion under air plasma post-treatment, achieving a surface area of
1240 m? g!, capacitance of 332 F gl at 1 Ag', and 94% retention
after 5000 cycles [121]. Compared to in-situ methods, post-treatment
doping often shows reduced efficiency and poor electrochemical sta-
bility owing to insufficient dopant anchoring [21]. The selection of
appropriate biomass, doping method, and dopant level is critical for
achieving biochar properties suited to the target application [111].

2.6. Physicochemical properties of modified biochar

2.6.1. Specific storage area and porosity

A high surface area and hierarchical pore structure are crucial for
maximizing the electrode-electrolyte interface, facilitating ion diffusion,
and enabling rapid charge accumulation. Nanocomposite modification
often results in a substantial increase in SSA and total pore volume. This
is mainly because nanoparticles inhibit pore collapse during carbon-
ization and introduce additional mesopores. For instance, Ghori et al.
[122] observed nearly an eight-fold rise in SSA (from 14 to 117 m? g™)
when biochar was composited with KCuCls nanoparticles. Other studies
report even higher SSA (>2900 m? g™') creating a hierarchical pore
network favorable for both ion transport and electrolyte penetration
[122]. However, obtaining consistently dispersed hierarchical pores
remains difficult, since uncontrolled nanoparticle aggregation or un-
equal activation can result in dead holes and decreased volumetric en-
ergy density. Thus, synthesis control and pore-size distribution
optimization are critical for translating structural advantages into
practical device performance. These structural gains translate into
higher capacitance and rate capability [123]. GCN-S-0.5, a graphe-
ne-silk fibroin nanocomposite activated with KOH, delivered a specific
capacitance of ~256 F g'at 0.5A g™', the nanocomposite retained
~73.4% of capacitance at an ultrahigh current density of 50 A g™' and
maintained ~96.3% capacitance after 10,000 cycles, demonstrating
both high-rate capability and excellent cycling stability [124].

Heteroatom doping, especially with nitrogen or phosphorus, can also
enhance porosity through simultaneous activation. For example, co-
activation using alkali salts (KOH and NaOH) and urea produces
doped biochars exceeding 2200 m? g™! [120]. In such systems, N and P
containing precursors act both as dopants and activating agents, forming
micro to mesoporous structures with abundant surface defects that
contribute to redox-active sites. However, excessive activation can
over-etch the carbon skeleton, jeopardizing mechanical integrity and
electrical continuity. Balancing activation intensity and dopant con-
centration is consequently critical for maintaining conductivity while
increasing accessible surface area. However, the porosity enhancement
from doping is typically less pronounced compared to nanoparticle
composites [125,126]. In summary, nanocomposite dominates in
boosting physical pore architecture, while heteroatom doping refines
surface chemistry and defect porosity, with both improving
ion-accessible surface area but through distinct mechanisms.

2.6.2. Electrical conductivity

Electrical conductivity determines the charge transfer speed and
influences both power density and cyclic stability. In heteroatom-doped
biochars, conductivity arises from electronic structure modification.
Nitrogen and phosphorus introduce defects that expand n-electron
delocalization, lower the band gap, and enhance charge-carrier mobility
[127]. These dopant-induced states act as charge hopping sites, allowing
for quicker electron transport across sp* domains while maintaining the
mechanical stiffness of the carbon framework. However, excessive
dopant incorporation can result in scattering centers that impair overall
mobility, emphasizing the importance of regulated doping concentra-
tion. Ehsani et al. [128] demonstrated that nitrogen doping can
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significantly enhance the electrical conductivity of biochar, boosting its
electrochemical performance [128].

In contrast, nanocomposite biochar improve conductivity through
electron pathways supported by conductive fillers such as rGO, FesOa4, or
transition metal oxides. These materials provide interconnected net-
works that bridge poorly conducting carbon domains, thereby mini-
mizing internal resistance and accelerating redox kinetics [129].
Conducting polymers often undergo structural degradation, while metal
oxides are constrained by limited electrical conductivity. Furthermore,
repetitive volumetric expansion and contraction of metal oxides or
conducting polymers during cycling can disturb interfacial connections,
resulting in increased resistance and performance degradation. Strate-
gies that combine flexible carbon scaffolds with nanoscale confinement
of these materials assist in reducing deterioration. In contrast,
self-co-doped heteroatom biochar provides a stable, highly conductive,
and electrochemically efficient framework for advanced supercapacitor
applications [130-132]. Thus, while doping supports intrinsic conduc-
tivity at the atomic scale, nanocomposites improve extrinsic pathways
through percolation and interfacial properties. This multi-scale con-
duction synergy is a critical development for next-generation high--
power supercapacitors.

2.6.3. Structural and morphological stability

Supercapacitors demand materials that retain structure under
repeated charge-discharge cycles. Pure biochar, though lightweight and
porous, tends to suffer from pore collapse and fragmentation upon
cycling. Nanocomposite modification addresses this by introducing
reinforcing nanostructures (FesOa, CoFe204, MnO2) that act as mechan-
ical stabilizers. These nanostructures serve not only as reinforcements,
but also as stress distributors, turning localized strain into elastic
deformation across the carbon matrix. Core-shell structures such as
CoFeO4@C maintain pore structure and resist aggregation during
operation [133]. These structural frameworks distribute stress and
preserve electrochemical integrity over long-term cycling. Heteroge-
neous particle loading can cause local stress spots and speed up deteri-
oration, emphasizing the need for synthesis control in scalable electrode
production. In electrochemical energy storage, nanocomposite-modified
biochars retain their structure more effectively, resulting in longer ser-
vice life and steadier performance [134]. On the other hand, heteroatom
doping alters morphology by inducing microcracks and wrinkled tex-
tures through activation and gas release [120]. While this roughness
enhances ion accessibility, excessive doping, especially with phosphorus
at high temperature can degrade stability by over-etching or introducing
weak crosslinking sites [135]. Controlled crack creation, on the other
hand, can be helpful because it creates microchannels that allow for ion
transport and electrolyte penetration. Hybrid techniques, which
combine mild doping with nanostructural reinforcement, provide a
feasible solution to improve ion transport while also increasing me-
chanical endurance.

2.7. Synergistic coupling of heteroatom doping and nanocomposite
engineering

Recent developments increasingly combine heteroatom doping with
nanocomposite engineering to achieve multi-scale optimization of
biochar-based supercapacitor electrodes. While these two strategies are
often discussed independently, their concurrent implementation can
produce synergistic effects that exceed the performance enhancement
achievable through either approach alone. The intrinsic synergy arises
from the coupling of electronic modulation, interfacial charge transfer,
and structural confinement within a unified architecture.

Heteroatom doping alters the electronic structure of the carbon
matrix by introducing defect sites, modifying local charge density, and
enhancing surface polarity. When nanocomposite phases such as MnO-
are incorporated into doped carbon matrices, dopant-induced defects
frequently act as anchoring and nucleation sites that promote uniform
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oxide dispersion and stronger interfacial coupling. For example, MnO-
integrated with sulfur-doped porous carbon spheres demonstrated
improved packing density and electrochemical performance compared
to undoped counterparts [49]. Similarly, MnOz/nitrogen-doped gra-
phene nanocomposites have shown enhanced charge transfer charac-
teristics attributed to defect-mediated interfacial bonding and reduced
internal resistance [54].

From a structural perspective, nanocomposite integration can
compensate for certain limitations introduced by doping alone.
Although high dopant concentrations may disrupt graphitic domains
and reduce intrinsic conductivity, incorporation of redox-active phases
such as MnO: can amplify pseudocapacitive contribution while the
carbon matrix buffers volume expansion during cycling. In such dual-
modified systems, the interplay between defect chemistry and hetero-
junction formation enables simultaneous enhancement of capacitance,
rate capability, and cycling durability beyond singly modified systems.

The synergistic mechanism can therefore be interpreted as co-
optimization of three coupled domains that includes electronic tuning
through heteroatom-induced defect engineering, redox amplification
via composite phase integration, and structural stabilization through
hierarchical pore confinement. However, non-uniform dopant distribu-
tion or excessive composite loading may result in pore blockage, con-
ductivity loss, or increased internal resistance. Unlike conventional
reviews that treat doping and composite engineering as parallel modi-
fication routes, this integrated perspective highlights their co-
engineering potential as a unified design paradigm. By intentionally
coupling electronic and structural optimization, dual-modification
strategies represent a critical pathway toward overcoming the
inherent trade-offs of single-strategy approaches and advancing biochar-
based supercapacitors toward higher energy density and operational
stability. The multi-parameter interdependence inherent in such systems
further expands the design space complexity, underscoring the necessity
of data-driven and machine learning frameworks capable of navigating
coupled structural-electronic electrochemical variables.

3. Performance comparison of biochar modification strategies in
supercapacitors

The electrochemical performance of biochar-based supercapacitors
is primarily governed by their specific surface area (SSA), porosity,
electrical conductivity, and structural stability. Each of these properties
influences the capacitance, energy density, and cycling stability of
electrodes in distinct ways, while the modification route either nano-
composite formation or heteroatom doping lays the foundation.

3.1. Capacitance enhancement

Nanocomposites enhance charge storage primarily by increasing
surface accessibility and introducing additional charge storage mecha-
nisms. Guardia et al. [136] reported that composites of microporous
carbon derived from grape seeds with reduced graphene oxide (rGO)
achieved 260 F g™' at 1 mA cm, demonstrating that combining biochar
with conductive nanomaterials can substantially improve electron
transport and ion accessibility [136]. Shang et al. [137] developed
nanocomposites from chitin nanofibers followed by carbonization to
achieve a specific capacity of 128.5 F g' at 0.2 A g™' [137]. In contrast,
heteroatom doping enhances capacitance through the creation of addi-
tional active sites and pseudocapacitive behavior. Nitrogen doping
(pyridinic, pyrrolic, and graphitic N) improves conductivity and in-
troduces fast redox-active sites, while sulfur doping widens interlayer
spacing and provides thiophenic redox centers. N, S co-doped biochar
from pea peels achieved capacity of 80.25 F g™' at 1 A g™, significantly
higher than undoped carbon. Boron-doped biochar has been reported to
have capacitance as high as 539.5 F g”', owing to strong surface po-
larization effects [95]. In another research, N-MCN was synthesized in a
single-step reaction involving terephthalaldehyde and
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m-phenylenediamine in dioxane utilizing acetic acid as its catalyst.
As-prepared N-MCNs assemble Qualities include a high surface area
(~1938 m2 g), unusual porosity, distinctive shape, and nitrogen func-
tional groups. The N-MCN850 electrode exhibits superb capacitive ac-
tivity (391 Fg at 0.1 A g), ultrahigh-rate effectiveness (145F g at
100 A g), and persistent cycling stability (98% retention over 5000 cy-
cles at 2 A g) in a 6 M KOH aqueous electrolyte. N-MCNs, with their
superior efficiency, offer new options for supercapacitor applications
[138]. Similarly, the weight ratio of NaOH/biochar majorly impacts
carbon porosity and surface chemical composition. Specific surface area
and nitrogen content can vary from 323 to 3012m2 g-—1 and
0.88-9.26 at%, respectively. Carbon's peculiar microstructure and ni-
trogen capabilities allow for a high capacitance of up to 385 F g1 in
6 mol L1 KOH aqueous electrolytes. This is due to the interaction of
double layer capacitance and pseudo-capacitance. It has high rate po-
tential (235 F g~! at 50 A g™1) and cycle endurance, which make it a
viable substance for electrodes for supercapacitors as shown by Xu et al.
(2012) [139]. While nanocomposites generally improve capacitance by
facilitating charge transport and increasing surface area, heteroatom
doping introduces chemical and electrochemical active sites that
contribute pseudocapacitance. Nanocomposites often show higher ab-
solute capacitance when paired with conductive additives like rGO,
whereas heteroatom-doped biochars excel in boosting charge storage via
redox reactions.

3.2. Energy density

Commercial supercapacitors typically utilize electrodes composed of
pure carbon, which store charge primarily via the electrochemical
double-layer mechanism. While this provides high power capability, the
energy density of such devices is often low, limiting their application
range [140]. For example, a supercapacitor with pure carbon electrodes
was reported to have a maximum energy density of 0.762 Wh kg™ at a
power density of 184 W kg™ [141]. Energy density (E =1CV?) depends
on both the specific capacitance (C) and the operating voltage (V).
Nanocomposite electrodes improve energy density primarily through
enhanced charge storage and ion transport via hierarchical porosity and
conductive networks. Heteroatom-doped biochars, on the other hand,
introduce pseudocapacitive sites and hydrophilic groups, which
improve ion accessibility and translate into higher energy density at the
device level. While dopants primarily enhance capacitance, they also
improve electrode-electrolyte interactions, allowing safe operation at
wider voltage windows in certain electrolytes [135]. Phosphorus and
nitrogen co-doping also enhance meso-porosity and hydrophilicity,
further boosting energy density by facilitating ion transport and redox
reactions. Boron-doped biochar has been reported to attain an energy
density of 40.5Whkg?, while N, S co-doped biochar reached
13.87 Wh kg™, both outperforming undoped biochar [135,142]. The
relative advantage depends on the target application, nanocomposites
excel when electron transport dominates, while heteroatom doping is
more beneficial when redox-active sites contribute significantly to en-
ergy storage.

3.3. Cycling stability

For practical supercapacitor applications, cycling stability and
capacitance retention are critical performance metrics. Nanocomposite
electrodes can provide enhanced cycling stability by combining
conductive networks with electroactive materials. The synergistic
incorporation decreases volumetric strain and avoids active material
separation during redox cycling, which is a frequent destruction route in
single-phase electrodes. Furthermore, the conductive framework assures
homogeneous current dispersion, minimizing localized excess potentials
that generally boost failure. Zhao et al. [143] synthesized a porous
Mn20s/C@Co0304 composite via a two-step hydrothermal process,
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achieving a reversible specific capacitance of 523.8 F g! with 90.6%
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potential. Carbon nano-hybrid systems enhance conductivity and rate
capability; however, material cost and dispersion control make their
adoption challenging. This integrated comparison provides a rational
basis for strategy selection aligned with performance targets, cost con-
straints, and data-driven optimization objectives.

3.5. Overlaps and the case for integrated ML frameworks

Despite extensive studies on activation techniques, heteroatom
doping, nanocomposite engineering, and the growing significance of
machine learning in biochar-based supercapacitors independently, a
unified perspective integrating these approaches remains lacking. The
intrinsic overlaps between structural and electronic tuning are particu-
larly critical for achieving synergistic optimization of conductivity,
porosity, and electrochemical stability in biochar-based electrodes. For
example, aggressive KOH activation facilitates in-situ incorporation of
nitrogen or oxygen groups from the precursor or environment in addi-
tion to creating hierarchical porosity [149]. Such heteroatom doping,
especially nitrogen or sulfur, can alter graphitization and pore distri-
bution, which in turn affects textural properties [150]. Recognizing
these overlaps avoids oversimplified distinctions and underscores the
importance of unified design approaches for advancing biochar-based
supercapacitors. The goal is to resolve these nonlinear in-
terdependencies by employing approaches such as machine learning in
bridging framework that links structural, electronic, and electro-
chemical descriptors. Our proposal for a multi-domain, phys-
ics-informed machine learning paradigm that incorporates textural,
chemical, and electrochemical descriptors into interpretable models
offers a logical path forward from compartmentalized datasets. A unique
addition to the logical design of next-generation, sustainable super-
capacitor materials are made by this viewpoint, which not only elimi-
nates experimental redundancy but also makes predictive, closed-loop
optimization of biochar electrodes possible. Fig. 3 illustrates the
sequence of framework’s data collection, designing models, and vali-
dation approaches for supercapacitor features prediction by ML models.

3.6. Mechanism-informed feature engineering and model interpretability

Most existing ML models in biochar-based supercapacitor research
rely primarily on experimentally reported descriptors such as surface
area, pore volume, and dopant concentration. However, deeper inte-
gration of physicochemical mechanisms requires customized feature
engineering that encodes intrinsic electronic and structural behaviors.
For example, n-n interactions between graphitic domains may be
approximated using graphitization indices such as Raman ID/IG ratio,
interlayer spacing metrics, or estimated aromatic cluster size derived
from structural characterization. Charge redistribution associated with
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doped heteroatoms can be represented using XPS-derived bonding
configurations  (e.g., pyridinic-N, graphitic-N  fractions) or
electronegativity-weighted dopant descriptors. Similarly, pore evolution
kinetics during activation may be parameterized using activation tem-
perature gradients, heating rates, or micropore-to-mesopore ratios as
proxies for diffusion-controlled pore development.

To quantify the contribution of these physically motivated de-
scriptors, interpretability-driven validation strategies should be imple-
mented. Feature analysis where mechanism-derived variables are
selectively removed, can evaluate their incremental effect on cross-
validated R* and mean absolute error. Explainable Al techniques such
as SHAP (Shapley Additive Explanations) or permutation feature enable
quantitative ranking of descriptor influence on predictive outputs [151,
152]. Improvements in extrapolation stability under constrained test
sets or unseen synthesis conditions provide additional evidence of
physically meaningful generalization. By systematically comparing
empirical-only descriptor sets with mechanism-augmented feature
spaces, the added value of physicochemical encoding can be quantita-
tively assessed. This approach enables ML frameworks to transition from
statistical fitting toward physically grounded predictive modeling for
biochar-based supercapacitors.

Current machine learning (ML) applications in biochar-based
supercapacitors largely focus on supervised regression for performance
prediction using tree-based ensembles and neural networks. However,
next-generation progress requires integrated physics-data driven
frameworks that embed electrochemical constraints directly into model
architectures. Physics-informed machine learning (PIML), increasingly
adopted in energy materials research [147-150], enables incorporation
of physically meaningful descriptors such as defect density, effective
electronic conductivity, ion diffusion length, and redox site density into
predictive workflows.

An integrated framework can be structured into four coordinated
layers. First, a standardized data architecture must harmonize structural
descriptors (BET surface area, pore size distribution, Raman ID/IG ratio,
dopant configuration), device-level parameters (mass loading, voltage
window, electrolyte type), and durability metrics to improve cross-study
generalizability [151]. Second, physics-informed constraints can be
embedded via hybrid modeling approaches or regularization schemes
that enforce thermodynamic consistency in predicted outputs, for
example by constraining energy density predictions within
voltage-dependent theoretical limits [152,153].

Third, multi-objective optimization should replace single-metric
maximization. Practical implementation requires simultaneous optimi-
zation of capacitance, rate capability, cycling stability, mass loading,
and cost. Pareto-front analysis and Bayesian optimization using
Gaussian process regression provide systematic exploration of con-
strained design spaces while quantifying uncertainty [154,155]. Fourth,

Define
Import Features (X) Data Partition Data:
Supercapacitor e & » Pre- Train /
Dataset Target (Y) Processing Validation /
Test
Predicted
L Evaluate Generate Model
ode
Vs — 44— - — .
Actual Data Performance Predictions Training

Fig. 3. Sequential workflow of the ML model from data acquisition to performance evaluation for supercapacitor property prediction.
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closed-loop experimental workflows integrating active learning and
uncertainty-guided sampling can iteratively recommend synthesis con-
ditions, incorporate new experimental data, and retrain models to
accelerate convergence in high-dimensional parameter spaces [156,
1571].

By converging standardized data infrastructure, physics-informed
modeling, multi-objective optimization, and adaptive experimentation,
ML can evolve from correlation-driven prediction toward mechanisti-
cally guided and scalable materials design for biochar-based
supercapacitors.

3.7. Application of advanced machine learning techniques

One of the most cutting-edge electrical energy storage technologies
in recent years has been supercapacitors (SCs), which have the capacity
to store up to 100 times more energy per unit volume/mass than
traditional electrolytic capacitors [151,152]. SCs are often used in
wearable technology, telecommunications, public transit, and the
automobile industry. With advances in Al, data-driven materials
research now enables precise prediction and rational design of novel
materials with exceptional performance [153-155]. This synergy be-
tween Al and materials science heralds a new era of innovation in
supercapacitor research, where intelligent data analysis enables the
identification of promising materials and structural designs with the
potential to transform energy storage technology. This interdisciplinary
strategy will enhance the understanding of electrochemical processes
and open new avenues for next-generation energy storage technologies.

3.8. Machine learning-guided investigation of nanocomposite and
heteroatom doping in biochar-based supercapacitors

Nanocomposite biochar electrodes combine biochar conductivity
with redox-active metal species to achieve synergistic charge storage
behavior. Recent machine learning (ML) advances have systematically
unraveled these nonlinear interdependencies, establishing quantitative
links between synthesis variables and electrochemical performance
[156]. Tang et al. [157] developed a comprehensive machine learning
(ML) framework to predict the specific capacitance of MgCo204-based
supercapacitor electrodes. Drawing upon literature-derived dataset
comprising 324 experimental records, the study applied a hybrid
recursive feature elimination (RFE) strategy to identify the most influ-
ential features controlling capacitance behavior. Among ML algorithms,
Random Forest (RF), Extreme Gradient Boosting (XGBoost), and
Regression Tree (RT), the XGB-RFE-XGB model ( XGBoost serving as
both selector and regressor) exhibited the highest predictive accuracy
(R?> =0.95, RMSE = 111.8 F g}, and MAE = 68.3 F g™!) [157].

Mulla et al. (2025) employed an XGBoost regression model trained
on NiCo2Ss/graphene datasets to quantitatively link synthesis variables
to specific capacitance, achieving R* ~ 0.95 [158]. SHAP analysis
revealed that 3D hierarchical and hollow nanostructures, balanced
Ni/Co ratios, and optimal graphene content as the key determinants of
electrochemical performance, highlighting ML’s strength in resolving
nonlinear structure-function relationships in bimetallic sulfide-carbon
electrodes. Similarly, RF, SVR, GBR, XGBoost, and ANN models were
employed to predict the specific capacitance of NiCo204/MXene com-
posites, with XGBoost and ANN achieving the best performance (R? ~
0.96). The optimal 20 wt% GNP composition delivered a specific
capacitance of 226.6 F g! at 5 mV s™' , with 84.2% retention after 5000
cycles. Mixed-phase NiO/CosO4 composites typically trade gravimetric
capacitance for enhanced rate capability and stability, a balance that ML
techniques can effectively assess [159]. Three ML algorithms were
developed and optimized including Bayesian Ridge Regression (BRR),
K-Nearest Neighbors (KNN), and Artificial Neural Networks (ANN) for
TisC2 MXene-based supercapacitors. The KNN model achieved the best
performance (R?> = 0.928, RMSE = 0.040), whereas the ANN model
demonstrated capability to capture nonlinear interdependencies
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between input features. The study provided insights for establishing a
scalable predictive route for supercapacitor design optimization [160].

Parwaiz et al. [161] applied machine-learning models to predict the
cyclic-voltammetry (CV) of cobalt-based reduced graphene oxide
nanocomposites, using scan-rate, potential, redox state and substitution
level as input features [161]. Data-driven models including ANN and
ensemble methods, were able to accurately map the complex electro-
chemical responses of composite electrodes, offering a rapid alternative
to purely experimental CV characterization. Ravichandran et al. [162]
used XGBoost, ANN, and RF models to predict current responses in cyclic
voltammetry profiles of zinc and cobalt- substituted Bismuth ferrite
(BiFeOs) composites. All models achieved high predictive accuracy (R?
> 0.97), demonstrating that ML can reliably forecast electrochemical
behavior and specific capacitance directly from CV data, reducing
experimental effort [162]. Overall, machine learning studies on nano-
composite biochar electrodes have demonstrated that tree-based
ensemble (XGBoost, RF, GBR) and neural-network models (ANN) can
effectively capture the nonlinear interdependence between metal type,
loading ratio, and carbon support morphology. These approaches can
accurately predict specific capacitance while revealing structur-
e—function synergies, highlighting the potential of ML framework for
identifying optimal design “sweet spots” in nanocomposite super-
capacitors. Adding heteroatoms such as nitrogen (N), sulfur (S), phos-
phorus (P) or boron (B) to the sp? carbon lattice alters charge density and
generates new surface functions, allowing for fast surface redox re-
actions [163], [164]. Recent studies have employed machine learning to
identify structure-performance correlations in huge and diverse datasets
of doped carbon materials. Mishra et al. [165] compiled a large database
(~4899 experimental entries) of carbon electrodes, employed linear,
support vector and tree-based models and showed that nonlinear models
particularly XGBoost achieved superior predictive accuracy in capturing
the complex interactions [165]. Furthermore, the study determined the
most influential physicochemical descriptors for estimating specific
capacitance and ranked them in priority order, identifying specific
surface area and doping level as top ranked influencing descriptors.
Similarly, Lu etal. [166] employed XGBoost, LightGBM, and deep neural
networks to model the energy and power densities of biomass-derived
carbon supercapacitors. Specific surface area, pore structure, and het-
eroatom content were identified as dominant descriptors governing
performance whereas LightGBM achieved the best energy-density pre-
diction (R* = 0.922) and XGBoost excelled in power-density prediction
(R? = 0.984) [166].

Liao et al. [167] provided a deeper, more targeted mapping of
structure-dopant performance relationships for a specific electrode
material class, allowing optimization of descriptors rather than just
ranking. Random Forest and XGBoost models using 303 literature en-
tries were tested under uniform three-electrode conditions in 6 M KOH.
The optimized XGBoost model with 5-fold cross-validation achieved R*
=0.96 and RMSE = 15.83, outperforming other regressors. SHAP
interpretation revealed specific surface area and degree of graphitiza-
tion as dominant descriptors. Among nitrogen functionalities,
pyridinic-N (N-6) had the greatest positive effect and excess pyrrolic-N
(N-5) suppresses performance. Partial-dependence analyses indicated
optimal descriptor values yielding model-predicted maximum capaci-
tance of ~303 F g at 1 A g [167]. On the contrary, Sun et al. [168]
revealed that machine learning tools can quantitatively establish a
correlation between biochar synthesis parameters such activation tem-
perature and activation agent concentration to the resulting electro-
chemical capacitance, suggesting how initial preparation parameters
influence performance [168]. For optimal performance, ML-guided an-
alyses identified balanced ID/IG ratios that sustain electrical conduc-
tivity while retaining defect-active sites, moderate heteroatom doping
levels and a meso-porosity range of 30-40% as the most favorable
structural attribute [169]. In heteroatom-doped biochar systems,
XGBoost, LightGBM, and RF models outperform linear regressors in
resolving nonlinear couplings among dopant chemistry, porosity, and
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integration across scales linking synthesis variables, microstructural
features, and electrochemical metrics. Incorporating process-level de-
scriptors (activation temperature, precursor type) with density function
theory derived physicochemical properties such as adsorption energies
and charge transfer at dopant sites can establish a mechanistic bridge
between atomic-level electronic effects and device-level performance,
providing a truly predictive basis for rational electrode design.

Recent methodological trends highlight a transition toward auton-
omous, data-centric experimentation powered by machine learning and
closed-loop optimization. The integration of Bayesian optimization,
active learning, and self-driving laboratory systems is revolutionizing
materials discovery by replacing traditional “one-variable-at-a-time”
experimentation with adaptive, feedback-driven synthesis workflows.
These frameworks minimize failed synthesis attempts, reduce experi-
mental costs, and accelerate the identification of optimal activation
conditions, dopant ratios, and co-doping combinations for high-
performance electrodes [175]. At the algorithmic frontier,
physics-informed ML models such as graph neural networks (GNNs) and
hybrid architectures incorporating pore-network descriptors, XPS-based
heteroatom embeddings, and microscopy-derived morphological fea-
tures are improving both prediction accuracy and interpretability. These
models reveal how pore topology, ion mobility, and electronic structure
co-govern charge storage behavior while maintaining generalizability
across diverse feedstocks, electrolytes, and testing protocols [150]. The
coupling of operando data streams with ML (e.g., in situ Raman or
electrochemical impedance) is also emerging as a critical direction for
capturing dynamic electrochemical processes in real time. Building on
these achievements, inverse-design and generative ML models are now
enabling the rational optimization of co-doped and nanocomposite
biochar including tetra-element-doped carbons and ternary hybrids with
transition-metal oxides, ferrites, or conducting polymers. These models
facilitate balanced optimization of energy density, equivalent series
resistance (ESR), cycle stability, and manufacturing cost under realistic
synthesis constraints [176].

5. Conclusion and future perspective

Biochar-based supercapacitors represent a sustainable and structur-
ally tunable platform that bridges circular biomass utilization with
electrochemical energy storage. This review systematically evaluates
heteroatom doping, nanocomposite engineering, and multi-element co-
doping strategies within a unified structural electrochemical perfor-
mance framework. The analysis demonstrates that performance
enhancement in biochar systems arises from controlled defect engi-
neering, electronic modulation, interfacial charge transfer optimization,
and hierarchical pore architecture design. Heteroatom doping primarily
improves electronic conductivity and surface redox activity, while
nanocomposite integration amplifies pseudocapacitive contributions
and structural stability. When co-engineered, these strategies offer
synergistic pathways for enhancing capacitance, rate capability, and
cycling durability. The incorporation of machine learning further shifts
the field from empirical optimization toward predictive design, enabling
identification of nonlinear structure-property relationships across syn-
thesis variables and electrochemical metrics.

Despite these advances, several structural bottlenecks limit trans-
lation from laboratory demonstration to scalable deployment. In our
assessment, the most immediate and impactful priority is the estab-
lishment of standardized data reporting and device-level benchmarking.
Variability in electrolyte selection, voltage window, mass loading,
electrode configuration (two- versus three-electrode systems), and
normalization bases frequently obscures meaningful cross-study com-
parison. Without harmonized descriptors including dopant speciation,
graphitization degree, pore size distribution, and conductivity metrics,
machine learning models risk capturing dataset-specific correlations
rather than transferable design principles. Addressing this issue requires
community-level agreement on minimum reporting standards and
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consistent electrochemical testing protocols.

The second critical priority lies in realistic device-level validation.
Many reported performance metrics are obtained under low mass
loading (<2 mg cm™2) or short cycling durations, conditions that do not
reflect commercial supercapacitor operation. Future studies must
emphasize practical electrode mass loading (>5-10 mg cm™2), long-term
cycling stability (>50,000 cycles), and performance retention under
wide temperature ranges. Additionally, benchmarking against com-
mercial activated carbon electrodes is essential to define genuine
competitive advantages. Biochar systems must demonstrate not only
enhanced gravimetric capacitance but also favorable cost-to-
performance ratios, scalable synthesis routes, and environmental
compatibility in activation processes. Green chemistry considerations,
including reduced chemical waste in activation and sustainable pre-
cursor sourcing, remain essential for maintaining the ecological value
proposition of biomass-derived materials.

From a data-driven perspective, progress depends on improved
descriptor engineering and model interpretability. Physics-informed
feature construction incorporating Raman ID/IG ratios, XPS-derived
dopant bonding configurations, pore distribution metrics, and conduc-
tivity proxies can strengthen mechanistic alignment between structural
parameters and predictive outputs. However, the feasibility of such
approaches depends fundamentally on high-quality, standardized
datasets. Multi-objective optimization frameworks, rather than single-
metric maximization, represent a practical pathway forward. Real-
world deployment requires simultaneous optimization of capacitance,
rate performance, cycling stability, mass loading, and cost constraints.
Techniques such as Pareto-front analysis and Bayesian optimization
provide systematic tools for navigating these coupled trade-offs under
realistic engineering boundaries.

High-impact, longer-term directions include the integration of hier-
archical modeling architecture and closed-loop experimentation.
Strategy-specific ML sub-models may better capture descriptor diver-
gence between heteroatom-doped and nanocomposite systems, while
active learning frameworks can iteratively refine synthesis conditions
based on uncertainty-guided sampling. Although autonomous experi-
mentation holds transformative potential, its widespread implementa-
tion remains limited by infrastructure cost and dataset scarcity.
Therefore, incremental integration starting with uncertainty-aware
model validation and constrained optimization is more feasible in the
near term.

In multi-element co-doping systems, quantitative evaluation of
dopant-dopant synergy remains an open challenge. Experimental
comparison against weighted additive baselines, coupled with
interaction-aware machine learning analysis, can clarify whether per-
formance enhancement arises from genuine synergistic charge redistri-
bution or from increased defect density alone. Current evidence suggests
that optimal atomic ratios are system-dependent rather than universal,
underscoring the importance of controlled parametric studies and
compositional mapping.

Overall, the field is transitioning from isolated performance maxi-
mization towards integrated, reproducible, and constraint-aware design.
The most impactful near-term investments should prioritize standard-
ized electrochemical reporting and descriptor harmonization, realistic
device-level validation under practical mass loading and cycling con-
ditions, and interpretable, multi-objective ML modeling grounded in
physicochemical principles. Longer-term efforts in closed-loop experi-
mentation and multi-scale simulation offer substantial promise but
require coordinated data infrastructure and collaborative frameworks.
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