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Abstract

Biochar, a carbon-rich material derived from biomass, has emerged as a promising catalytic platform owing to its
low cost, wide availability, structural tunability, and environmental compatibility. This review provides a critical and
mechanistically integrated assessment of biochar-based catalysts for sustainable hydrogen production across
thermochemical and photochemical pathways. Rather than cataloging reported yields, the analysis adopts a standardized
normalization framework, expressing hydrogen productivity primarily as mmol Hz g™! catalyst h™* to enable reliable cross-
study comparison. The review introduces a unified structure—property—performance perspective linking feedstock
chemistry, activation strategy, and metal—carbon interactions to pathway-specific hydrogen productivity. Evidence
indicates that feedstock-derived chemistry often exerts a stronger influence on catalytic behavior than pyrolysis
temperature alone, while controlled metal doping—particularly with Ni, Fe, and Co—enhances active-site accessibility
and stability. Activation treatments modulate porosity and surface functionality, yet excessive modification may induce
structural degradation or catalyst deactivation. Beyond catalytic efficiency, biochar-based systems offer sustainability
advantages through biomass valorization, reduced reliance on critical raw materials, and compatibility with circular
carbon strategies. By integrating mechanistic insight, normalization rigor, and sustainability considerations, this review
positions biochar not merely as a low-cost alternative support, but as a tunable catalytic platform for next-generation

hydrogen technologies.
Keywords: Biochar catalysts, Hydrogen production, Surface activation, Catalytic efficiency, Renewable energy

Introduction

The role of hydrogen in the energy landscape

Hydrogen is increasingly recognized as a strategic
energy carrier in the global transition toward low-carbon
systems, with applications spanning industry, transport,
power generation, and chemical synthesis [1-3].
According to the International Energy Agency [178],
global hydrogen demand reached approximately 95

million tonnes in 2023, yet over 95% of production
remains fossil-based, generating nearly 900 million
tonnes of CO: annually. Achieving net-zero emissions
by 2050 will require rapid expansion of low-carbon
hydrogen to an estimated 500 - 600 million tonnes per

year, alongside advances in renewable integration,
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electrolyzer performance, and carbon management
technologies.

Currently, steam methane reforming (SMR)
dominates global hydrogen supply, accounting for the
majority of production but emitting substantial CO..
Mitigation strategies such as carbon capture (“blue
hydrogen”) and methane pyrolysis reduce emissions to
varying degrees; however, these approaches remain
dependent on fossil feedstocks and involve additional
cost or infrastructure requirements. Although green
hydrogen via renewable-powered electrolysis is widely
promoted, high capital costs and system integration
challenges continue to limit large-scale deployment.

These constraints highlight the need for alternative
catalytic systems that are sustainable, economically
viable, and compatible with biomass valorization.
Biochar-based catalysts derived from agricultural and
forestry residues offer renewable carbon frameworks
with tunable porosity and surface functionality. When
modified with transition metals such as Ni or Fe, biochar
can serve as an efficient and low-cost platform for
reforming and gasification processes. By coupling waste
biomass utilization with hydrogen production, this
approach addresses both catalytic performance and
circular bioeconomy objectives, positioning biochar as
a promising material in the development of scalable,

low-carbon hydrogen technologies.

Challenges in current catalytic methods

Catalysts are indispensable in facilitating
hydrogen production by enhancing reaction rates,
selectivity, and overall process efficiency. However,
conventional catalytic systems are not without
limitations.  Across environmental and energy
applications, catalytic methods encounter persistent
challenges such as limited understanding of surface
chemistry, low stability under harsh operating
conditions, and difficulties in emissions control

catalysis [10].

In particular, nickel-based catalysts, though
widely used due to their affordability and availability,
suffer from coke deposition, active site sintering, and
sensitivity to sulfur and chlorine impurities, leading to
rapid deactivation. Meanwhile, noble metal catalysts
such as platinum (Pt), palladium (Pd), and ruthenium
(Ru) exhibit superior activity and resistance to coking
but remain economically unfeasible for large-scale
deployment due to their high cost and limited reserves.
These challenges have spurred the exploration of
alternative catalytic materials that are cost-effective,
efficient, and environmentally benign.

The direct functionalization of methane represents
another significant hurdle due to complex mechanistic
pathways, mass transfer limitations, and the need for
robust catalyst design [11]. Similarly, gas-to-liquids
(GTL) and steam reforming processes face bottlenecks
in synthesis gas generation, Fischer—Tropsch selectivity,
and product upgrading [12]. Thermochemical (e.g.,
pyrolysis, gasification) and photochemical (e.g., water
splitting) methods are also highly catalyst-dependent for
achieving high hydrogen yields and stable operation. A
recent overview of catalysis challenges underscores the
broad scope of innovation required—ranging from
surface modification to nanostructured and bio-derived
catalytic systems [13].

To align with sustainability principles and
Environmental, Social, and Governance targets, the
development of next-generation catalysts must
emphasize resource efficiency, waste valorization, and
carbon footprint reduction. In this regard, emerging
catalysts based on biochar, perovskites, and transition
metal carbides (e.g., Mo:C, Ni—Fe composites) show
strong potential to support the circular economy by
utilizing renewable and waste-based precursors, thereby
minimizing dependence on critical raw materials. The
comparative features of conventional and emerging

catalysts are summarized in Table 1.

Table 1 Comparison of Conventional vs. Emerging catalysts for hydrogen production.

Parameter (e.g., Ni, Pt, Pd)

Conventional catalysts

Emerging catalysts
(e.g., Biochar-based, Mo:C, Perovskite, Ni-Fe)

Active phase activity but costly [186,187]

Ni, Pt, Pd, Ru metals with high intrinsic

Transition-metal oxides/carbides and bimetallic
systems such as Ni-Fe, Mo:C, or perovskites
showing comparable activity [184,180]
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Parameter (e.2., Ni, Pt, Pd)

Conventional catalysts

Emerging catalysts
(e.g., Biochar-based, Mo:C, Perovskite, Ni-Fe)

Feedstock source

Derived from fossil or mineral ores [186]

Biomass-derived, renewable, or waste-based
precursors such as coconut-shell biochar [181,182]

Catalytic activity sintering [187]

High (Pt, Pd), moderate (Ni) but prone to Comparable or enhanced when doped or activated

biochar is used [15,182]

Coke resistance

Moderate to low; Ni-based catalysts easily Improved through oxygenated or graphitic carbon
deactivate by carbon deposition [186]

supports and metal dispersion [185,181]

Sulfur tolerance [188]

Low to moderate; sulfur poisons active sites Higher tolerance due to surface modification or

perovskite lattice flexibility [180,179]

Thermal stability °C [187]

High at first, but sintering occurs at > 800 Excellent due to carbon—metal or oxide—lattice

synergy [184,183]

Cost and scalability [187]

Noble metals are expensive and scarce Biochar and transition-metal-based catalysts are

low-cost and easily scalable [182,181]

Sustainability / ESG High environmental footprint,

impact renewable feedstocks [186]

non- Low carbon footprint, renewable precursors, aligns

with circular-economy principles [15,182,179]

In conclusion, overcoming the technical and
sustainability limitations of conventional catalysts is
vital to achieving cleaner hydrogen production. The
transition toward biochar-based and other emerging
catalytic systems aligns directly with global
decarbonization and Environmental, Social, and
Governance-driven innovation goals, offering a dual
advantage of environmental remediation and resource
circularity. This paradigm shift from mineral to
renewable catalyst design not only addresses technical
bottlenecks such as coking and deactivation but also
represents a crucial step toward the realization of a

sustainable hydrogen economy.

Emergence of biochar as a sustainable

alternative

Biochar has emerged as a promising candidate in
the quest for sustainable catalytic materials. It is a
carbon-rich material produced from the thermochemical
conversion of biomass through processes such as
pyrolysis, gasification, or torrefaction. Its abundant
availability, low cost, and environmental benefits—such
as carbon sequestration potential and waste
valorization—position biochar as a viable alternative to
traditional catalysts. Biochar-based catalysts are
considered long-lasting and sustainable because they
utilize waste biomass, supporting the circular economy
and reducing carbon emissions [14]. These catalysts are
cost-effective, have tunable surface chemistry, and
exhibit high surface area and porosity, making them
suitable for diverse catalytic applications including

biodiesel production, syngas generation, and pollutant
degradation [15,16].

The preparation method (e.g., pyrolysis or
gasification temperature, heating rate, and activation
treatment) significantly influences the physicochemical
characteristics of biochar-based catalysts, including
pore structure, surface functionality, and crystallinity,
which in turn determine their catalytic activity and
stability [17]. Although biochar-based catalysts
demonstrate comparable performance to conventional
catalysts in several reactions, challenges remain in
optimizing their activity, selectivity, and reusability
[17]. Recent studies have explored the use of machine
learning and artificial intelligence to predict catalytic
behavior and guide the design of high-performance
biochar-based catalysts by correlating process
parameters and target properties [14]. Future research
should therefore focus on improving the structure—
property—performance relationships and addressing
environmental risks to fully realize the potential of
biochar in sustainable catalysis [18].

Nickel-based catalysts are also widely used for
hydrogen production from biomass pyrolysis and
reforming because of their affordability and strong
ability to cleave C—C and C-H bonds [19]. However,
these catalysts suffer from coke deposition and
deactivation, which are influenced by the type, location,
and morphology of carbon species formed during
reactions. Consequently, researchers are investigating
biochar-supported nickel catalysts, which offer
improved stability and lower susceptibility to coking
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while providing a highly porous carbon framework for
Ni particle dispersion [20]. The porous structure, high
surface area, and adjustable functional groups of biochar
facilitate enhanced bio-oil reforming and tar cracking,
while nickel loading further promotes H. production.
The addition of water vapor also boosts syngas yield
through the steam reforming of bio-derived carbon [20].
Novel Ni-biochar composite catalysts with enhanced
metal dispersion, activity, and thermal stability are now
being  developed  for  reactions such as
hydrodeoxygenation  of  lignin-derived  bio-oil,
gasification, and methane reforming.

Beyond catalysis, biochar serves as a
multifunctional material for environmental and
agricultural applications. Due to its adsorptive and ion-
exchange properties, biochar can effectively remove
heavy metals and organic pollutants from soil and water
[21,22]. In agriculture, biochar enhances soil fertility,
water retention, and nutrient availability, thereby
improving crop yields and promoting sustainable land
management [23,24]. Furthermore, biochar contributes
to climate change mitigation by sequestering
atmospheric carbon and reducing greenhouse gas
emissions [23]. Its versatility extends to waste
management, as it can be synthesized from a wide range
of biomass residues, making it a flexible platform for
resource recovery and sustainable material engineering
[22].

Structure—Property—Performance relationship

The performance of biochar-based catalysts is
governed by the intricate interplay between structure
and properties:

Pore structure and surface area affect the diffusion
of reactants and the accessibility of active sites, directly
influencing  catalytic turnover and conversion
efficiency.

Surface functional groups (—OH, —COOH, —NHz,
etc.) modulate acid-base characteristics and improve
metal anchoring and electron transfer, which enhance
reaction selectivity and stability [15,17].

Degree of graphitization determines thermal
conductivity and mechanical strength, leading to higher
durability under harsh reforming or gasification
conditions [20].

Metal dispersion and particle—support interaction

govern coke resistance and regeneration ability, where

biochar’s carbon matrix minimizes sintering and
deactivation [19,20].

This structure—property—performance relationship
highlights that the rational design of biochar—through
controlled pyrolysis, doping, and activation—can yield
tailored catalysts suitable for sustainable hydrogen and
syngas production.

Environmental risks and mitigation strategies

Despite its environmental advantages, large-scale
deployment of biochar-based catalysts raises several
ecotoxicological concerns, particularly related to metal
leaching and microchar pollution.

Toxic Metal Leaching: When biochar is
impregnated with metals such as Ni, Cu, Fe, or Co, there
is a potential risk of metal ion leaching into surrounding
ecosystems. Factors such as pH, oxidation state, and
production temperature influence the leaching rate.
Lower pyrolysis temperatures (<500 °C) generally lead
to higher metal mobility due to incomplete
carbonization [188,190]. Prolonged exposure to leached
metals may induce aquatic toxicity, soil contamination,
and bioaccumulation.

Microchar and Nanoparticle Pollution: Mechanical
weathering, erosion, or catalytic abrasion can produce
micro- and nano-sized biochar particles (“microchar”),
which may persist in the environment. These particles
can transport adsorbed contaminants or enter biological
systems, leading to potential health risks and ecotoxicity
[189].

Mitigation Strategies: Utilize high-temperature
pyrolysis (>700 °C) to enhance carbonization and
minimize leachable fractions. Apply surface coatings
(e.g., oxide layers) to encapsulate metals and prevent
release. Conduct life cycle assessment (LCA) to
quantify overall environmental benefits versus potential
risks [189].

Addressing these concerns through standardized
safety protocols, toxicological evaluations, and field-
scale testing is essential for the responsible application
of biochar in sustainable catalysis.

Scope and objectives of the review

This review aims to provide a comprehensive
overview of the current progress and challenges related
to biochar-based catalysts for hydrogen production,

focusing on their structural, mechanistic, and



Trends Sci. 2026; 23(6): 13289

5 of 27

sustainability aspects. The review is structured to
address six interconnected themes, each guided by a

central research question (Table 2).

Table 2 Scope and key research questions of the review.

Section Focus area Guiding research questions Intended contribution
. How do pyrolysis and gasification Establishes foundational
Production processes, . ) . ,
1. Fundamentals of parameters influence the surface understanding of biochar’s
. structural features, and . .. . ; .
Biochar S structure and catalytic activity of physicochemical and catalytic
catalytic suitability. . .
biochar? characteristics.
Reaction mechanisms in . .
. . What is the role of active sites, metal Clarifies how biochar
2. Mechanistic thermochemical nd . . i . . .. . .
. . dispersion, and surface chemistry in participates in  catalytic
Insights photochemical  hydrogen ! . .
enhancing H: yield? hydrogen formation pathways.

production.

How do activation or
(e.g., KOH, metal

3 Activation and Physical, chemical, and

methods

doping Identifies optimal

. L thermal modification . . modification techniques to
Functionalization . impregnation) affect hydrogen yield
strategies. o enhance catalyst performance.
and catalyst stability?
4. Efficiency Integration with metals, How can hybridization and reactor Links material design with
Enhancement oxides, and reactor design optimization improve engineering applications for
Strategies engineering. conversion efficiency? scalable hydrogen production.
. . .- . What th ] tal d o ene s
5. Environmental and Sustainability, circular % a're ¢ environmen C,l ANA A ssesses feasibility ~ within
. . economic trade-offs of biochar-
Economic economy, and life-cycle .. ESG and carbon-neutral
. . based catalysts compared with
Implications impacts. frameworks.

conventional systems?

How can AI/ML tools accelerate the

6. Future Research Gaps, emerging trends, and
Directions digital approaches.

of  high-performance,
sustainable biochar catalysts?

design

Provides strategic guidance for
future research and innovation.

This structured framework enables a systematic
synthesis of biochar-based hydrogen -catalysis by
bridging material science, catalytic engineering, and
sustainability perspectives. While several recent reviews
(2022 - 2024) have summarized catalyst preparation
methods and hydrogen yield comparisons, they often
treat structural properties, metal modification, and
reaction pathways as independent variables. This
fragmented approach has led to unresolved
inconsistencies, particularly regarding feedstock versus
temperature dominance and the relative roles of support
effects and intrinsic active sites in metal-modified
systems.

The present review advances the field by
introducing a unified structure—property—performance
framework that explicitly integrates carbon structural
evolution, pore hierarchy, surface functionality, and
metal-carbon interactions within pathway-specific
hydrogen mechanisms. By reorganizing mechanistic
understanding into surface activation, metal-carbon
synergy, and failure modes, and by translating these
insights into a decision-oriented catalyst design matrix
with normalized performance metrics, this work moves
beyond descriptive aggregation toward mechanistic
reconciliation and rational catalyst engineering. In doing
so, biochar is repositioned not merely as a low-cost

alternative material, but as a tunable catalytic platform
governed by interacting structural and stability
constraints.

Methodology of literature review

A systematic literature review (SLR) approach was
adopted following PRISMA-style principles to ensure
transparency and reproducibility. The methodology
integrates database selection, inclusion/exclusion
screening, data extraction, normalization, and bias

mitigation, as illustrated in Figure 1 and Table 3.

Literature search strategy

Searches were conducted in Scopus, Web of
Science, ScienceDirect, and SpringerLink databases
using combinations of keywords such as “biochar
catalyst”, “hydrogen production”, “steam reforming”,
“activation”, and “bimetallic Ni—-Fe”. Boolean
operators (AND, OR) were applied to refine results.

Only peer-reviewed journal articles (2010-2025) were
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considered to ensure scientific rigor and contemporary

relevance.

PRISMA-Style flow diagram
The PRISMA-based screening process (Figure 1)
summarizes the sequential stages from initial retrieval to

final inclusion.

Identification

Records identified through database

searching (n=142)

!

( N
Screening
Titles and abstracts screened (n=1038)
\\ J
e ——————— -
1
Y
4 D
Eligibility
Full-text articles assessed for eligibility
(n=254)
L J
Full-text articles excluded
(insufficient data, review
\ only, or low quality) (n=176)
7
Inclusion
Studies included in qualitative synthesis
(n=78)
\
(
Inclusion
Studies included in quantitative synthesis
(n=45)
\

Figure 1 PRISMA-style flowchart of literature selection process.

Figure 1 presents the PRISMA-based systematic
selection process used in this review. The flowchart
outlines four main stages—Identification, Screening,
Eligibility, and Inclusion—that guided the filtering of
literature on biochar-based catalysts for hydrogen
production. Out of 1,142 initially identified records,
duplicates and irrelevant articles were removed,
resulting in 78 studies included in qualitative synthesis
and 45 in quantitative comparison. Additional

procedures such as reference list checking and forward

citation tracking were incorporated to strengthen

comprehensiveness and minimize publication bias.

Inclusion and exclusion criteria

Table 3 Inclusion and exclusion criteria used for
selecting relevant studies in this systematic review. The
criteria were designed to ensure scientific rigor,
comparability, and relevance to hydrogen production

catalysis using biochar-based materials.
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Table 3 Inclusion and exclusion criteria for study selection.

Criteria type

Inclusion criteria Exclusion criteria Rationale

Publication
2010 - 2025
Year

Before 2010

Ensures focus on current
technologies and modern
analytical tools.

Experimental, modeling, or LCA
Study Type studies on biochar catalysts for H:

unrelated catalytic systems

Reviews, opinion papers, or Captures original quantitative

and mechanistic data.

production
Studies involving pyrolysis, Studies unrelated to hydrogen
. ) ) . . . Focuses on hydrogen-relevant
Methods gasification, reforming, or generation (e.g., soil, adsorption alvsi
) ) catalysis.

photochemical hydrogen production Y

Reports including surface area, pore .
Catalyst . Incomplete catalyst Ensures data comparability and

volume, functional group, meta o )
Parameters characterization performance benchmarking.

loading, and H- yield data

Language English

Guarantees accessibility and

Non-English

standardized terminology.

Data extraction and normalization

A structured data extraction matrix was employed
to systematically capture (i) feedstock type, catalyst
preparation and activation strategy, and metal
incorporation approach; (ii) reaction conditions
including temperature, pressure, and gas composition;
and (iii) hydrogen productivity, selectivity, and catalyst
stability indicators such as coke resistance.

To ensure cross-study comparability and minimize
reporting bias, hydrogen productivity was standardized
and primarily expressed as mmol H. g catalyst h™'.
Surface area and metal loading were converted into
consistent units (m? g™' and wt%, respectively). When
performance ranges were reported, mean + standard
deviation (SD) values were calculated where sufficient
data were available.

If hydrogen production was originally reported in
alternative units (e.g., mol kg™ biomass, volumetric
concentration %, or percentage increase), values were
recalculated into mmol H> g catalyst h™' whenever
complete  experimental  parameters  permitted
conversion. When full normalization was not feasible
due to incomplete reporting, original metrics were
retained and explicitly identified as secondary
descriptors. Gas-phase hydrogen concentration (%) was
treated strictly as a compositional parameter rather than
a yield metric.

Outliers were verified through cross-referencing
original experimental datasets or recalculated using
standardized unit conversion equations to maintain
methodological ~ consistency.  This  harmonized
normalization framework enables reliable mechanistic
comparison across thermochemical, biological, and

electrochemical hydrogen pathways.

Bias mitigation and quality control

To reduce bias and enhance reliability:

Publication bias minimized by including both
high-impact and regional journals.

Selection bias controlled through double-blind
screening by two independent reviewers.

Data heterogeneity addressed via normalization
and weighting by study size.

Methodological quality assessed using a modified
GRADE (Grading of Recommendations Assessment,
Development and Evaluation) scale, emphasizing
reproducibility, control experiments, and statistical

transparency.

Summary of the review workflow
This systematic methodology ensures
comprehensive coverage and methodological rigor. By
integrating  quantitative = normalization,  quality
assessment, and bias mitigation, the review synthesizes

consistent insights on biochar-based catalysts for
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hydrogen production—Ilinking structural properties,
activation techniques, and catalytic performance across

diverse studies.

Fundamental properties of biochar

Biochar is a carbon-rich substance that is made
from biomass using thermochemical processes. It has
gotten a lot of attention as a useful substance that has a
lot of potential in catalysis, especially for making
hydrogen. Biochar, a carbon-rich product of biomass
pyrolysis, exhibits diverse properties depending on
feedstock and production conditions. Its fundamental
characteristics include carbonaceous form, pore
structure, surface chemistry, and mineral content [32].
This section provides a detailed exploration of biochar’s
production methods, physicochemical properties, and
unique features that make it suitable for catalytic
applications.

Biochars usually have nutrients, are alkaline, and
have functional groups that contain oxygen that improve
the ability to exchange cations [33]. Their high surface
area, porosity, and adsorption capacity make them
suitable for wvarious applications, including soil
improvement and contaminant remediation [34]. There
are big differences between commercial biochars in
terms of their fixed carbon (0% - 47.8%), volatile matter
(28% - 74.1%), ash content (1.5% - 65.7%), and surface
area (0.1 - 155.1 g/m?) [35]. Polycyclic aromatic
hydrocarbon (PAH) content is affected by the
production method; fast pyrolysis produces higher
levels than gasification [35]. The fact that biochars have
so many different properties shows how important it is
to test them first before using them in certain situations
and how their properties can be changed to make them
work better [36].

Biochar production: Processes
Biochar production involves the thermal
decomposition of biomass under limited oxygen

conditions. Various technologies are available,

including slow pyrolysis, fast pyrolysis, gasification,
and torrefaction [34,37]. The choice of feedstock and
production method profoundly influences the
physicochemical characteristics of the resulting biochar,
determining its catalytic properties. The choice of
production method significantly influences the biochar's
physicochemical properties and yield, with slower
heating rates generally producing higher yields [34,38].

Biochar has numerous applications, including soil
amendment, carbon sequestration, and greenhouse gas
mitigation [34,38]. However, its effectiveness can vary
depending on biochar type, application rate, soil type,
and crop species [34].

To illustrate the state of research in this area, Table
1 summarizes several critical studies conducted on
biochar-based catalysts for hydrogen production. As
shown in Table 1, different synthesis and activation
pyrolysis,
microwave-assisted

methods—such as hydrothermal

carbonization, co-pyrolysis,
synthesis, chemical activation, heteroatom doping, and
mechanochemical activation—have been reported to
significantly influence catalytic performance. For
example, Ni-impregnated biochar from pyrolysis of
agricultural waste demonstrated improved hydrogen
yield and catalyst stability at higher pyrolysis
temperatures  [39].  Similarly,  hydrothermally
carbonized biochar doped with Fe-Ni bimetallic
catalysts showed synergistic effects with 30% higher
activity compared to mono-metallic systems [20].

Other approaches such as co-pyrolysis [40],
microwave-assisted synthesis [18], chemical activation
[41], nitrogen doping [42], and magnetic biochar
preparation [14] further highlight the versatility of
biochar catalysts in different hydrogen production
Advanced

mechanochemical activation [43], feedstock variation

pathways. methods, including
[44], and template-assisted synthesis for hierarchical
porosity [34], also demonstrate promising outcomes in
terms of catalyst stability, selectivity, and hydrogen

yield.

Table 4 Critical studies done in the field of biochar-based catalysts in hydrogen production.

Study Strategy

Key mechanistic insight

Main outcomes

Pyrolysis-derived ~ biochar Higher  pyrolysis
[39] (400 - 800 °C) with Ni structural stability;
loading balanced dispersion and activity

temperature  improved Enhanced H. yield, improved

optimal 15 wt% Nicarbon conversion, increased

catalyst stability
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Study Strategy

Key mechanistic insight

Main outcomes

Hydrothermal carbonization Synergistic metal-carbon interaction reduced ~30% higher H. production rate,

(20] .y .
+ Fe—Ni bimetal doping

coking and enhanced redox activity

improved longevity

Feedstock-dependent

. Biomass chemistry

[44] biochar with varying Ni

behavior more than pyrolysis temperature

loading

influenced catalytic Significant variation in H. yield

and selectivity across feedstocks

KOH activation + bimetal

Activation increased porosity and improved 72%  higher H:  production,

[41] metal dispersion; synergy enhanced water improved light absorption and

Cu—Zn co-catalyst o
splitting

stability

N-doped biochar (metal-free Heteroatom doping created active sites with Pt- Reduced =~ HER  overpotential,

[42]
/ Fe—-N—C system)

comparable HER activity at lower cost

improved exchange current density

Overall, these studies (Table 4) confirm that
optimization of biochar production, activation, and
functionalization is crucial for enhancing hydrogen
production efficiency. Research has particularly focused
on engineering surface properties, optimizing metal
loading, implementing heteroatom doping, and
developing enhancement strategies such as defect
engineering. Furthermore, life cycle analysis, energy
evaluations, carbon footprint assessments, and
economic viability studies are increasingly being
considered to determine the feasibility of biochar-based
catalytic systems for real-world hydrogen production.
The complex relationships between production
technologies, biochar physicochemical properties, and
their catalytic performance still require further
investigation [34,45].

Pyrolysis

Pyrolysis remains the most widely applied route
for producing catalytically active biochar, particularly
within the temperature range of 400 - 700 °C relevant to
hydrogen reforming processes [46-49]. Rather than the
general thermochemical description of pyrolysis, its
importance in hydrogen catalysis lies in how
temperature governs biochar structure. Moderate
temperatures (400 - 600 °C) preserve oxygen-containing
functional groups (~COOH, ~OH, C=0), which enhance
surface reactivity, water—gas interactions, and redox
activity [38,50]. Increasing the temperature toward 600
- 700 °C promotes higher surface area, improved pore
development, and enhanced aromaticity, contributing to
greater thermal stability and resistance to structural

collapse during reforming [38,48]. However, excessive

carbon ordering at temperatures above ~700 °C reduces
functional group density, diminishing surface-mediated
hydrogen activation despite improved conductivity
[36,51,52]. These trends indicate that pyrolysis
temperature controls the balance between surface
reactivity and thermal stability, which directly
determines hydrogen formation pathways. Therefore,
pyrolysis should be understood not as a generic
production method, but as a structural tuning tool for
optimizing biochar performance in hydrogen-related

reactions.

Gasification

Gasification involves the partial oxidation of
biomass at elevated temperatures (typically 700 - 1,000
°C), producing syngas and a thermally robust carbon
residue [14,53,54]. Compared with pyrolysis,
gasification generally yields biochars with greater
structural ordering and enhanced thermal stability,
owing to the higher reaction temperatures and oxidative
environment [55-59]. Although detailed surface area
and pore-volume PORE vary across feedstocks (see
Supplementary Information) [55-62], gasification-
derived biochars consistently exhibit improved
resistance to structural degradation under severe
reforming conditions. However, the high-temperature
environment also reduces oxygen-containing functional
groups and surface acidity, leading to lower inherent
chemical reactivity compared with pyrolysis-derived
biochars [63,64]. This distinction is catalytically
significant: while pyrolysis biochars often perform
better in low-to-moderate temperature hydrogen
pathways due to richer surface functionality,
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gasification-derived biochars are more suitable for high-
temperature reforming systems where structural
durability and coke resistance are critical [65-70].
Gasification-derived biochars therefore favor thermal
durability over surface reactivity, explaining their
inconsistent performance in low-temperature hydrogen
pathways but reliable behavior under severe

thermochemical reforming conditions.

Hydrothermal Carbonization (HTC)

Hydrothermal carbonization (HTC) converts wet
biomass into hydrochar under subcritical water
conditions (typically 180 - 250 °C and elevated
pressure), offering a low-temperature route for
generating chemically functionalized carbon materials
[70-75]. In the context of hydrogen catalysis, the
significance of HTC lies not in process thermodynamics
but in the chemical characteristics of the resulting
hydrochar. Compared with high-temperature pyrolysis
or gasification, HTC-derived biochars retain a high
density of oxygen-containing functional groups,
including hydroxyl, carbonyl, and carboxyl moieties,
which enhance redox activity, proton transfer, and metal
anchoring capacity [71-74]. These features facilitate
improved dispersion of catalytically active metals and
promote water—gas interactions in reforming or redox-
driven hydrogen pathways. However, HTC biochars
generally exhibit lower surface area and limited pore
development relative to pyrolysis-derived carbons,
restricting reactant accessibility and mass transfer [73-
76]. As a result, additional activation or post-treatment
is often required to achieve competitive catalytic
performance. HTC therefore succeeds chemically but
fails structurally unless followed by activation,
underscoring that its catalytic relevance depends on
integrating chemical functionality with engineered

porosity for hydrogen-related applications.

Structure property performance relationships

of biochar

The catalytic behavior of biochar in hydrogen-
related reactions is governed by an interconnected
structure—property—performance relationship rather than
by isolated physicochemical parameters. The
fundamental  carbon  structure—ranging  from
amorphous domains to partially  graphitized

microcrystalline regions—controls both electronic

conductivity and thermal stability [92]. Increasing
carbon ordering at higher treatment temperatures
enhances structural robustness and resistance to
sintering, but simultaneously reduces the abundance of
surface oxygen functionalities that contribute to
catalytic reactivity [36,58,111].

This carbon framework directly determines pore
development and surface area. Feedstock type and
thermal history influence the formation of micropores,
mesopores, and macropores, which regulate mass
transport and active-site accessibility [35,88,91].
Moderate carbonization typically produces balanced
porosity and surface accessibility, whereas excessive
graphitization reduces pore connectivity and surface
polarity. As a result, surface area alone does not predict
catalytic efficiency; instead, the distribution and
accessibility of reactive sites become decisive.

Surface functional groups—including hydroxyl (—
OH), carbonyl (-C=0), and carboxyl (-COOH)—
further modulate adsorption, redox activity, and metal
[93,94,128,130]. Their
concentration decreases with increasing temperature as
O/C and H/C ratios decline [44,127], reflecting a shift
from chemically reactive to structurally stable carbon

anchoring capacity

matrices. This shift has direct catalytic implications:
Oxygen-rich biochars promote water dissociation, redox
cycling, and proton transfer in hydrogen evolution
pathways, while more graphitized biochars offer
improved durability under high-temperature reforming
conditions.

Ultimately, hydrogen yield and catalyst longevity
emerge from the balance between structural stability and
surface reactivity. Biochars with hierarchical porosity
and controlled oxygen functionality typically exhibit
enhanced hydrogen productivity and reduced
deactivation compared with highly ordered but
chemically inert carbons [39,110,115]. Therefore,
rational catalyst design should not prioritize surface area
maximization alone, but rather optimize the coupling
between carbon structure, accessible porosity, and
functional group chemistry to sustain both activity and
stability in hydrogen production systems.

Sustainability and deployment considerations
Beyond catalytic performance, the viability of
biochar-based hydrogen systems depends on lifecycle

emissions, resource efficiency, economic durability, and
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scalability. As a biomass-derived material, biochar
aligns with circular economy principles and can
contribute to carbon-neutral or carbon-negative
integration when produced from agricultural or forestry
residues [103,104]. Compared with mineral-derived
supports, biochar synthesis generally requires lower
energy input and generates reduced emissions under
optimized pyrolysis conditions [21,39]. However,
sustainability outcomes are strongly influenced by
activation intensity and metal incorporation strategies,
which may increase environmental burden if not
carefully controlled.

From a techno-economic perspective, biochar
offers substantial cost advantages over noble metal
catalysts due to abundant feedstock availability and
lower raw material costs [21,109]. Nevertheless, overall
system economics are governed primarily by catalyst
durability, regeneration efficiency, and resistance to
sintering or coke deposition under thermochemical
hydrogen conditions [100,102]. Excessive metal loading
may enhance short-term activity but compromise long-
term viability through accelerated deactivation.

Scalability further depends on reproducible
synthesis protocols and feedstock consistency.
Variations in biomass composition can alter pore
architecture and surface chemistry, affecting pathway-
dependent  hydrogen  performance.  Therefore,
sustainable deployment of biochar-based hydrogen
catalysts requires integrating lifecycle assessment,
mechanistic stability, and standardized performance
metrics within a unified design framework rather than

optimizing individual parameters in isolation.

Mechanistic pathways of biochar in hydrogen
production

Biochar-mediated hydrogen production arises
from coupled surface-driven, metal-assisted, and
stability-dependent mechanisms. Rather than treating
adsorption, reforming, and doping as separate
phenomena, hydrogen formation should be understood
as the result of coordinated interactions between carbon
structure, surface chemistry, and metal-support
dynamics across thermochemical and biological
systems [8,110,111,115].

Surface activation

Surface activation governs the initial interaction
between reactants and the carbon matrix. In
thermochemical pathways—including methane
reforming, biomass pyrolysis, and gasification—
biochar facilitates bond cleavage through surface-
mediated activation of CHa., H:0, and volatile
intermediates [7,39,102]. Oxygen-containing functional
groups (-OH, —COOH, -C=0) enhance water
dissociation and promote water—gas interactions,
particularly in  moderate-temperature  biochars
[36,113,128,130]. Increasing carbonization temperature
enhances aromatic ordering and thermal stability but
reduces surface polarity and oxygen functionality,
shifting the balance from chemically reactive to
structurally robust carbons [44,111,127].

In fermentation-based hydrogen systems, the
mechanism differs fundamentally. Biochar enhances
hydrogen production by stabilizing redox-active
intermediates, promoting microbial adhesion, and
facilitating extracellular electron transfer [110,115].
Hydrogen yield increases (20% - 328%) are attributed
not to catalytic cracking but to improved redox
mediation and electron shuttling at biochar interfaces
[115]. Thus, thermochemical pathways emphasize bond
activation and  structural resilience, whereas
fermentation systems depend on redox-active functional

groups and electron-transfer facilitation.

Metal-Carbon synergy

Metal incorporation fundamentally modifies
reaction pathways through metal-support interactions.
Transition metals such as Ni, Fe, and Co enhance
hydrogen production by promoting C—H and C-O bond
cleavage and accelerating water—gas shift reactions
[19,20,100,102]. Nickel increases reforming Kinetics,
iron mitigates coke formation and enhances CO
conversion, and cobalt improves steam reforming
stability [19,20]. The carbon matrix acts as an
electronically interactive support, stabilizing dispersed
nanoparticles and enabling charge transfer between
active sites and reactants.

The effectiveness of metal-assisted catalysis
depends critically on dispersion and anchoring strength.
Strong metal-oxygen—carbon interactions preserve
nanoparticle stability and maintain accessible active

sites. Weak interactions promote sintering and active-
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site loss under reforming conditions [100,102]. Metal
oxide doping (e.g., CeO., MgO) further modifies
oxygen storage capacity and surface basicity, enhancing
redox cycling and cracking reactions [133].

In parallel, heteroatom-doped biochars (N-, S-, P-
doped) demonstrate that hydrogen evolution can
proceed via defect-rich carbon sites without metallic
assistance [42,134]. Nitrogen doping increases electron
density and modulates adsorption free energy, enabling
metal-free hydrogen evolution pathways. This duality—
metal-assisted versus metal-free catalysis—highlights
the versatility of biochar as both an active catalytic

matrix and a tunable support structure.

Distinguishing support effects, active sites, and

synergistic interactions

To avoid mechanistic ambiguity, it is essential to
distinguish three distinct roles of biochar in hydrogen
catalysis. First, support effects refer to the structural and
physicochemical contributions of the carbon matrix
itself, including pore hierarchy, thermal stability,
surface area, and functional-group anchoring capacity
[36,92,111,128]. In this role, biochar regulates mass
transfer, stabilizes dispersed metal particles, and
mitigates sintering without necessarily serving as the
primary catalytic center [100,102]. Surface oxygen
functionalities further influence adsorption strength and
water activation behavior in reforming reactions
[113,130].

Second, active-site effects arise from catalytically
active species that directly participate in bond
activation. In metal-assisted systems, transition metals
such as Ni, Fe, and Co function as primary sites for C—
H bond cleavage, steam reforming, and water—gas shift
reactions [19,20,100]. In metal-free systems,
heteroatom-doped carbon defects (e.g., N-doped sites)
can act as intrinsic catalytic centers for hydrogen
evolution reactions through modulation of adsorption
free energy and electron density [42,134]. In both cases,
hydrogen formation occurs at these active centers rather
than across the entire carbon matrix.

Third, synergistic metal-carbon mechanisms
emerge when electronic interactions between metal
particles and the carbon framework generate enhanced
catalytic behavior beyond individual contributions.
Strong metal-oxygen—carbon interactions improve

nanoparticle dispersion, suppress coke formation, and

modify adsorption energies at the metal interface
[19,102,133]. Charge transfer between metal particles
and defect-rich carbon domains can alter reaction
pathways and turnover frequency, explaining why
optimized biochar—metal composites often outperform
unsupported metals or pristine biochar alone
[39,110,115].

Distinguishing these roles clarifies why surface
area enhancement alone does not guarantee catalytic
improvement and why metal loading strategies must
consider support interaction strength and electronic

coupling rather than active-site density alone.

Failure modes and mechanistic constraints

Despite promising hydrogen yields, biochar-based
catalytic systems are constrained by structural and
chemical degradation mechanisms. In thermochemical
reforming, prolonged exposure to temperatures above
~800 °C induces partial graphitization and loss of
surface functional groups, reducing redox activity and
catalytic turnover [111]. Excessive metal loading
accelerates nanoparticle agglomeration, pore blockage,
and coke deposition, ultimately decreasing hydrogen
selectivity and catalyst lifetime [19,102]. These
phenomena explain conflicting reports in which
aggressive metal loading improves short-term yield but
compromises long-term stability.

In biological systems, surface aging and functional
group depletion reduce electron-transfer efficiency,
limiting sustained hydrogen enhancement [115].
Similarly, over-activation treatments that maximize
surface area may collapse pore networks or eliminate
catalytically relevant oxygen species, diminishing
performance despite increased BET values.

Collectively, these failure modes demonstrate that
hydrogen productivity depends on maintaining
equilibrium  between surface reactivity, metal
dispersion, and structural durability. Strategies that
optimize only one parameter—surface area, metal
loading, or graphitization—often destabilize the system.
Sustainable hydrogen catalysis therefore requires
integrated control of carbon structure, functional-group
chemistry, and metal-support interactions across
operating regimes.

To translate the mechanistic insights discussed
above into actionable catalyst design guidance, Table 5

synthesizes the relationships among production route,
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structural characteristics, surface reactivity, metal the matrix highlights the trade-offs that govern

modification strategy, and hydrogen pathway performance and stability across operating regimes.

suitability. Rather than presenting isolated parameters,

Table 5 Decision-Matrix for designing biochar catalysts in hydrogen production.

. Structural Surface . Metal modification L.
Production route . . .. Suitable H. pathway Strength Limitation
characteristics reactivity strategy

Pyrolysis Moderate porosity, High Fermentation, low— Low-moderate Ni/Fe High reactivity =~ Lower thermal

(400 - 600°C) oxygen-rich groups moderate T loading stability
reforming

Pyrolysis Increased surface area, Balanced Steam reforming Optimized Ni Good activity—  Functional group

(600 - 700°C) partial graphitization dispersion stability balance  loss at higher T

Gasification = Highly ordered carbon, = Low— High-T reforming Metal stabilization  Excellent thermal  Limited low-T

(700 - 1,000 °C) low functionality moderate required durability reactivity
HTC Oxygen-rich, low High Redox/biological Requires post- Strong metal Poor mass
(180 - 250 °C) surface area (chemical) systems activation anchoring transfer
Heteroatom- Defect-rich carbon =~ Moderate—  Metal-free HER N/S/P doping Lower cost Stability under
doped biochar High harsh T

The decision-matrix underscores that optimal
hydrogen performance does not arise from maximizing
a single parameter—such as surface area or metal
loading—but from balancing structural stability, surface
functionality, and metal-carbon interaction strength.
This integrative perspective reconciles previously
conflicting findings and provides a rational framework
for designing robust biochar-based hydrogen catalysts.

Collectively, these insights demonstrate that
hydrogen performance over biochar-based catalysts
emerges from dynamic coupling between carbon
structural evolution, surface functionality, and metal—
support interactions rather than from isolated
optimization of individual parameters. Apparent
contradictions in feedstock selection, temperature
control, and metal loading strategies can be reconciled
within this unified mechanistic perspective. By
integrating  structural  tuning, pathway-specific
functionality, and durability constraints into a single
conceptual model, this review establishes a rational
foundation for next-generation biochar catalyst

engineering.

Unified mechanistic framework of biochar in
hydrogen production

Biochar functions as a tunable catalytic platform
whose role varies across hydrogen production pathways.
To reconcile fragmented interpretations in the literature,
we propose a unified mechanistic framework that links
structural evolution, surface chemistry, and metal
interactions to pathway-dependent hydrogen formation.

At the structural level, feedstock composition and
thermal treatment determine carbon ordering, pore
hierarchy, and functional group density. These
parameters collectively govern surface activation,
including reactant adsorption, water dissociation, and
redox mediation. In thermochemical pathways (e.g.,
steam reforming, methane reforming, gasification),
biochar primarily acts as a thermally stable, porous
support that facilitates bond cleavage and promotes
metal-assisted reactions. In contrast, in fermentation-
based systems, biochar functions as a redox mediator
and electron-transfer facilitator, enhancing microbial
hydrogen production through surface functional groups
and defect sites.

Metal incorporation introduces an additional
mechanistic dimension, where hydrogen formation is
governed by synergistic interactions between metal

active sites and the carbon matrix. However, excessive
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graphitization or aggressive metal loading leads to
deactivation through sintering, pore blockage, or coke

accumulation. Thus, hydrogen yield and stability

Feedstock Chemistry

emerge from balancing structural durability, surface
reactivity, and metal-support interaction strength across

operating regimes.

Thermal Treatment

Carbon Structure Evolution

Amorphous < Graphitic
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Surface Activation Mechanisms
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Figure 2 Unified mechanistic framework of biochar across hydrogen production pathways.

The mechanistic integration presented in this
section demonstrates that hydrogen performance over
biochar-based catalysts cannot be explained by isolated
parameters such as surface area, metal loading, or
carbonization temperature. Instead, catalytic behavior
emerges from coordinated interactions among carbon
structural ~ evolution, pore hierarchy, surface
functionality, and metal-support synergy under
pathway-specific conditions. Conflicting findings in
previous literature regarding feedstock dominance,
temperature optimization, or metal enhancement can be
reconciled when viewed through this unified
framework. By explicitly linking structural evolution,
metal interactions, and failure modes within a coherent
mechanistic model, this review moves beyond
cataloging catalyst performance and instead provides a
rational roadmap for next-generation biochar catalyst
design.

Activation and functionalization of biochar

Activation and functionalization are critical
strategies for tailoring biochar properties toward
hydrogen catalysis. Through controlled structural
modification, activation enhances pore hierarchy,
surface chemistry, and metal anchoring capacity,
thereby influencing catalytic turnover and long-term
stability [69].

Post-activation, biochar typically exhibits
significant increases in surface area and pore volume,
improving reactant diffusion and accessibility of active
sites. Physical activation (e.g., steam or CO: treatment)
promotes mesopore development and structural
robustness, favoring thermochemical hydrogen
pathways that require thermal stability and resistance to
sintering [11,73]. In contrast, chemical activation (e.g.,
alkali or acid treatments) introduces abundant surface
functionalities and heteroatom doping, enhancing metal
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dispersion and proton adsorption in hydrogen evolution
reactions (HER) [10,147].

However, maximizing surface area alone does not
guarantee improved hydrogen performance. Aggressive
chemical activation may compromise structural
integrity or introduce processing complexity, while
excessive thermal treatment can diminish oxygen-
containing functional groups essential for redox-
mediated hydrogen pathways. Therefore, activation
must be aligned with pathway-specific catalytic
requirements rather than applied as a universal
enhancement strategy.

Advanced approaches such as plasma and
electrochemical activation offer localized surface
modification with reduced structural damage,
potentially improving metal-support interactions and
resistance to coke formation. Nevertheless, their
scalability and industrial readiness remain under
evaluation.

Comparatively, activation strategies differ
primarily in their trade-offs between porosity
development, structural stability, and environmental
footprint. Rather than selecting the most intensive
treatment, optimal hydrogen catalyst design requires
balancing functionalization efficiency with durability
under prolonged operation. Moderate activation
combined with controlled metal doping frequently
yields more stable hydrogen performance than extreme
surface area maximization.

Overall, activation and modification strategies are
successful when they enhance accessible active sites
without introducing failure modes such as pore collapse,
metal sintering, or accelerated coke accumulation.
These considerations reinforce that long-term stability,
not initial activity alone, must guide rational biochar

catalyst design for sustainable hydrogen production.

Efficiency optimization strategies

Efficiency  optimization in  biochar-based
hydrogen systems requires coordinated control of
catalyst structure, metal dispersion, reaction conditions,
and reactor configuration rather than isolated
improvement of individual parameters. Biochar-
supported metal catalysts—particularly Ni- and Fe-
based systems—have demonstrated enhanced hydrogen
productivity across thermochemical and biochemical

pathways due to improved metal anchoring, surface

reactivity, and electron transfer characteristics
[39,115,138].

In  thermochemical  processes, catalytic
performance is strongly influenced by temperature
management, pore hierarchy, and resistance to sintering
and coke deposition. Optimized graphitic balance and
controlled metal loading enhance catalytic turnover
while preserving long-term structural integrity. In
biological and electrochemical hydrogen pathways,
biochar facilitates biofilm formation, redox mediation,
and improved charge transfer, supporting stable
hydrogen evolution under moderate conditions
[110,115].

Hybrid biochar—metal composites further extend
performance by integrating waste-derived oxides and
multifunctional supports, aligning catalyst design with
circular economy principles [10,29]. However,
sustained efficiency depends less on peak hydrogen
yield and more on durability, regeneration capability,
and stability under repeated operation cycles. Reactor-
scale considerations including heat transfer, gas—solid
interaction, and feedstock consistency also play a
decisive role in translating laboratory activity into
industrial viability.

Emerging approaches integrating digital process
control and machine-learning-assisted optimization
offer new opportunities to dynamically adjust operating
parameters and predict long-term catalyst behavior.
Ultimately, efficiency optimization must balance
activity enhancement with structural preservation and
techno-economic feasibility, reinforcing the importance
of stability-driven catalyst engineering over short-term

performance maximization.

Environmental and deployment considerations
Biochar-based catalysts offer environmental
advantages in hydrogen production due to their biomass
origin, carbon sequestration potential, and reduced
reliance on critical raw materials. Life cycle assessments
generally indicate lower greenhouse gas emissions and
energy intensity compared with mineral- or noble-
metal-based catalysts, particularly when waste-derived
feedstocks are employed [40,101]. Nevertheless,
environmental performance depends strongly on
activation intensity, feedstock logistics, and the energy
source used during carbonization and reforming.

Aggressive chemical treatments or fossil-based process
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heat may diminish sustainability gains, emphasizing the
need for lifecycle-integrated design.

Economically, biochar benefits from feedstock
diversity and scalability, with agricultural residues often
providing a favorable cost—performance balance.
However, techno-economic viability remains highly
sensitive to catalyst durability, regeneration efficiency,
plant scale, and energy pricing. Reported hydrogen cost
projections should therefore be interpreted as scenario-
dependent and contingent upon clearly defined
boundary conditions.  Stability-oriented  catalyst
engineering and reproducible synthesis protocols are
essential to improving long-term cost competitiveness.

Industrial deployment requires coordinated
optimization of catalyst structure, reactor configuration,
and system integration. Strengthened metal-carbon
interfaces, controlled porosity, and digital process
monitoring can improve operational durability.
Coupling biochar-based catalysts with renewable
electricity, carbon management strategies, and circular
biomass supply chains enhances their potential within
low-carbon  energy infrastructures.  Ultimately,
commercialization will depend on transparent techno-
economic evaluation and standardized performance

metrics aligned with mechanistic understanding.

Conclusions

This review synthesizes recent advances in
biochar-based catalysts for hydrogen production within
a unified structure—property—performance perspective.
Standardizing hydrogen productivity to mmol H. g™
catalyst h™' improves cross-study comparability and
clarifies inconsistencies arising from heterogeneous
reporting metrics. Across thermochemical and
biological pathways, hydrogen productivity is governed
by coordinated interactions among pore accessibility,
surface chemistry, and stabilized metal dispersion.

In biological systems such as dark fermentation,
biochar enhances redox mediation and extracellular
electron transfer, sustaining normalized hydrogen
productivity. In thermochemical processes, particularly
steam gasification, engineered biochar—metal interfaces
facilitate tar cracking and steam—carbon reactions under
elevated  temperatures.  Importantly,  hydrogen
concentration in product gas should not be conflated
with catalytic productivity, underscoring the need for

normalized yield metrics.

Activation and functionalization modulate active-
site exposure and durability; however, overly aggressive
treatments may accelerate deactivation through
sintering or coke formation. Effective catalyst design
therefore depends on pathway-aligned structural control
rather than surface-area maximization alone.

Beyond catalytic performance, biochar contributes
to biomass valorization and reduced reliance on critical
raw materials, aligning hydrogen production with
circular carbon strategies. Integration with renewable
energy systems, carbon management frameworks, and
digital optimization tools strengthens its potential for
scalable deployment. Continued progress will require
durability-oriented design, standardized performance
reporting, and coupling of mechanistic insight with
techno-economic validation to support industrial

translation.

Future research directions

Advancing biochar-based hydrogen catalysis
requires a shift from empirical optimization toward
mechanism-informed design. Future development
should prioritize structural control aligned with
pathway-specific hydrogen chemistry rather than
generalized surface-area maximization. In
thermochemical reforming, hierarchical porosity
combined with controlled graphitic ordering is essential
to balance mass transport, heat tolerance, and coke
resistance. In contrast, biologically mediated hydrogen
systems benefit from oxygen-rich surface functionalities
that facilitate redox mediation and extracellular electron
transfer. Rational catalyst engineering must therefore
integrate feedstock  chemistry, carbonization
parameters, and reaction environment within a unified
structure—property—performance framework.

Durability enhancement represents a critical
frontier. Strengthening metal—carbon interfaces through
defect engineering, heteroatom doping, and controlled
anchoring strategies can mitigate nanoparticle sintering
and carbon deposition. Optimal performance depends
not on maximal metal loading, but on stabilized
dispersion and resistance to long-term deactivation.
Stability-driven design principles should replace short-
term activity maximization as the dominant benchmark
for catalyst advancement.

A persistent limitation in current literature is the

absence of standardized quantitative descriptors linking
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structural evolution to hydrogen productivity and
catalyst lifetime. Establishing reproducible correlations
between parameters such as O/C ratio, defect density,
pore hierarchy, and metal dispersion will enable
predictive catalyst engineering. Consistent
normalization of hydrogen productivity (mmol H> g™
catalyst h™') is essential to facilitate meta-analytical
comparison, reduce reporting bias, and strengthen
mechanistic interpretation across hydrogen pathways.
Artificial intelligence and machine learning
should transition from exploratory mention to structured
implementation. Curated structure—property datasets
can support predictive modeling of nonlinear
relationships between synthesis variables and catalytic
performance. Al-assisted optimization, when coupled
with mechanistic understanding, offers the potential to
accelerate catalyst discovery, anticipate deactivation
pathways, and identify robust synthesis windows while
minimizing experimental trial-and-error. Such digital
integration may serve as a bridge between laboratory-
scale innovation and scalable, durability-oriented

hydrogen infrastructure.
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