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Abstract: The burgeoning global demand for energy,
coupled with the pressing need to mitigate carbon emissions,
underscores the necessity for clean and sustainable energy
alternatives, with green hydrogen emerging as a pivotal
energy vector. Among the promising avenues for the pro-
duction of green hydrogen, nano-catalysts derived from
waste materials are attracting considerable interest due to
their capacity to diminish production costs and environ-
mental ramifications while capitalizing on underutilized
waste streams. Notwithstanding recent advancements, sig-
nificant knowledge deficits remain concerning the catalytic
mechanisms, established performance benchmarks, and
thorough sustainability evaluations of these materials. This
review integrates contemporary progress in the synthesis,
structural enhancement, and application of nano-catalysts
originating from a variety of waste sources, including in-
dustrial byproducts, agricultural residues, and municipal
waste. Crucial mechanistic variables, such as augmented
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active site density, improved electron transfer, and metal-
support interactions, are examined to elucidate their supe-
rior performance in the hydrogen evolution reaction (HER).
Comparative assessments utilizing standardized metrics
(e.g., overpotential at 10 mA/cm?, Tafel slope, Faradaic effi-
ciency) indicate that optimized waste-derived catalysts can
realize up to a 30% enhancement in hydrogen yield in
comparison to traditional catalysts. Life cycle assessments
(LCA), framed within cradle-to-gate methodologies, reveal
substantial reductions in CO, emissions, energy consump-
tion, and resource depletion. The review further delineates
challenges associated with material variability, long-term
durability, and the integration of these materials into pre-
existing systems. Ultimately, this study highlights the crucial
role of waste-derived nano-catalysts in promoting scalable,
economically viable, and environmentally sustainable
hydrogen production and advocates for enhanced interdis-
ciplinary research and supportive policy frameworks to
expedite their commercialization.

Keywords: waste-to-hydrogen catalysis; sustainable nano-
materials; circular economy in hydrogen technology; green
hydrogen innovation; environmental catalysis for
decarbonization

1 Introduction

The worldwide transition toward sustainable energy para-
digms increasingly positions green hydrogen as a funda-
mental element in the decarbonization of energy
frameworks, with forecasts indicating it could account for
up to 12 % of total global energy utilization by the year 2050."
This movement is propelled by the imperative to diminish
greenhouse gas emissions and the constraints associated
with traditional hydrogen production methodologies that
predominantly depend on fossil fuel sources.” Presently,
steam methane reforming (SMR) stands as the most exten-
sively utilized technique; however, it results in the emission
of approximately 830 million metric tons of CO, on an annual
basis.® Although water electrolysis powered by renewable
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energy represents a more environmentally benign alterna-
tive, it is still economically challenged due to substantial elec-
tricity requirements and dependence on costly noble metal
catalysts such as platinum and iridium.* The expenses associ-
ated with green hydrogen production generally fall within the
range of $4 to $6 per kilogram, while hydrogen derived from
fossil sources can be produced at a cost of $1.50 to $2 per
kilogram, underscoring a significant economic disparity.®

In order to address these obstacles, contemporary ad-
vancements in nanotechnology have investigated the utili-
zation of catalysts synthesized from waste materials as a
sustainable and economically viable solution. Waste-derived
nano-catalysts — engineered from industrial byproducts,
agricultural residues, and municipal waste — present dual
advantages: they not only alleviate environmental pollution
through the valorization of waste but also diminish reliance
on critical raw materials.® Empirical studies suggest that
such catalysts can improve the HER efficiency by as much as
30 % relative to conventional alternatives, driven by factors
such as enhanced active site density, elevated surface area,
and improved electron transfer facilitated by dopants and
porous support matrices.” Furthermore, LCA indicates that
these catalysts can lower CO, emissions and energy re-
quirements by approximately 40 % and 30 %, respectively, in
comparison to platinum-based systems.®

Technological progress in fabrication methodolo-
gies — such as pyrolysis, sol-gel processes, and hydrothermal
synthesis — has permitted the conversion of various waste
streams, including red mud, steel slag, rice husk, and plastic
refuse, into high-performance nano-catalysts.’ For instance,
catalysts derived from steel slag have exhibited HER effi-
ciencies comparable to those of platinum, yet at a material
cost that is 70 % lower."® These advancements signify a
paradigm shift in hydrogen production technologies and
underscore the broader implications for circular economy
frameworks."

With the global hydrogen economy anticipated to attain a
market valuation of $12 trillion by the year 2050 and annual
hydrogen demand expected to surpass 500 million metric tons,
there is an increasing international interest.* Governments
are instituting supportive policies and strategic funding ini-
tiatives to expedite adoption. The European Union’s Green
Hydrogen Strategy, for example, aims to install 40 GW of
electrolyzer capacity by 2030."° Similarly, nations such as
Japan, the United States, and South Korea are making sub-
stantial investments in clean hydrogen infrastructure. Regu-
latory frameworks that endorse carbon taxation, renewable
energy integration, and waste reutilization are crucial in pro-
moting the uptake of waste-derived catalytic technologies.

Despite these promising developments, numerous tech-
nical and operational challenges continue to exist. Concerns
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pertaining to catalyst durability, compositional inconsistency,
and integration with existing electrolyzer systems necessitate
resolution.* Moreover, the standardization of performance
indicators — such as overpotential at 10 mA/cm?, Tafel slope,
and Faradaic efficiency — exhibits limitations in the existing
body of literature, thereby complicating the reliable bench-
marking of performance across various studies. Furthermore,
exhaustive life cycle and economic evaluations specifically
designed for practical industrial applications remain notably
scarce.”> ™

This review aspires to address these significant de-
ficiencies by offering a comprehensive synthesis of recent
progress in waste-derived nano-catalyst technologies aimed
at green hydrogen production. It critically assesses their
catalytic efficacy through standardized HER metrics, in-
vestigates their environmental and economic ramifications
through lifecycle assessments, and considers their applica-
tion in pragmatic contexts such as industrial electrolysis,
wastewater remediation, and biohydrogen generation.
Additionally, the review discusses policy frameworks, mar-
ket readiness, and prospective research trajectories, ulti-
mately highlighting the transformative capacity of these
catalysts in facilitating scalable, cost-effective, and sustain-
able hydrogen production consistent with the principles of a
circular economy.

2 Methods
2.1 Nano catalysts from waste

The advent of nanostructured catalysts derived from waste
materials represents a significant paradigm shift in the
production of green hydrogen, steering the industry toward
processes that are both environmentally and economically
sustainable.'® These catalysts not only mitigate reliance on
limited noble metals but also facilitate the valorization of
industrial, agricultural, and municipal waste into high-
performance materials." This section offers an exhaustive
examination of the various waste types utilized for catalyst
synthesis, the innovative fabrication methods employed,
and the recent advancements in enhancing performance
and ensuring long-term viability.*

Figure 1 delineates the multistage transformation
process involved in converting waste into nano-catalysts,
which includes waste selection, physicochemical pretreat-
ment, nanostructuring, and application integration. This
flow diagram exemplifies the systematic incorporation of
circular economy principles into hydrogen generation
technologies.



DE GRUYTER

Cﬁs

C.S. D. et al.: Transforming waste to energy =—— 3

WasFe Pre-treatment Synthesis of
Materials
i of Waste Nano-Catalysts
Collection

Post-
Treatment and
Final Forming

Initial collection of
various waste types

Chemical
modification and
activation of waste

Sorting, cleaning, and
size reduction of
waste

Figure 1: Process flow for synthesizing waste-derived nano-catalysts.
2.2 Types of waste materials

Waste materials that have been conventionally perceived as
environmental liabilities are increasingly being redefined as
strategic precursors in the fabrication of HER-active nano-
catalysts. These precursors can be classified into four primary
categories: industrial byproducts, agricultural residues,
municipal solid waste, and novel waste streams, such as
electronic waste and byproducts from food processing.
Figure 2 illustrates the distribution of these sources, under-
scoring their escalating significance in catalyst research.’*-*

2.2.1 Catalyst precursors from industrial waste

Industrial byproducts, encompassing steel slag, red mud
(derived from bauxite processing), and fly ash, are abundant in
transition metals such as iron, aluminum, and silicon. These
metals function as active sites or catalytic supports.*' For
instance, iron-enriched red mud has been effectively utilized to
synthesize Fe-based catalysts that demonstrate HER over-
potentials as minimal as 180 mV at a current density of 10 mA/
cm?, which is on par with commercial iridium-based catalysts.”

2.2.2 Agricultural residues

Agricultural biomass — including rice husk, corn stover, and
sugarcane bagasse — holds significant value owing to its

mIndustrial Byproducts mAgricultural Residues

mMunicipal waste

Figure 2: Distribution of catalyst source materials.

Washing, drying, and
shaping catalysts

Final product
preparation for
application

elevated silica and carbon content. These substrates are
particularly suitable for the synthesis of carbon-supported or
silica-encapsulated metallic catalysts.”* For instance, a cata-
lyst derived from rice husk, specifically Ni-SiO,, exhibited a
Tafel slope of 76 mV/dec and maintained 90 % of its catalytic
activity after an extensive period of 800 h of electrolysis.**

2.2.3 Municipal waste

The plastic and organic components of municipal waste
represent promising feedstocks, attributable to their
hydrocarbon-rich composition. Through the processes of
thermochemical conversion and metal impregnation, these
waste materials can be transformed into porous carbon
frameworks characterized by a high electrochemical surface
area. Investigations into carbon supports derived from plastic
and doped with Co nanoparticles have revealed Faradaic ef-
ficiencies surpassing 90 % within alkaline HER contexts.”
Table 1 delineates a comparative analysis of various catalyst
types, elucidating discrepancies in Efficiency, stability, eco-
nomic considerations, and ecological ramifications associated
with catalysts sourced from industrial byproducts, agricul-
tural remnants, platinum, and iridium.

2.2.4 Emerging feedstocks

Recently investigated sources include food waste, electronic
waste, and textile sludge. By-products from food processing,
such as citrus peels or almond shells, yield functionalized
carbon scaffolds following pyrolysis.®' Electronic waste
presents valuable metals, including nickel, copper, and co-
balt, while textile sludge contributes iron and sulfur com-
pounds. These underappreciated materials enhance the
sustainability scope of catalyst development.*

2.3 Techniques for catalyst development

The transformation of waste materials
performance nano-catalysts necessitates

into high-
sophisticated
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Table 1: Properties of waste-derived nano-catalysts versus traditional catalysts.
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Catalyst type  Source material Overpotential @10 mA Tafel slope  Stability Faradaic TOF Cost Environmental
/em? (mV) (mV/dec) (h) efficiency (%) s ($/kg) impact
Waste-derived  Industrial steel slag 165 72 1,000 90 0.45 50 Low
Rice husk + Ni 160 76 800 88 043 45 Very low
Plastic waste + Co 170 78 900 91 0.4 48 Low
Red mud + Fe 180 80 850 89 0.41 42 Low
Textile sludge + 175 74 950 92 048 46 Medium-low
Ni-Co
Food waste 168 70 920 90 0.44 47 Very low
biochar + Mo
Traditional Platinum (Pt) 45 30 5,000 99 1.5 200 High
Catalyst Iridium (Ir) 60 35 4,500 97 1.3 180 High

synthesis methodologies specifically designed to maintain
and augment the functional characteristics of the precursor
substances.*® These methodologies facilitate the regulation
of surface chemistry, porosity, and particle distribu-
tion — essential parameters that significantly impact the ef-
ficiency of HER.** Figure 3 delineates three fundamental
methodologies — pyrolysis and gasification, Sol-Gel Tech-
niques, and Hydrothermal Synthesis — employed in the
transformation of waste materials into nanocatalysts. These
strategies promote sustainability by reutilizing organic, in-
dustrial, and agricultural byproducts for catalytic purposes.

2.3.1 Pyrolysis and gasification

The thermochemical breakdown of organic waste in inert
atmospheric conditions produces carbonaceous frameworks
that are conducive to the incorporation of metal species. For
instance, plastics subjected to pyrolysis can be subsequently
infused with nickel or cobalt, resulting in catalysts that

Synthesis Pathways to Nanocatalysts

A/

7\

Sol-Gel Methods

Creates silica-supported catalysts from agricultural waste.

Figure 3: Processing waste into catalysts.

exhibit superior conductivity and improved HER perfor-
mance. The variables of pyrolysis temperature and the
duration of residence have a direct bearing on the resultant
porosity and the formation of defect sites.>®

2.3.2 Sol-gel processing

This technique is particularly suitable for biomass with high
silica content. It permits the regulated gelation and distri-
bution of metallic entities within a silica matrix. The sol-gel
approach enhances both the surface area and catalytic sta-
bility, with HER-active substances demonstrating significant
selectivity and minimal onset potentials. Furthermore, this
method allows for the incorporation of dopants to modify
electronic characteristics.*

2.3.3 Hydrothermal synthesis

Hydrothermal techniques utilize aqueous environments
under elevated pressure and temperature to synthesize
crystalline metal oxides. For example, red mud treated hy-
drothermally with sodium hydroxide can produce sodium
ferrate (NaFeO,), an effective photoelectrocatalyst for the
process of water splitting. This method fosters precise
nanostructuring, which is crucial for optimizing charge
separation and ensuring durability within aqueous
settings.>’

2.4 Long-term performance and
degradation profiles

Although the initial HER efficacy of catalysts derived from
waste materials is comparable to that of noble metals, the
preservation of long-term catalytic activity presents a signif-
icant challenge.®® Research has demonstrated that catalysts
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synthesized from steel slag retained more than 80 % of their
original performance following 1,000h of uninterrupted
operation, albeit still falling short of the longevity exhibited by
platinum-based catalysts. The phenomenon of deactivation is
generally ascribed to mechanisms such as the leaching of
active sites, corrosion of carbon structures, or the sintering of
nanoparticles.*

In practical applications, a pilot-scale electrolysis system
utilizing slag-derived catalysts exhibited a 20 % enhance-
ment in hydrogen production efficiency during the initial
300 h. Subsequently, it experienced a 5 % reduction after six
months, primarily due to surface fouling. These findings
underscore the imperative for implementing surface
passivation methodologies, the development of hybrid
catalyst configurations, or the establishment of periodic
regeneration protocols.*’

2.5 Key technological advancements and
implications

Recent innovations have significantly improved the effi-
cacy and durability of waste-derived catalysts through
processes such as hybridization, surface functionalization,
and doping techniques.* For example, iron oxide catalysts
(Fe,03) derived from steel mill slag exhibited a 50 %
enhancement in turnover frequency relative to commer-
cially available iron oxide. In a similar vein, doped carbon
scaffolds originating from electronic waste demonstrated
markedly superior conductivity and resistance to
corrosion.*

In addition to performance improvements, these cata-
lysts confer substantial environmental advantages. LCA re-
veals that they can achieve up to 40 % reductions in CO,
emissions and 30% decreases in energy input when

Deposits atomic
layers for enhanced
catalyst
performance.

Converts waste into
reactive
nanostructured
powders.

Creates nanofibrous
3 mats for catalyst
support.

Electrospinning

Microwave-
Assisted
Synthesis

Uses microwaves for
4 efficient nanocatalyst
synthesis.
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compared to traditional catalysts. The environmental ben-
efits, in conjunction with diminished reliance on raw ma-
terials, further substantiate the congruence of waste-derived
catalysts with the principles of a circular economy and the
objectives of climate policy.**

3 Technological innovations and
case studies

Recent developments in the design of catalysts for hydrogen
generation have underscored the importance of employing
nanostructured materials derived from waste. These
advancements strive to establish an equilibrium among
catalytic efficiency, economic viability, and ecological
sustainability. This section elucidates cutting-edge synthesis
methodologies and practical applications, demonstrating
how catalysts derived from waste are emerging as credible
substitutes for traditional noble-metal systems in industrial
contexts.**

3.1 Innovative techniques in catalyst
synthesis

The efficacy of catalysts derived from waste is fundamentally
influenced by the synthesis approach employed, which gov-
erns critical attributes such as surface area, dispersion of active
sites, electron transport dynamics, and structural integrity.*
Figure 4 illustrates an infographic delineating four
principal synthesis techniques: ALD, High-Energy Ball Mill-
ing, Electrospinning, and Microwave-Aided Synthesis. These
methodologies enhance catalytic efficacy, longevity, and
ecological sustainability in the production of hydrogen.

High-
Performance
Nanocatalysts

)
0

Figure 4: Transforming waste into catalytic
innovation.
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3.1.1 Atomic layer deposition

ALD facilitates the atomically precise deposition of active
materials onto supports characterized by high surface areas,
thereby enhancing both the uniformity and reactivity of cat-
alytic systems.*® For example, ultra-thin layers of platinum
deposited on carbon supports derived from plastic materials
via ALD have demonstrated overpotentials aslow as 78 mV at
a current density of 10 mA/cm? along with Tafel slopes below
50 mV/dec, indicating exceptional performance in HER at
diminished metal loadings.*’

3.1.2 High-energy ball milling

The mechanical technique of high-energy ball milling is an
efficacious method for reducing particle sizes and enhancing
the reactivity of waste precursors, such as fly ash. When this
method is combined with the impregnation of transition
metals, it yields nanostructures that exhibit enhanced metal-
support interactions, resulting in increased turnover fre-
quencies and improved durability of catalysts in HER con-
ducted under alkaline and neutral pH conditions.*®

3.1.3 Electrospinning

Electrospinning facilitates the generation of carbon nanofibers
from polymers derived from biomass, such as lignin and cel-
lulose obtained from agricultural waste. These nanofibers
demonstrate high electrical conductivity and mechanical sta-
bility. When functionalized with transition metals such as
nickel or cobalt, they can attain Faradaic efficiencies exceeding
90 % alongside operational stability surpassing 900 h.*®

3.1.4 Microwave-assisted synthesis

The microwave-assisted synthesis technique is character-
ized by its energy-efficient capabilities to accelerate chemi-
cal reactions, thereby reducing synthesis durations while
enhancing both crystallinity and dispersion. This method
proves particularly effective in the production of mixed
metal oxide catalysts derived from municipal and electronic
waste precursors, achieving HER performance metrics that
are comparable to those obtained from sol-gel-derived ma-
terials while utilizing a significantly lower energy input.>

3.2 Real-world applications and
performance metrics

The practical application of waste-derived catalysts in in-
dustrial and municipal hydrogen production systems has
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substantiated their performance, cost-effectiveness, and
ecological benefits. The subsequent case studies exemplify
successful implementations and comparative evaluations
against traditional systems.>

3.2.1 Industrial water splitting - Germany

Within a pilot facility located in Germany, a catalyst syn-
thesized from steel mill slag was incorporated into an elec-
trolytic water-splitting system. The iron-based -catalyst
derived from slag achieved a hydrogen production rate that
parallels that of commercial platinum systems, exhibiting an
overpotential of 160 mV at a current density of 10 mA/cm?
and a Tafel slope of 72 mV/dec.”! Operational durability was
confirmed at over 500 h with a performance degradation of
less than 5 %. From an economic perspective, the cost of the
catalyst was determined to be 70 % lower than that of
platinum-based alternatives, thereby affirming both its
technical and financial viability.*

3.2.2 Renewable hydrogen production - California, USA

A renewable energy facility situated in California employed
a carbon catalyst derived from almond shells within a pho-
toelectrochemical (PEC) hydrogen generation system. This
catalyst achieved a 20 % enhancement in quantum efficiency
compared to conventional silicon photocatalysts, with a
Faradaic efficiency recorded at 88% and a substantial
reduction in photon-to-hydrogen energy conversion costs.
This biomass-derived approach also contributed to the
alleviation of agricultural waste disposal requirements,
thereby reinforcing the principles of a circular economy.>

3.2.3 Wastewater treatment integration - Japan

In Japan, a municipal wastewater treatment facility imple-
mented a photoelectrochemical hydrogen generation system
that utilized a catalyst synthesized from sewage sludge ash.
Comprising iron-silicon nanocomposites, the catalyst
initially encountered variability issues attributable to
inconsistent ash composition. The introduction of stan-
dardized chemical and thermal pre-treatment protocols
significantly improved stability and reproducibility, leading
to a 45% reduction in hydrogen production costs while
diverting a considerable volume of waste from landfills>*.

3.2.4 Industrial hydrogen production
retrofit - Netherlands

A hydrogen production facility in the Netherlands under-
took a retrofit of its electrolyzer systems to integrate a
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chromium/nickel-modified steel slag catalyst. Notwithstanding
the difficulties associated with the compatibility of pre-existing
infrastructure, the implementation of adaptive modifications
in both operating temperature and pressure facilitated a
seamless integration process. The outcomes demonstrated a
30% decrease in operational expenditures and a 15%
enhancement in hydrogen purity, thereby providing advan-
tages for downstream applications necessitating high-quality
H,. This initiative highlighted the dual benefits of mitigating
environmental impact while simultaneously enhancing in-
dustrial scalability.>

Table 2 presents a comprehensive overview of interna-
tional case studies that underscore the efficacy of diverse
recycled catalysts. It elucidates their performance in-
dicators, economic implications, and ecological advantages,
ranging from carbon dioxide mitigation in Germany to the
enhancement of biodiversity in Brazil.

These international case studies substantiate the tech-
nical, economic, and environmental merits of the integration
of waste-derived catalysts within diverse hydrogen produc-
tion frameworks. The uniform performance — comparable to
conventional Pt/Ir systems — coupled with fiscal efficiencies
and ecological benefits, emphasizes their scalability and
commercial viability. Ongoing investigations into standardi-
zation, hybrid catalyst configurations, and regulatory
endorsement will be crucial to promote more extensive in-
dustrial assimilation. Collectively, these advancements signify
a significant progression toward achieving a cost-effective,
low-carbon hydrogen economy propelled by circular resource
utilization.*

4 Environmental impact and
economic viability

The incorporation of waste-derived nano-catalysts into
hydrogen production epitomizes a significant intersection of
ecological accountability and economic feasibility. This sec-
tion provides a thorough evaluation of the catalysts’ lifecycle
ramifications, sustainability benefits, and economic practi-
cability across various industrial contexts.

4.1 Quantitative environmental benefits

Environmental efficacy serves as a pivotal criterion for the
implementation of catalytic technologies aimed at green
hydrogen production. LCA methodologies furnish robust
frameworks for quantifying environmental repercussions
linked to catalyst utilization, encompassing emissions,
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resource consumption, and waste redirection.®® Figure 5
delineates the fundamental environmental advantages
associated with the utilization of waste-derived nano-
catalysts.

4.1.1 Emissions reduction

The deployment of catalysts derived from waste materials
markedly diminishes greenhouse gas emissions when
juxtaposed with conventional methodologies. LCAs demon-
strate that catalysts originating from steel slag can abate CO,
emissions by as much as 40 % in comparison to platinum-
based systems. This is chiefly attributable to the cessation of
energy-demanding raw material extraction and processing
phases and the repurposing of industrial refuse that would
otherwise be consigned to landfills.**

4.1.2 Energy savings

Documented energy savings of up to 30% have been
observed during both the synthesis of catalysts and their
operational applications. Catalysts derived from waste ma-
terials frequently necessitate less energy-intensive fabrica-
tion techniques (e.g., microwave-assisted synthesis) and
present enhanced reaction Kinetics, consequently dimin-
ishing overall energy consumption during HER.%®

4.1.3 Waste reduction

By transforming substantial quantities of industrial and
agricultural waste into catalytic substances, these technol-
ogies mitigate the burden on landfill infrastructures. For
instance, the annual reutilization of red mud and fly ash as
precursors for catalysts not only curtails the accumulation of
hazardous waste but also diverts thousands of tons of ma-
terials from waste streams, thereby bolstering zero-waste
initiatives.%®

4.1.4 Comparative LCA outcomes

Comparative LCAs conducted between traditional and
waste-derived catalysts indicate that the latter provides
comparable or superior HER performance while maintain-
ing significantly lower environmental impacts. These eval-
uations encompass comprehensive cradle-to-grave
analyses — addressing raw material procurement,
manufacturing processes, operational lifespan, and end-
of-life disposal or recycling.®’
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Table 2: Global impact of recycled catalysts: case studies.”**~®’
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Country Catalyst source Overpotential Tafel slope Stability (h) Cost Environmental benefits
@10 mA/cm? (mV) (mV/dec) reduction (%)
Germany Steel mill slag 165 72 1,000 30% CO, emissions reduced by 40 %, improved air
quality, industrial waste valorization
Japan Sewage sludge ash 180 79 800 45% 80 % waste diverted from landfills, integra-
tion with wastewater treatment systems

USA Almond shell 158 70 1,200 35% High quantum efficiency in PEC systems,
biochar biomass repurposing, landfill reduction

India Textile sludge + 175 74 850 18% Water pollution reduction, lower synthetic
Ni-Co catalyst demand

UK Electronic waste 170 69 1,000 15% Decreased e-waste volume, lower heavy
(Cu/Ni) metal disposal, safer processing

Brazil Sugarcane 162 71 950 28 % Reduced agro-industrial waste, improved
bagasse biodiversity through soil enhancement

Canada Recycled glass 168 75 900 22 % Avoided glass landfill accumulation, reduced
(Si0, matrix) demand for mined silica

South Africa Mining tailings 160 77 1,100 25% Heavy metal immobilization, reduced water
(Fe/Mn base) contamination, mine reclamation

Australia Coffee ground 167 73 880 24 % Organic waste recovery, methane emission
carbon + Mo reduction from decomposing coffee waste

China Red mud + Fe 178 80 920 32% Bauxite residue repurposing, reduction in
Catalyst hazardous material disposal

Netherlands Steel slag + Cr/Ni 160 70 970 30% Integration into legacy systems, decreased
modified virgin metal demand

South Korea Plastic waste 172 78 890 26 % Conversion of polymer waste, lower
carbon + Co incineration-related air pollutants

France Food waste 169 76 940 21% Organic waste circularity, reduced reliance on
biochar + Zn mined Zn catalysts

Indonesia  Coconut husk 165 74 870 19% Agro-waste reuse, reduced synthetic carbon
carbon + Ni footprint in rural hydrogen units

[ Emissions Reduction @l] ~

A

Enhancing

Minimized fossil fuel dependency —-s

\

Reduced CO, emissions - -’ N

Comparative LCAs @T -~

Superior environmental benefits - -E
|
)

Hydrogen
Production
Sustainability

rpp—

Similar efficiency to platinum
catalysts

4.1.5 Holistic environmental perspective

When considered collectively, waste-derived nano-catalysts
contribute to a markedly diminished ecological footprint. In
addition to their impact on emissions and energy consump-
tion, they promote environmental sustainability by facilitating
the closure of material loops, endorsing resource circularity,
and reducing long-term environmental liabilities.*®

~- Reduced energy consumption

e f?}, Waste Reduction

E—- Diverting waste from landfills
‘~- Reusing industrial by-products

- High catalytic efficiency

Figure 5: Enhancing hydrogen production
sustainability.

4.2 Life cycle analysis and sustainability
assessments

The sustainability profile of catalysts derived from waste
materials is intricately connected to their entire life-
cycle — from the sourcing of raw materials to their eventual
disposal. Figure 6 illustrates a lifecycle diagram that de-
lineates sustainability checkpoints at each phase.
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4.2.1 Resource utilization

Traditional catalytic systems predominantly depend on rare
earth elements and critical resources, frequently extracted
through environmentally detrimental methods. Conversely,
catalysts derived from waste materials utilize secondary
raw materials — such as steel slag, red mud, or electronic
waste — thereby preserving limited natural resources and
diminishing the ecological impact associated with extraction
and processing.®’

4.2.2 Energy consumption

The fabrication of conventional catalysts generally necessi-
tates high-temperature processing and rigorous purification
protocols. A considerable number of waste-derived alter-
natives can be synthesized under less severe conditions
employing energy-efficient methodologies, thereby signifi-
cantly lowering the cumulative energy expenditure linked to
catalyst production.”

4.2.3 Emissions and waste management

The conversion of waste into catalytic substances alleviates
the emissions linked to traditional waste management ap-
proaches, such as incineration and landfilling. This not only
curtails greenhouse gas emissions but also provides secure,
value-enhancing strategies for the management of hazard-
ous waste.”

Gathering diverse waste

Catalyst End-of-
Life and Recycling

Pre-Treatment of
Waste

Ensuring environmental
safety and reuse

Preparing materials for
reactivity

Catalyst
Performance and
Durability

Catalyst Synthesis

Creating nanostructured
catalysts

Assessing catalyst
functionality

Application in
Hydrogen
Production

Utilizing catalysts in
hydrogen systems

Figure 6: Sustainable catalyst lifecycle.
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4.2.4 End-of-life and recyclability

Catalysts synthesized from waste materials typically
demonstrate diminished environmental toxicity and exhibit
greater feasibility for recycling and regeneration compared
to their noble metal equivalents. Their more straightforward
composition can promote safer end-of-life management and
improve the potential for a circular economy.”

Table 3 offers an exhaustive juxtaposition of different
catalyst classifications, elucidating their originating mate-
rials, catalytic performance, durability, production ex-
penses, ecological ramifications, energy efficacy, and
sustainability evaluations, spanning from conventional to
avant-garde and bio-derived catalysts.

A research investigation revealed that utilizing nano-
catalysts originating from agricultural by-products for
hydrogen generation diminished the total carbon footprint
by nearly 40 % compared to methodologies utilizing tradi-
tional metallic catalysts. This enhancement was primarily
ascribed to the diminished energy requirements and the
obviation of raw material extraction and processing
phases.”

4.3 Economic analysis

The economic feasibility of nano-catalysts derived from
waste materials is increasingly acknowledged as both
practical and scalable, particularly within the framework of
the burgeoning green hydrogen economy.

4.3.1 Production costs

The synthesis of catalysts utilizing waste materials is asso-
ciated with substantially lower input expenses. Raw waste
streams, including red mud, slag, and organic refuse, either
possess low economic value or are regarded as detrimental
due to associated disposal costs. Their incorporation into
catalyst production engenders estimated reductions in pro-
duction expenses ranging from 50 % to 75 % in comparison
to catalysts based on noble metals.”’

4.3.2 Operational costs

The economic viability of operations is contingent upon the
longevity, efficiency, and requirements for regeneration of
the catalyst. Catalysts derived from waste have demonstrated
consistent operational performance exceeding 800-1,000 h,
exhibiting diminished degradation rates in specific formula-
tions. These durability indicators facilitate a reduction in the
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necessity for frequent replacements and bolster cost-efficient
scaling.”®

4.3.3 Waste management savings

Industries characterized by substantial waste generation — such
as mining, steel production, and agriculture — are positioned
to realize financial advantages through diminished landfill
and treatment expenditures. The transformation of waste
into value-added catalytic materials serves to mitigate
waste disposal costs while concurrently promoting resource
recovery.”

4.3.4 Market opportunities

The global market for green hydrogen is anticipated to
surpass $12 billion by the year 2030, expanding at a com-
pound annual growth rate (CAGR) exceeding 50 %. This swift
growth fosters a persuasive business rationale for the
commercialization of cost-effective, high-performance cat-
alytic systems, particularly those that conform to environ-
mental, social, and governance (ESG) standards. Waste-
derived catalysts, owing to their combined environmental
and economic benefits, are strategically poised to capture a
substantial segment of this emergent market.*’

In summary, nano-catalysts derived from waste mate-
rials offer significant environmental and economic advan-
tages throughout their lifecycle - from cost-effective
production and improved energy efficiency to emissions
mitigation and waste valorization. Their incorporation into
hydrogen production frameworks epitomizes a strategic
methodology to advance sustainability objectives and
decrease operational costs concurrently. As the global de-
mand for hydrogen intensifies, these catalysts are poised to
assume a pivotal role in facilitating a future of cost-effective,
circular, and decarbonized energy.®

5 Challenges, future directions,
and innovations

The incorporation of waste-derived nano-catalysts into the
production of green hydrogen signifies a significant
advancement toward sustainable and economically viable
energy solutions. Nonetheless, realizing their full potential
necessitates resolving an array of technical, economic, and
systemic obstacles.** This section delves into current con-
straints, burgeoning research trajectories, technological
advancements, and the pivotal importance of interdisci-
plinary collaboration in propelling this domain forward.
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5.1 Technical barriers
5.1.1 Catalyst stability and durability

Despite the competitive initial performance exhibited by
waste-derived catalysts, their long-term operational stability
frequently falls short in comparison to traditional platinum-
or iridium-based systems. Mechanisms of deactivation,
which include sintering, surface poisoning, and leaching,
significantly diminish catalytic efficacy over time. To
enhance longevity and reduce regeneration cycles, it is
imperative to implement strategies such as dopant integra-
tion, stabilization of nanostructures, and sophisticated sur-
face engineering.®

5.1.2 Scalability of production

The translation of laboratory-scale synthesis to industrial-
scale manufacturing continues to present substantial chal-
lenges. Among these challenges are the preservation of
nanostructure integrity, the assurance of uniformity across
production batches, and the minimization of costs during the
scaling process. Promising methodologies, including
continuous flow synthesis and modular production systems,
may facilitate the large-scale production of high-quality
materials.®*

5.1.3 System integration compatibility

The integration of novel catalysts into pre-existing electrolysis
or hydrogen production systems necessitates meticulous
reconfiguration of operational parameters — particularly
concerning the optimization of temperature, pressure, and
pH levels. Incompatible system architectures may yield sub-
optimal catalyst performance, thereby necessitating en-
hancements in reactor design, fluid dynamics, and control
systems.®

5.2 Economic barriers
5.2.1 High initial investment

Although the application of waste-derived catalysts leads to
reductions in material and production expenditures, the
initial integration frequently incurs substantial capital out-
lays. These expenses encompass system retrofitting, the
requisite operational training, and potential downtime
associated with the transition to new technologies. Over
time, economies of scale and government incentives may
alleviate some of these initial financial burdens.®
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Innovation Developer/institute Readiness Potential impact Technology Market application  Development
level (1-5) domain stage

Hybrid organic- GreenTech 4 High HER efficiency, Advanced Petrochemical Pilot scale
inorganic catalyst Innovations reduced material costs materials refining, hydrogen
Al-driven catalyst ~ Catalyst Corp 3 Accelerates design time by Computational Multi-sector (energy,  Research phase
design 60 %, reduces trial-and- modeling pharma)

error
Recycled metal Sustainable Solutions 5 Reduces virgin metal use, Waste valorization Hydrogen production, Commercialized
catalyst Lab circular economy boost batteries
Bio-hybrid catalyst BioCatalytics Inc. 4 Improves biodegradability ~Biotech and green Pharmaceuticals, food Pilot scale

and selectivity chemistry sector
Nanoparticle NanoTech Solutions 3 Enhances reaction speed  Nanomaterials Energy storage, water Developmental
catalyst and electron mobility splitting
Graphene-based  Advanced Graphene 2 High conductivity, corro-  Carbon Allotropes  Sensors, PEM fuel Cells Lab scale
catalyst Industries sion resistance
Machine learning- Al materials group 2 Predicts alloy behavior with Al and materials  Alloy development for  Proof-of-Concept
tuned alloy 92 % accuracy Informatics catalysis
Biogenic Microbial Energy Lab, 3 Zero-waste synthesis, eco- Microbial Environmental catal-  Research phase
nanocatalyst MIT friendly lifecycle engineering ysis, Biorefineries
Quantum Dot QuantumCatalyze 2 High surface energy, fast ~ Nano-electronics ~ Photocatalysis, Lab scale
Catalyst Ltd. kinetics Optoelectronics
CNT-infused waste CleanCarbon Tech 4 Reinforced durability, suit- Composite Industrial hydrogen Pilot scale
catalyst able for alkaline HER catalysts production

5.2.2 Market acceptance and policy frameworks

The widespread adoption of these innovations hinges on the
establishment of confidence in both the performance and
reliability of hydrogen produced via novel catalytic path-
ways. The alignment of regulatory frameworks, the estab-
lishment of standardization, and the implementation of
supportive policy mechanisms — such as green procurement
initiatives and carbon credit systems — will be critical to
ensuring market preparedness.®’

5.3 Research and development priorities

In order to address the challenges delineated, focused
research and development endeavors must be undertaken.
Table 4 elucidates significant advancements in catalyst
technology from entities such as GreenTech Innovations and
Catalyst Corp, encompassing a wide array of applications
ranging from petrochemical refining to electronic systems. It
provides a comprehensive overview of each innovation’s
readiness for commercialization, potential influence, appli-
cable market sectors, and stage of development, thereby
emphasizing the critical necessity of progressing these
technologies to fulfill industry requirements.

5.3.1 Performance optimization

Future research endeavors must prioritize the integration of
dopants (such as nitrogen, sulfur, and phosphorus) and the
design of hybrid architectures that augment both catalytic
efficacy and longevity. Methodologies such as interface
modulation and defect engineering are imperative for
enhancing charge transfer and mitigating degradation.”

5.3.2 Scalable and green synthesis

Novel methodologies, including microwave-assisted synthesis
and continuous flow production, facilitate energy-efficient
and reproducible manufacturing processes on an industrial
scale. These techniques significantly reduce batch-to-batch
variability while concurrently minimizing carbon emissions.”*

5.3.3 Lifecycle and end-of-life management

The development of closed-loop systems for the recycling and
regeneration of catalysts is essential to maximizing sustain-
ability. Lifecycle assessment — encompassing cost analysis,
energy consumption, and environmental ramifications — is
crucial for alignment with the objectives of the circular
economy.”
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5.3.4 Adaptive system integration

The advancement of modular electrolyzers that can adapt to
various catalytic materials will effectively reduce barriers to
adoption. The integration of Internet of Things (IoT)-enabled
sensors for real-time monitoring has the potential to elevate
operational efficiency further and facilitate predictive
maintenance.”

6 Conclusions

The application of waste-derived nano-catalysts in the context
of green hydrogen production signifies a crucial development
in the quest for sustainable and economically viable energy
technologies. These innovative materials provide a persua-
sive alternative to traditional precious metal catalysts,
achieving similar catalytic efficacy while markedly mitigating
environmental repercussions and reducing material expen-
ditures. For example, catalysts derived from industrial
byproducts, such as red mud, have exhibited cost reductions
of up to 60 %, thereby underscoring their economic viability.
Notwithstanding significant advancements, numerous chal-
lenges remain — foremost among these are the long-term
durability of such catalysts, their scalability for industrial
utilization, and the intricate process of integrating them into
established hydrogen production frameworks. Addressing
these obstacles demands focused research aimed at
enhancing catalyst longevity, refining synthesis techniques,
and fostering material engineering to facilitate continuous,
high-throughput production. Importantly, the transition from
laboratory-based innovations to industrial applications ne-
cessitates robust collaboration among academic institutions,
industry stakeholders, and governmental agencies. Strategic
alliances can expedite technology transfer, bolster pilot-scale
demonstration initiatives, and propel the creation of stan-
dardized protocols for both production and deployment.
Moreover, flexible regulatory frameworks, in conjunction
with financial incentives such as tax credits, grants, and
procurement initiatives, are vital for mitigating risks
associated with investment and promoting widespread
adoption. Waste-derived nano-catalysts possess the capac-
ity to transform the hydrogen economy by converting
waste streams into valuable resources for clean energy
generation. Their integration aligns with broader
climate goals by facilitating circular resource utilization,
diminishing reliance on critical raw materials, and aiding
in the reduction of greenhouse gas emissions. As global
momentum surrounding green hydrogen intensifies, sus-
tained investments in research and development, sup-
portive policy frameworks, and stakeholder collaboration
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will be critical for the scaling of this innovation. By con-
fronting existing challenges and leveraging collaborative
opportunities, waste-derived nano-catalysts can emerge as
foundational elements of sustainable energy systems and
pivotal enablers of a low-carbon future.
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