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The rapid surge of renewable energy sources has been influenced by the high rate of energy consumption and the
low sustainability of traditional energy sources. Being an excellent energy source, hydrogen does not leave any negative
carbon footprint as it only produces water during the combustion process. It is carbon neutral which can be produced from a
variety of waste feed stocks or biomass, making it the most efficient and environmentally friendly form of energy amid all
biofuels. To meet the future hydrogen demand, biological processes like bacterial fermentation, are considered to be
environmentally favourable option. Since biomass is abundant, cheap, and biodegradable, it is considered profitable for
biohydrogen production. Though photo-biological and dark fermentation methods are regarded as successful in generating
biohydrogen, their lower yields pose significant challenges for its commercial production. Studies are being conducted to
improve efficiency, and here is where nanomaterials come into play by influencing biological processes at the cellular level.
They can act as catalysts speeding up the reactions that create hydrogen and making the process more sustainable. Owing to
their distinct properties such as stability, crystalline nature, high ratio of surface to volume, adsorption ability, and increased
electroconductivity significantly enhance hydrogen generation. In this paper, the applications of nanomaterials such as
metals, metal alloys, metal oxides, nanocomposites, and inorganic nanoparticles to improve biohydrogen production have

been reviewed.
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1. INTRODUCTION

The goal of the recommended net-zero targets
for climate change is to find low-cost, carbon-free
alternative energy sources that can power a country's
energy security and autonomy without posing any
pollution (Karthikeyan et al. 2024). Since fossil fuels
produce pollution that contributes towards the exhaustion
of fossil fuel reserves, depending exclusively on fossil
fuels to power modern economies is unsustainable and
detrimental to the environment. Renewable energy is a
possible solution to numerous issues associated with
fossil fuels. Akia ef al. (2014) and Sekoai et al. (2019)
cited biofuels as economical, simple to produce, eco-
friendly, emission-free, effective, and ecologically
beneficial renewable energy sources. According to
Ladole et al. (2017), some examples of liquid and
gaseous biofuels are bioethanol, bio-butanol, bio-diesel,
bio-oil, biogas, bio-methane, bioethane, bio-butane and
biohydrogen. Because of its several advantages,
biohydrogen has drawn great interest over other biofuels.
These include the production of water vapour without
pollution, having a high energy content of 120 kJ/g,
utilizing diverse feedstock and bacteria from varied

natural environments, and ease of production on a large
scale at ambient temperature and pressure.

An attractive alternative to fossil fuels is
hydrogen, which has a high energy density and produces
no greenhouse gases during combustion. When it comes
to power Dbalance, fermentation-based hydrogen
synthesis from cellulosic materials is an inexpensive,
ecologically safe method that offers a reliable path for
exploiting vast quantities of underutilized biomass. It is a
clean fuel because, when it burns, the only byproduct it
creates is water, unlike fossil fuels. Only the utilization
of engines and energy that use hydrogen as a fuel, which
significantly reduces fuel gas emissions, can really
"greenify" automobiles. The formation of hydrogen
through biological channels is carbon neutral and may
have advantages over other processes such as
thermochemical and electrochemical ones, as it may use
a wide range of biologically flexible renewables to
function at ambient pressure and temperature while
requiring less energy input (Karthikeyan et al. 2024).

Agriculture, water  purification, drug
administration, food, cancer therapy, and energy are
among the rapidly developing fields that use
nanotechnology. In particular, iron and nickel
nanomaterials play an important role as cofactors in
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enzymes that produce biohydrogen. Stability, adsorption
capacity, high ratio of surface to volume, catalytic
properties, enhanced electroconductivity, and crystalline
nature are among the distinctive characteristics of
nanomaterials. Furthermore, adding nanomaterials to the
lignocellulosic biomass during the pre-treatment stage
could improve lignin removal, which would enhance the
sugar yield and accelerate the overall process. The
enzyme cellulase catalyzes the process of enzyme
hydrolysis, or the transformation of cellulose into glucose
(sugar). Its pH and thermal stability are influenced by
nanomaterials, which further creates an anaerobic
environment that allows the hydrogenase enzyme to
work, increasing the amount of hydrogen produced
(Salame et al. 2018)

Beyond the benefits of raising biohydrogen
yield and enzymatic activity, their expensive and risky
synthesis procedures imply that the complete process is
not yet viable from an environmental and pilot-scale
production perspective (Srivastava et al. 2020). One
possible and sustainable option is a low-cost “Green
synthesis” which would use organic waste to create
nanomaterials economically. A yield of 3428 mL/L was
observed for 410 hours in the biohydrogen synthesis
carried out by Srivastava et al. (2020) utilizing crude
enzyme and sugarcane bagasse treatment applied to
magnetite particles. Using cobalt ferrite nanoparticles
doped with copper and aluminium, Li et al. (2022)
achieved a biohydrogen yield of 213 mL/g glucose.
Green synthesized magnetic iron nanoparticles were used
to boost biohydrogen synthesis synergistically with a
yield of 0.72 mol H»/mol of glucose (Aziz et al. 2022). In
an experiment conducted by Yildirim ef al. (2024) green
engineered nanoparticles were used to produce 213 mL
H./g glucose of biohydrogen. The research for
biohydrogen production using nanoparticles as a catalyst
has intensively increased, and with the use of
nanomaterials with particular physiochemical and
structural characteristics nanoscience and technology
play a significant role in enhancing the production of
biohydrogen.

2. BIOHYDROGEN

One potential alternative energy source derived
from sustainable and renewable sources is hydrogen
(Plangklang et al. 2012). It is an environmentally friendly
fuel that produces both electricity and water, mitigating
the adverse effects caused by fossil fuel consumption
(Poleto et al. 2016). Hydrogen is the purest fuel among
all commonly used fuels, including coal and oil and has
the highest calorific value because bacterial fermentation
produces it as a byproduct (Liu ef al. 2020). The term
“biohydrogen” refers to the dihydrogen gas (H»)
produced by various microorganisms like bacteria, algae,
and archaea. Several biological processes, such as
microbial electrolysis, direct and indirect bio-photolysis,
dark and photo-fermentation, can yield biohydrogen
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(Srivastava et al. 2017). Different biological methods for
generating biohydrogen require different organic
substrates and micro-organisms. These methods, which
make use of biowastes, are pollution-free and less
expensive than other energy-producing techniques. In
addition to being a viable sustainable energy source,
biohydrogen provides a good substitute for carbon-based
fuels. Due to its renewable nature, high cellulose
concentration, and abundant availability, the most
flexible organic substrate for large-scale biological
biohydrogen production is lignocellulosic biomass
(Wang et al. 2017). Even though the most sustainable
method for producing biofuels from biomass is biomass
into biohydrogen, there are still several issues that must
be resolved before it can be widely used in industry
(Nikolaidis et al. 2017). In this context, Fani et al. (2018)
discussed the role of nanotechnology in many
biochemical areas. According to Pugazhendhi er al.
(2019), nanomaterials possess unique features that can
significantly improve the method of transforming
biomass into biohydrogen.
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Fig. 1: Various applications of biohydrogen

According to Zilouei and Taherdanak (2015),
many nanomaterials, including iron, nickel, gold,
titanium, and silver have been shown to improve the
production of biohydrogen through several biological
processes, such as dark and photo-fermentation, bio-
photolysis, and others. Nanomaterials are present in large
concentrations near the active sites of hydrogenase and
nitrogenase enzymes, and they function as co-factors by
enhancing the synthesis of biohydrogen. They can
scavenge oxygen, and reduce the possibility of oxidation-
reduction by removing excess oxygen during
fermentation. As a result, an ideal anaerobic environment
for the hydrogenase enzyme’s activity can be created,
improving the yield of biohydrogen (Lin et al. 2016).
Biohydrogen finds applications over a wide range from
chemical industries, transportation to the generation of
electricity which are summarized in Fig. 1.
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3. PRODUCTION OF BIOHYDROGEN

Being an essential gas, hydrogen is utilized as a
source of sustainable energy and as fuel in some
industries. As a result, there has been a rapid growth in
the need for hydrogen generation. While auto-thermal
technologies, water electrolysis, and hydrocarbon steam
reforming are popular methods for generating hydrogen,
their large power consumption needs render them
impractical (Zhao et al. 2013). The current state of
biohydrogen production involves four main processes:
dark fermentation, photo-fermentation, microbial
electrolytic cell, and bio-photolysis. All of these
technologies are environment-friendly, sustainable, and
renewable energy-producing as they use organic waste
and water as substrates to generate biohydrogen (Feng et
al. 2023). Hydrogen is produced by biological processes
that are photosensitive or photo-independent. While
bacteria are employed in dark fermentation, microalgal
processes similar to photo-fermentation and bio-
photolysis depend on light to take place. Hydrogenase
and nitrogenase are two vital enzymes for biohydrogen
production (Das, 2001).

According to Kim et al. (2011), the bidirectional
oxygenation of hydrogen into protons and electrons is
carried out by hydrogenase. Nitrogenase, which is mostly

found in bacteria produces hydrogen following
nitrification in an anoxic environment. However,
compared to hydrogenase, it is less successful at

producing biohydrogen (Nagarajan et al. 2017).
Cyanobacteria are highly relevant and profitable as
potential hydrogen generators because they make
hydrogen by converting solar energy from water. The
complete classification of biohydrogen production is

depicted in Fig. 2.
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Fig.2: Biohydrogen production process

3.1 Dark Fermentation Process

Dark fermentation is reported as the most
popular technique for producing biohydrogen (Sambusiti
et al. 2015). It is an efficient and effective method for the
generation of hydrogen (Fig. 3). This is because of its
high rate of hydrogen production, versatility in using
different substrates (especially lignocellulosic biomass),
and less energy consumption while operating at ambient
conditions. Under dark fermentation, a variety of

279

adaptable fermentative microbes, including Citrobacter,
Rhodopseudomonas, Enterobacter, Lactobacillus, and
Clostridium, can be employed to generate biohydrogen.
Numerous effective research on the microbial
decomposition of organic waste for biohydrogen
production has been reported by Khamtib ez al. (2012).
The dark fermenting bacteria thrive on the sugar-rich
organic substrate to produce pyruvate by glycolysis. This
pyruvate by ferredoxin reduction is then oxidized to
acetyl CoA, which yields ATP and acetate. The enzyme
hydrogenase then oxidizes the reduced ferredoxin,
resulting in the generation of biohydrogen (Ramprakash
etal. 2018).

Biomass H F

Organic
acids

Fig. 3: Representation of dark fermentation process

The acetate process can theoretically produce
four moles of hydrogen per mole of glucose, whereas the
butyrate pathway can produce two moles of hydrogen per
mole of glucose. The representation equation for dark
fermentation is given below as:

CeH 12,06+ 2H,0 — 2CH5COOH + 2CO,+ 4H>»

A study on the synthesis of biohydrogen using
dark fermentation was published by Khamtib et al.
(2012). Under optimal conditions of temperature 60 °C,
C:N ratio of 20:1, pH6.5, and a xylose concentration of
10 g/L. Because the hydrogenase enzyme is not inhibited
by light or oxygen, this technique can produce hydrogen
at a greater rate continuously and at a continuous supply
(Khamtib et al. 2012). Also, this method yields many
metabolic intermediates, particularly organic acids with
additive qualities, which can be utilized to synthesize
additional commercial goods (Das, 2001).

Since hydrogen is produced at a higher rate via
dark fermentation and requires less time for microbial
growth than biophotolysis and photo fermentation, it is
more economical in laboratory settings. The hydrogen
produced by dark fermentation is easy to use, reliable,
and has the highest yield relative to several alternative
non-fermentative techniques (Senthil Rathi et al. 2024).
Additionally, a variety of bio-waste can be utilized as
dark fermentation feedstock for hydrogen production,
adding even more benefits to recycling and reuse.
Incremental enrichment is a process enhancement
approach that has gained attention recently due to its
ability to improve process performance along with the
benefits of simpler operations and lower energy
utilization (Yang et al. 2018). Several benefits come with
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dark fermentation, which include the capacity to use a
range of feedstock sources, illumination independence,
and a comfortable atmosphere. Anaerobic micro-
organisms can also be introduced as mixed or single
cultures. Dark fermentation is preferable since photo-
fermentation needs light energy (Saravanan ef al. 2022).

However, the dark fermentation process is
constrained by the limited hydrogen yield. The main
drawback of dark fermentation is the formation of toxic
compounds. It is also affected by different factors such
as temperature, pH, hydraulic retention time, and
inoculum percentage. Furthermore, the accumulation or
high concentration of acid metabolites and ethanol has a
negative impact generation of hydrogen. A substantial
amount of feedstock comprising micro and
macronutrients together with metal ions is needed for

effective dark fermentation.
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3.2 Photo-fermentation Process

The rapid breakdown of organic materials and
moderate fermentation environment make photo-
fermentation a popular method for producing
biohydrogen. Photo-fermentative H, generation becomes
feasible when free solar energy is combined with waste
disposal regulation and renewable energy delivery
(Policastro et al. 2021). In the presence of the nitrogenase
enzyme, it is the process by which photo-fermentative
bacteria use volatile fatty acids and organic acid created
by the reaction of dark fermentation as a natural
substrate. This process produces biohydrogen using light
energy when nitrogen is deficient (Das, 2001; da Silva
Veras et al. 2017). Rhopaenasps, Rhodobactersps,
Rhodovulumsps, Dunaliellasps, Anabaena sps and
Chlorella are a few common species of photo-
fermentative bacteria (Corneli ef al. 2016). The primary
raw material used to produce photo-fermentative
biohydrogen at the moment is straw feedstock. It can be
treated using enzymolysis, shattering, and other
procedures. Microalgae are unicellular organisms having
a high-power density they act on carbohydrates which
can be utilized in biochemical processes. Therefore, it is
crucial to ascertain whether it is feasible to produce
biohydrogen from microalgae (Jiang et al. 2021; Jing et
al. 2022). Through photo-fermentation, purple non-
sulfur bacteria is used in non-oxygenic hydrogen
synthesis. They utilize sunlight for heterotrophic growth,

during which hydrogen is generated. Nitrogenase
facilitates the hydrogen generation from electrons
generated during substrate oxidation. Fig. 4 depicts a
photo-fermentation mechanism.

The main enzymes responsible for producing
hydrogen are nitrogenase and hydrogenase. A regulated
environment is necessary for photo-fermentation (Lin et
al. 2021). In particular, pure and impure glycerol
fractions can be effectively converted to hydrogen
through the photosynthetic bacteria Rhodopseudomonas
palustris through photo-fermentation which also has the
potential to produce energy in the future. Under
anaerobic conditions, nitrogenase enzymes use ATP as
an energy source to decompose organic wastes into
simpler chemicals like CO, and H,. This process is
carried out by the photo-fermentative bacteria and can be
represented by the following equations.

6CO,+ 12 H, — C¢H 1206 + 6H,O

This process is amongst the most promising
methods for creating biohydrogen due to its high
hydrogen production and high theoretical efficiency of 8
mol of Ha/mol of acetic acid (Das, 2001; Liu et al. 2023).
Additionally, these authors investigated the effects of
several substrates (carbon sources), such as fructose,
glucose, sucrose, and acetate, and determined the highest
quantity of hydrogen produced (Liu ef al. 2021). Photo-
fermentation can work on variety of biowaste. Because
solar energy is used efficiently, green microalgae and
photosynthetic bacteria together yield good results in
photo-fermentation. Targeting the disruptive qualities of
gene products may be the focus of future studies,
including genetic manipulation. Biohydrogen production
efficiency can also be increased by lowering the costs
associated with  manufacture, supply, storage,
transformation, and practical applications. The
production of biohydrogen involves many factors that
require several optimization processes to get a practical
and economical approach. The production of
biohydrogen through photo-fermentation is highly
influenced by several parameters, such as light intensity,
pH, stirring mode, pretreatment conditions, and substrate
concentration. Compared to dark fermentation, photo-
fermentation is significantly more difficult since it needs

continuous light intensity, careful atmospheric
monitoring, and specific nutrition.
3.3 Biophotolysis Process

In photoautotrophic organisms like

cyanobacteria and microalgae, a process known as
biophotolysis uses light as its primary energy source to
split down molecules of water into hydrogen and oxygen
(Dincer et al. 2015). It is widely considered to be an
environmentally beneficial method as it produces
hydrogen using just light energy and the photosystems of
algae. Different algae engaged in biophotolysis include
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Cholrella, Scenedesmus, Chlamydomonas reinhardltii,
and Tetraselmis (Rashid et al. 2011; Oey et al. 2016).
The two types of biophotolysis that differ in the way
hydrogen is produced are direct biophotolysis (DBP) and
indirect biophotolysis (IBP). Using nitrogenase and/or
hydrogenase  enzymes, both  microalgae and
cyanobacteria, which are heterocystous and non-
heterocystous strains, can perform direct photolysis. The
process of direct bio-photolysis involves the splitting of
molecules of water into hydrogen ions (H) and oxygen
(Oz) through the absorption of light energy by
photosystems (PS II and PS I) present as photosensors in
the cells of green algae and cyanobacteria. Energy
absorption causes electrons in PS II to be excited, and
these electrons are then linearly transported to ferredoxin
via PS I (Das, 2001). Then, enzyme hydrogenase helps in
the generation of hydrogen. Fig. 5 represents the
biophotolysis process for hydrogen production.

Giannelli et al. (2012) reported that pigments
including  chlorophyll,  phycobiliproteins,  and
carotenoids found in cyanobacteria tend to absorb
sunlight and mediate the multiple phases of IBP.
According to Nikolaidis et al. (2017), these organisms
undergo photosynthesis, when water and light energy are
present, which transforms the absorbed light energy into
chemical energy and produces biomass. Nitrogenase or
hydrogenase hydrolyses this biomass, in the presence of
water and light energy producing hydrogen in the process
(Das, 2001). Indirect biophotolysis techniques based on
reversible hydrogenase have many advantages over
nitrogenase-based systems: Reversible hydrogenases
have unique hydrogen evolution activities that are
approximately a thousand times more powerful than
those of nitrogenase and do not require adenosine
triphosphate (ATP). Certainly, there are a few
drawbacks. Reversible hydrogenases are frequently
expressed at low degree activity in microalgal species,
which results in lower H, generation rates than any found
using nitrogenase-based methods. The oxygen sensitivity
of the process, which acts as the main inhibitor of the
hydrogenase enzyme that produces H, is one of the
difficult challenges to biophotolysis-based hydrogen
synthesis.  Using  oxygen-reducing  scavengers,
antioxidant additions, mineral deprivation, and co-
culturing bacteria on microalgae are some methods to
control molecular oxygen (Javed et al. 2022).

[Sunlight] [ Oxygen ] [ 2H* ] [Hydrogen]

[Water ]—’[ Photosystem ]——’[ Hydrogenase ]
Electrons
2e”

Fig: 5: Process of biophotolysis
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3.4 Microbial Electrolysis Cell Process

Microbial Electrolysis Cell stands as another
significant technique for biohydrogen generation similar
to the microbial fuel cell (MFC). This process of applying
an external potential to convert organic materials found
in the garbage into biohydrogen (Sarangi et al. 2020).
This system, which converts waste into biohydrogen,
typically includes cathode and anode chambers with
matching electrodes (Fig. 6). The electrodes can be
positioned individually in different chambers or a single
chamber. Proton exchange membranes are often
employed to separate the two specialized chambers in a
two-chamber MEC; however, other membranes, such as
charged mosaic, bipolar, and cation-anion exchange
membranes, can also be used in the applicable process
(Varanasi et al. 2019). Anoxic or anaerobic conditions
are typically enabled throughout the two-chamber MEC
by the presence of microorganisms and organic waste
water in the anode chamber. However, other solutions,
especially phosphate buffer solution and/or salt solution,
are typically filled in the cathode chamber throughout the
operation. To produce electrons and protons, the
microorganisms in the anodic chamber must oxidize the
organic matter this is the fundamental premise of MEC.
A proton exchange membrane diffuses protons while
combining electrons with oxygen at the cathode, where
they are transferred. Hydrogen gas is produced when
protons and electrons combine. Using MEC to produce
hydrogen has many benefits, the most significant of
which is that 1.23 V is the theoretical voltage needed for
the hydrolysis of water to produce hydrogen. As a result,
this bioconversion process needs a low potential
(Kegebas et al. 2019). Water electrolysis needs an
electrical energy of 7.5-50.6 times more than MEC to
produce biohydrogen (Kadier et al. 2018). Clostridium
beijerinckii and Clostridium butyricum have reportedly
been to exhibit high hydrogen yields in the context of
biohydrogen synthesis from agro-industrial residues,
with 235 ml H»/g and 310 ml H»/g removal of COD,
respectively (Martinez-Burgos ef al. 2022). Furthermore,
enzymatic saccharification can increase the yield and rate
of hydrogen production. On an average, 0.015 L/day of
hydrogen generation from household water in the 13-21
°C temperature range is reported by the MEC study
(Heidrich et al. 2013). The efficiency of MEC in
producing hydrogen is approximately 90%, and its
performance is entirely dependent on the concentration
and composition of the substrate, temperature, the type of
MEC, pH, electrode material, operating voltage, microbe
type, and membrane type (Heidrich ez al. 2013).
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Fig. 6: Microbial electrolytic cell

3.5 Comparison of Production Process

Though the above discussed methods are useful
for the production of biohydrogen, fermentation has
better features as compared to other methods. Table 1
depicts the advantages and disadvantages of different
production methods of biohydrogen.

4. ROLE OF NANOTECHNOLOGY

The use of nanomaterials in the production of
biohydrogen results in increased productivity and yield,
as well as improved enzyme reusability, the ability to
retain activity after repeated cycles and to complete
reactions more quickly. Further, nanotechnology may be
responsible for making the overall process more
sustainable and  cost-effective. = The role of
nanotechnology at various processes in production of
biohydrogen is summarized in Fig. 7.

Table 1. Advantages and challenges of biohydrogen methods of production

Process Conditions Advantages Challenges Reference
Biophotolysis Light Increased hydrogen generation rate Enzymes hydrogenase and nitrogenase are
Cheaper due to simple design of inhibited by oxygen created during the
reactor process Ahmed et al.
Potential substrates include glycerol — Low light energy conversion efficiency (2021)
and wastes high in carbohydrates A stream of mixed oxygen and hydrogen
are generated
Microbial External voltage, = Energy is obtained from light rather
. . Costly procedure .
electrolysis cell anaerobic than glucose 5 - Singh et al.
.. . Constraints on scalability
condition The substrates used are volatile fatty . (2022)
. S Requirement of external voltage supply
acids and organic acids
Photo nitrogen-deficient ~ Using photosynthetic microalgae . .
. o . Less advantageous economically since
fermentation conditions, and cyanobacteria wastewater can be . .
S .~ photobioreactors and processing are Bolatkhan et
anaerobic, light converted to hydrogen by photolysis .
. expensive al. (2019)
Operated with std temperature and . . .
. Poor light energy conversion efficiency
pressure settings
Dark ) Without light Yleld_s Value}ble byprodpcts .such as e T GHFTET, Akhlaghi et al.
Fermentation butyric, lactic and butyric acids . .
5 S Product gas mixture contains CO, (2020)
Anaerobic No oxygen limitation problem
Due to their special physicochemical and iron as metallic co-factors at their reactive sites to

characteristics, nanomaterials are becoming more and
more recognized as ways to improve the process of
producing biohydrogen (Beckers ef al. 2013). According
to Patel et al. (2018), the metabolic activity of
microorganisms is  significantly  impacted by
nanomaterials which promote the efficient transfer of
electrons to acceptors, which increases biohydrogen
output and productivity. The synthesis of biohydrogen is
catalyzed by its small size and vast surface area providing
more reaction sites for the interaction of the enzyme with
the substrate (Vaghari et al. 2016). Furthermore, the
small size and substantial surface area of the
nanomaterials significantly boost the rate of electron
transfer between the enzyme and nanomaterial, which in
turn promotes the synthesis of hydrogen (Patel et al.
2018). The two enzymes nitrogenase and hydrogenase
are involved in all biological processes that result in the
synthesis of biohydrogen. These enzymes require nickel

282

maintain both their structural integrity and functionality
(Engliman et al. 2017). Nanoparticles with pore volumes
of 1-100 nm are known to have a higher number of active
(functional) sites, a greater contact surface area, and good
selectivity (Gadhe et al. 2015).

In addition, a great deal of nanomaterials
possesses improved catalytic characteristics, crystalline
structures, greater absorption potential, and good
chemical stability. Nanoparticles improve anaerobic
microbial activity, reduce inhibitor emergence, and
increase electron transfer and chemical catalytic
activities in the context of biofuels (Elreedy ef al. 2019).
The dimensionality of nanostructured materials is
typically used to categorize them into one of four
categories: zero, one, two, or three. Nanoparticles (NPs)
differ greatly from their macro counterparts in terms of
their physical and chemical properties, which are broadly
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used in the production of bioenergy. In addition, it has
been noted that additional NP qualities including
crystallinity, stability, efficient storage and adsorption
capacity are much sought for in the biohydrogen
generation industry to enhance the cellulase enzyme’s
hydrolysis, productivity, and stability (Hamawand et al.
2020). In general, NPs fall into one of two categories:
organic or inorganic. Organic NPs include liposomes,
polymersomes, polymer constructions, and micelles.
These materials have been extensively used in drug and
gene delivery, imaging, and other related fields.
Inorganic NPs such as carbon nanotubes, quantum dots,
gold, and magnetic nanoparticles have gained a lot of
interest from researchers due to their optical and
magnetic properties as well as their chemical properties
(stability, inertness and ease of wusage). The
characteristics of both parent NPs are displayed by hybrid
NPs, which blend inorganic and organic nanoparticles. In
some circumstances, hybrid NPs have outperformed the
parent NPs in terms of catalyst recovery and selectivity.
Fig. 8 shows the different nanomaterials used in
generation of biohydrogen.
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41 Prospective Nanomaterials for the

Production of Biohydrogen
4.1.1 Metal based Nanomaterials

Metal oxides (AlO3/Fe,03/Zn0O/CaO/KOH/
MoO3/NiO) and metallic nanoparticles (Al/Ni/Fe/Au/
Co) are examples of metal-based nanomaterials (NMs).
Other metal oxide-based nanomaterials include mixed
metal oxides, transition metal oxides, and alkali earth
metal oxides. The preparation technique, as well as the
shape, dispersion in a reaction and size, all affect the
activity of these metal-based nanomaterials (Arya ef al.
2021). Numerous chemical, physical, and biological
processes are capable of producing them. Metal-based
NMs are frequently employed to increase the generation
of high-value products such as bioethanol, biodiesel,
biogas, and biohydrogen (Sanusi et al. 2021). This is
accomplished by wusing metal-based NMs for
lignocellulosic biomass catalytic conversion, enzyme
and biocatalyst immobilization, digestion and agro and
biowaste treatment, and as additives at nanoscale to
microalgal cultures to boost biomass.

(i) Gold and Silver NPs

By plasmonic phenomenon, gold, a colourful
transition metal can absorb visible quantum
electromagnetic radiation and produce photogenerated
electrons and biohydrogen. Gold nanoparticles (AuNPs)
improve catalytic properties in chemical reactions
(oxidation and hydrogenation) furthermore supporting
activity of enzyme and their immobilization in biological
applications (Zhang et al. 2007). AuNPs were shown to
play a role in improving fermentative biohydrogen
production. The anaerobic culture yield was 62.3%
higher when the source was synthetic wastewater
containing sucrose (Zhang et al. 2007). Crucially, the
amount of AuNPs that influenced the intermediate
concentration during the hydrogen generating process
was directly correlated with the increase in hydrogen
generation.

Significant volume to surface area ratio of 5 nm
AuNPs provided a stimulating effect for the production
of biohydrogen, improving biohydrogen yield and
substrate utilization by 46% and 56%, respectively
(Zhang et al. 2007). They have also been shown in other
studies to increase the enzyme activity for biohydrogen
production, such as ferredoxins and the [Ni-Fe]-[Fe-Fe]
hydrogenases which bring out the transfer of electrons
(Zhao et al. 2013)

(ii) Palladium Nanoparticles

Palladium Nanoparticles (PdNPs) might have a
major impact on organisms that produce biohydrogen as
well. The effect of palladium nanoparticles synthesized
via a photogenic process using Coriandrum sativum leaf
extract on hydrogen production by glucose-fed
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E. cloacae strains 811 and 101 was investigated by
Mohanraj et al. (2016). In this investigation, Pd>" ions
significantly reduced glucose conversion efficiency
under the same conditions by inhibiting production of H,
more than PANPs. Compared to mixed cultures, pure E.
cloacae cultures produced more biohydrogen.
Interestingly, PANPs up to 20.0 mg/L addition did not
affect the biological characteristics of mixed culture or E.
cloacae. Moreover, a rise in the synthesis of propionate,
an intermediate metabolite, demonstrated its detrimental
effect on the production of Hydrogen.

In MECs, Pd nanoparticles are used as cathode
catalysts instead of Ni nanoparticles. Using a bio-
electrochemical deposition technique, Pd nanoparticles
were produced on carbon fabric to serve as a cathode
electrode. The results showed that MECs work in bio-
hydrogen production had significantly improved. By
using nanoparticles in the MEC, the anode reaction
efficiency, the cathode enzymatic activity, and the proton
exchange membrane kinetics improved.

(iii) Silica, Iron, and Nickel NPs

Proteins and microbes have long been
recognized to  benefit from silica's  greater
biodegradability (Pandey et al. 2015). Using mixed
consortia from wastewater of conventional effluent
treatment plants, Venkata Mohan et al. (2008)
demonstrated the effective use of mesoporous SiO-
particles in H, production. Because of insufficient
degradation or inefficient feed use, excessive feed
loading often had a detrimental effect on H, generation
by mixed consortia (Venkata Mohan et al. 2008). The
immobilization of bacteria on silica particles (120 mg/L)
under fermentation conditions surprisingly stimulated a
much larger H» synthesis of 7.02 mol/kg COD/day
compared to the high feed loading control group (2.55 kg
COD/day) (Mishra et al. 2018). According to Beckers et
al. (2013), the metabolite intermediate type and the yield
of H, production was unaffected by SiO, particles with
high permeability (5.1 mg/L).

In their 2015 study, Zilouei and Taherdanak
(2015) investigated the effects of Fe NPs versus Fe?" ions
on the fermentative hydrogen generation from glucose by
the anaerobic sludge at concentrations ranging from 0 to
50 mg/L. Fe*" ions and Fe NPs both enhanced hydrogen
yield by 15 and 37% at doses of 10 and 25 mg/L,
respectively, in contrast to controls. Iron (Fe) and
titanium (TiO,) NPs exhibited increased hydrogenase
activity in various photo-fermentation processes, thus
this characteristic property can be used for bio photolytic
hydrogen production (Pandey et al. 2015). SiCeFe3;04
reported 3.02 mol Hy/mol acetate, PdNi/CdS (54
mmol/g.h), and graphite C3N4 (64.2 mol Hy/mol sugar)
are a few examples of nanocatalysts in photo-
fermentative biohydrogen generation (Wimonsong et al.
2015). In additional research, dark fermentation of grass

284

was carried out using zero-valent iron (FeO)
nanoparticles, it was demonstrated that FeO
nanoparticles increased the activity of a hydrogenase
enzyme to provide a greater biohydrogen production and
highest hydrogen yield 73% higher than control studies
(Cheng et al. 2020). Fe nanoparticles and Fe?" ions were
found to be able to significantly reduce propionate
formation by up to 75%, which would aid in the creation
of more hydrogen. Additionally, they showed increased
hydrogen yields of 15% and 37%, respectively, in
comparison to the control. Because of their small size,
broad surface area, and biocompatibility, nanomaterials
are important catalysts for biohydrogen production via
dark fermentation reaction (Mohanraj et al 2016;
Srivastava et al. 2017; Zilouei and Taherdanak, 2015). Fe
nanoparticles from Syzygiumcumini that were "greenly"
synthesized affected the production of biohydrogen using
E. cloacae DH-89 was shown by (Bao et al. 2013). The
addition of Fe NPs at a concentration of 100 mg/L was
found to significantly boost glucose utilization by two
times, resulting in the generation of 1.9 mol Hy/mol
glucose a much higher amount than that of the control.
Fe?" ions involvement in the hydrogenase and ferredoxin
enzymes may be connected to this notable improvement.
Lin et al. (2016) goal was to increase Enterobacter
aerogenes ATCC13408's biohydrogen production in a
starch medium by adding Fe,Oj3 as a nano addition. There
was an upward trend in the hydrogen yield, rising from
164.5 mL Hy/g to 192.4 mL H,/g. Using a chemical
deposition method, Jayabalan (2020) produced a cathode
catalyst from nickel molybdate (NiMoOs), nickel oxide,
and cobalt oxide (Co304) nanoparticles which improved
the yield of hydrogen in the microbial electrolytic cell
process.

(iv) Titanium Oxide, Copper Nanoparticles

The effect of TiO> NPs on the yield of hydrogen
generation and nitrogenase intake by R. palustris was
studied by Zhao et al. (2011). The nitrogenase activity
was significantly improved. There was a 46.1% increase
in the generation of hydrogen with a yield of 1.02 mol/kg.
When utilizing Cu-NPs instead of copper sulfate
(CuS0s), some bacteria, such as Enterobacter cloacae
and Clostridium acetobutylicum, can produce more
biohydrogen. While Cu-NPs can be beneficial at low
concentrations, high concentrations can have an
inhibitory effect on hydrogen production by bacteria
(Liu et al. 2021).

Dudek et al. (2018) detected biohydrogen
generation of 138.45 mL by Platymonas subcordiformis
cultivated on medium consisting of the addition of 10 g/L
of glucose after 11 days of biomass development.
According to Jafari ef al. (2016), the biomass treated with
titanium oxide (TiO) produced more biohydrogen (44.2
kg) than the control group, but TiO; also decreased the
activity of hydrogenase uptake. By significantly boosting
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the hydrogenases' activities, NPs enhance the
biohydrogen generation's contribution to biophotolysis.

Nanomaterials,  especially  photocatalytic
nanomaterials like ZnO, and TiO,, improve the
photoconversion efficiency of photo-fermentative
bacteria and provide the energy needed to produce
biohydrogen (Chen et al. 2014). These nanomaterials
give increased reactive surface area, more active sites,
and a quantum size effect, which improves surface
adsorption and photocatalysis (Zhu et al. 2020).
Additionally, these nanomaterials speed up the transfer
of photo-induced electrons to the enzyme system,
increasing biohydrogen productivity and yield (Liu ef al.
2023).

(v) Magnetic Nanoparticles

A growing number of bioenergy research are
focusing on magnetic nanoparticles (MNPs), such as
Fe304, CoFe204, MnFe;04, and Fe Oy, as they are highly
effective enzyme nanocarriers because of their high
surface area, quantum size, non-toxic nature, strong
thermal stability and biocatalytic activity (Ghosh et al.
2024). Furthermore, MNPs possess other qualities like
superior compatibility, high enzyme loading capacity,
and above allow processing costs, which enable their
commercial application (Markandan et al. 2022). Strong
magnetism and high porosity are two of MNPs key
advantages over equivalents. They have been used in a
variety of biohydrogen production contexts, such as the
increase in methanogens activity for biohydrogen
production and enzyme immobilization in hydrolysis of
lignocellulosic biomass or H production (Yazdani et al.
2019; Cheng et al. 2020). Magnetic nanoparticles like
iron and nickel can be added to a structure to provide the
necessary availability to preserve and enhance structural
integrity in photo-fermentation process.

4.1.2 Carbon Nanotubes

Carbon Nanotubes (CNTs) are cylindrical
carbon structures made of rolled-up graphite sheets with
a nanometric diameter. They possess exceptional
mechanical, electrical, and thermal properties, making
them attractive for various applications. CNTs offer
outstanding mechanical, electrical, thermal properties
and biocompatibility for various applications.
Furthermore, the big surface area of CNTs allows for low
diffusion resistance and a high enzyme loading capacity
(Markandan et al. 2022). Using fermentative mixed
culture made from starch waste as feed, along with
activated carbons in granulated (10 g/L) and powdered (5
g/L) forms, significantly increased the production of
hydrogen gas by 94.5 and 44%, respectively (Mohan et
al. 2008).

Using anaerobic muck as the inoculum, the
Carbon nanotubes (CNTs) using a UASB reactor
demonstrated a competent generation of hydrogen of
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roughly 2.45 mol H»/mol glucose at hydraulic retention
time of (Hallenbeck et al. 2005). Under similar
conditions anaerobic process in the absence of CNTs was
not feasible with 15 days activity in the reactor. The
UASB reactor based on CNTs produced a hydrogen
output that was 1.7 times higher than that of granular
activated carbon. Similarly, using the granular activated
carbon and its powder, acidogenic culture blends of the
starch waste as a feed, separately, showed a significant
shift in the hydrogen generation, i.e., 94.5 and 44.0 %
(Basak et al. 2007). To successfully improve hydrogen
generation, concentrations of activated carbons at 33.0
mg/L and 33.3 mg/L were found to yield 62.5% and
73.0% under both batch and UASB mode from sucrose-
based anaerobic sludge as inoculum, respectively
(Mohan et al. 2008). The hydrogenase protein source in
ferredoxin is formed by the hydrogen fermentation
process.

4.1.3 Metal Organic Frameworks

According to Ahmed er al (2021), metal
organic frameworks (MOFs) are a unique class of three-
dimensional architectures put together by metal
ion/inorganic clusters and carbon-based ligands that are
bonded together by strong covalent and/or coordination
interactions. The chemical functions, topological
structure and porosity of MOF can all be developed or
modulated by carefully selecting which organic and
inorganic components to use (Yang et al. 2018). Because
of their increased catalytic activity, vast surface area,
porosity and variety of chemical groups MOFs have
attracted a lot of attention (Basumatary ef al. 2022). Due
to these remarkable and adaptable qualities, MOF is now
a hot topic for research, particularly when it comes to
catalysts. Creatively engineered catalysts are rapidly
replacing  the  traditional = homogeneous  and
heterogeneous catalysts for application in bioenergy
research. There are two main ways that MOF
nanoparticles can be used for hydrogen production: 1)
Electrocatalytic water splitting: In this process,
electricity is used to split water molecules into hydrogen
and oxygen gas. Metal organic framework nanoparticles
can be used as electrocatalysts to improve the efficiency
of this process 2) Photocatalytic water splitting: In this
process, sunlight is used to split water molecules into
hydrogen and oxygen gas. Metal organic framework
nanoparticles can be designed to absorb light and
generate the energy needed to split water. Nickel-based
MOF and palladium-based MOFs have shown to be
effective electrocatalysts for hydrogen evolution reaction
(Xiang et al. 2017; Chung et al. 2023).

4.1.4 Combination of Inorganic and Organic Nanoparticles

(i) Fe203/C Nanoparticles (FOC NPs)

Fe;O3/C nanoparticles help the development
and concentration of the microorganisms that produce
hydrogen, and they may also enhance hydrogenase
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activity and electron transfer processes in the dark
hydrogen fermentation pathway. The addition of 200
mg/L FOC nanoparticles increased the production of
hydrogen by 33.7%. Furthermore, few results showed
that the hydrogen production was reduced by the uneven
concentration of these nanoparticles. The yield that was
seen was 218.63 mL H»/g glucose, which is 33.7% more
than the 163 mL H2/g glucose of the control group that
did not include Fe,O3/C nanoparticles (Zhang et al.
2018).

(ii) Ni-Ni Graphene Nanocomposite (Ni-NiGr NC)

The maximum hydrogen yields for nickel
nanoparticles (NPs) and nickel-graphene nanocomposite
(Ni-NiGr NC) using industrial wastewater and mono-
ethylene glycol (MEQG) through anaerobic digestion was
roughly 24.73 + 1.12 and 41.28 £ 1.69 mL/g COD for Ni
nanoparticles and NiGr nanocomposites, respectively.
Using batch reactors, the yield was measured at different
doses of Ni NPs and NiGr NC, ranging from 0 to 100
mg/L (Han et al. 2015). When 60 mg/L of these were
present, it was clear that the hydrogen generation greatly
improved by around 23% and 65%, respectively,
compared to the absence of nanomaterials. However,
adding more of these nanomaterials lowers the hydrogen
yield to an initial 20.80 = 1.12 mL/g (Han et al. 2015). In

another investigation, it was found that the use of Ni-
graphene-based NPs improved the synthesis of dark
fermentative biohydrogen, with a maximum yield of41.3
H,/g COD and a 65% increase in H; yield (Elreedy ef al.
2019)

(iii) AIOA Nanoparticles

Aluminum-oleic acid core-shell nanoparticles
or AIOA core shell nanoparticles are stable (towards non-
polar solvent and air) due to sonochemical production of
their shell. Bunker ef al. (2011) produced >95% yield of
hydrogen from tap water at ordinary room temperature.
This was made possible by the thermal breakdown of
aluminum hydride (alane) in the presence of a catalyst,
titanium (I'V) isopropoxide, and was meant to be used as
power in a basic fuel cell (Ergal et al. 2018). Through the
mutual action of organic acid-coated aluminum
nanoparticles, such a potentiality is produced. Due to the
reactions simplicity that generates hydrogen whenever
and wherever it is needed, there is no need for large scale
direct storage of hydrogen. The remarkable stability of
these new nanoparticles and the high-level water-
aluminum reactivity energy density are the determining
factors (Ergal et al. 2018). Table 2 summarises the effect
of different nanoparticles on the yield of hydrogen
production.

Table 2. Summary of various nanoparticles in the biohydrogen production process

. Feedstock/ . a0
Nanoparticles Substrate H, yield rate Nanosci (%) Increase References
- — - S

Ag Glucose ;rinell)(rioved hydrogen yield (2.48 mol/mol glucose) with increase in 61.7 % (Zhao et al. 2013)

Cu Glucose 2.5 mg/L enhanced hydrogen generation (Mohanraj et al. 2016)
. . . . . (Zilouei and
0,

Fe Glucose 2.5 mg/L enhanced hydrogen production with an increase in 55% yield Taherdanak, 2015)
Fe Glucose A maximum H,yield 1.9 mol/l glucose (Mubarak et al. 2014)
FeO Glucose 2.07 mol Hx/mol glucose with 7.9 % more yield (Mohanraj et al. 2016)
Fe,03 Glucose 192.4 ml Hy/g casava starch with 17% (Engliman et al. 2017)
CNT’s Glucose 2.45 mol/mol substrate (Esmaeili et al. 2021)

Au Acetate Maximum production rate 1052 mL/L per day with 56 % yield (Khan ez al. 2013)
Fe water hyacinth 57 mL/g of the plant biomass with a 68.4 % yield (Mubarak et al. 2014)

Au i 4.48 mol/mol sucrose with a 67.5% increase in yield (Khan et al. 2013)

wastewater

FeO Glucose 2.07 mol Hx/mol glucose with a 7.9% increase in yield (Mohanraj et al. 2016)
Fe,05 Glucose 192.4 ml H,/g cassava starch with a 17% increase in yield (Engliman et al. 2017)

Fe;04 Wastewater 44.28 ml H,/g COD with a 72.5 % increase in yield (Malik et al. 2014)

TiO, Malate The rate of production increased 1.54 times with a 69.6% increase in yield (Reddy, 2017)

Si0, Air: CO, 3121 Hy/l/h with a 45.2% yield increase (Wang et al. 2023)

Biochar MEIOIEI O g (Pattarkine et al. 2012)
waste
Ni+Graphene Mixed culture 41.3 ml/g COD (Cheah et al. 2020)

4.2 Nanoparticle Synthesis

Many techniques, including "top-down
(physical procedures) and bottom-up (chemical
methods)" synthesis, have been used to create the
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nanomaterial (Wang et al. 2004; Igbal et al. 2012). Top-
down synthesis is a destructive technique wherein larger
molecules are divided into smaller components, which
are then converted into nanoparticles (NPs) with the
appropriate size and shape (Iravani et al. 2011).
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Polishing, tearing, slicing, spraying, -electroplating,
machining, chemical precipitation, sputtering, pulsed
laser deposition and vapor deposition are some of the
methods used to break large components down into
smaller ones. Bello et al. (2015) effectively produced
coconut shell nanoparticles using granules from the
milling process. A nanoscale change in the material's
characteristics was demonstrated by their observations
that the NPs grew smaller and lost their brown color with
time. By using processes like sedimentation and
reduction, bottom-up approaches generate the smallest
NPs from progressively fundamental elements (Salame
et al. 2018). Nanoparticles synthesised from simpler
building elements are a distinguishing feature of bottom-
up approaches. Instead of using mechanical methods like
spinning, most work is completed by the use of biological
and chemical processes. The following procedures are
examples of bottom-up techniques: biological synthesis,
sol-gel, spinning, chemical vapor deposition,
hydrothermal, laser evaporation, and supercritical fluid
creation (Igbal et al. 2012). Top-down and bottom
methods can be used to manufacture Fe, Ag, Cu, and Bi
nanoparticles, according to several studies (Salame et al.
2018). Green synthesis techniques use a variety of plants,
fungus, bacteria, and microalgae as biosynthesis agents.
Nanoparticle synthesis is one of the many
biotechnological processes that use microalgae because
they are non-pathogenic and can use sunlight, carbon
dioxide, and ammonium salts as sources of energy and
nitrogen (Yildirim ef al. 2024). For the production of
nanoparticles, the most significant benefit of using plant
extracts on microalgae is their ease of availability. This
method works well for large-scale production because of
its abundance in nature (Kamath et al. 2020). The
antioxidant activity of the selected plant extract, which
acts as a reducing agent, is a crucial component in the
green pathway synthesis of nanoparticles.

4.3 Nanotechnology Devices for Biohydrogen
Production

The next step from macro to micro scale is
developing nanotechnology for miniature devices and
systems, as well as synthesizing nanoparticles for
biohydrogen production. Microfluidic systems are a
major technical advancement because of their uniform
flow, quick and effective mass and heat transfer, high
proton transfer, large surface-to-volume ratio, uniform
flow, and ability to create sturdy, compact fuel processors
(Karthikeyan et al. 2024). Focused on producing
necessary  microfluidic ~ components, developing
microfabrication methods, synthesizing nanomaterials,
and integrating parts into intricate microfluidic systems
are the areas of study for small-scale devices. In the case
of MEC, MFC or microbial electrochemical cells
(MXC), microfluidics could be downsized. Producing
biohydrogen requires several microfluidics
characteristics, including mass and flow transfer, a high
surface-to-volume ratio, cell immobilization, cell culture,
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downstream processing, and a quick reaction time.
Microfluidics provides various benefits through data
collection on light irradiation, cell behaviour, and other
parameters. These benefits can be used to maximize yield
on a macroscale or for effective BioH, generation at the
microscale. According to Fadakar et al. (2020), a non-
photogenic strain of Escherichia coli was used as the
biocatalyst to generate hydrogen at cumulative rates of
46 and 28 parts per million per hour using substrates
based on glucose and urea. Steps were taken to enhance
biohydrogen production by increasing the volume-to-
surface area ratio, electrical conductivity, and
biocompatibility. These measures include the use of
Fe304 nanospheres and reduced graphene oxide on the
surface, nickel nanostructure incorporation, and the
competitive advantage of metal-based eclectrodes over
carbon-based electrodes (Tang et al. 2008; Mousavi et al.
2019). Due to their capacity to accurately control,
observe, and manipulate samples at the nano- to pico-liter
levels, microfluidic lab-on-a-chip systems combine
multiple processes within a particular biological assay.

4.4 Outlooks

A clean, renewable energy source, biohydrogen
still falls short of large-scale industrial production owing
to its expensive and restricted efficiency at the moment
of production. Even if several non-metallic and metallic
nanoparticles have shown a great capacity to support dark
fermentation in microbes for the synthesis of
biohydrogen or have shown enormous potential for light-
aided biohydrogen generation, they are far from
sufficient. The following problems, in our opinion, must
be resolved to overcome the technological barrier of
enhanced biohydrogen generation using nanomaterials:

e Provide more details about the deeper
molecular mechanism by which metal
nanoparticles affect bacteria that produce
hydrogen by wuse of material science,
spectroscopy, proteomics, and other biological
methods.

e There are now just two types of metal
nanoparticles being studied by the biohydrogen
production system: iron and nickel. More
research should be done on materials that have
exceptional physical and chemical properties,
are less poisonous, and are environmentally
beneficial. This must extend beyond single—
metal nanoparticles to other nanomaterials with
superior physical-chemical properties, such as
inorganic non-metallic, organic, and alloy
nanoparticles that are bimetallic or even
polymetallic, whose impact on the production
of biohydrogen and related mechanisms need
to be investigated, should also be checked.
Nanomaterials' dimensions, shape, size, and
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distribution on or within cells must also be
taken into consideration.

It’s essential to investigate the ideal dose of
nanomaterials in various strains of metal
nanomaterials-preferring bacteria and the
impact of NPs on biohydrogen production
since NP concentration and bacterial species
always influence biohydrogen production. To
decrease the harmful effects of nanomaterials
on hydrogen-producing as much as feasible,
it’s also necessary to investigate the optimal
compatibility between metal nanoparticles and
hydrogen-producing bacteria, along with the
process of cell poisoning.

Examine the way that nanomaterials in the
system of mixed bacteria produce hydrogen by
screening them. The mechanism underlying
this action is yet unknown, while some research
has indicated that specific nanoparticles, like
TiO, nanoparticles and iron nanoparticles (Fe
NPs), can change the population levels of
biohydrogen-producing microbes within a
mixed bacterial system. More investigation is
also required to find and screen biohydrogen-
producing microbial populations that exhibit
superior activity for producing biohydrogen,
strong  environmental  resistance, and
ecological friendliness, as well as to develop
novel techniques for effectively using
nanomaterials for microorganism screening.

Assess the environmental effects of waste
liquid and residue from biohydrogen
production that contain nanomaterials.
Additionally, to examine the toxicity of
nanoparticles made of metals in these materials
to the environment and the technology
involved in recovering and reusing
nanomaterials

Utilize metal nanoparticles to create high-value
byproducts through the integration of synthesis
of biohydrogen and other bioproduction
methods, such as methane synthesis and
biological fixation of nitrogen, to increase the
input economy of nanomaterials.

Provide a large-scale photobiohybrid system
design for a professional photoreactor to
produce  biohydrogen. Because photo-
bioreaction is unique in  producing
biohydrogen, photo-bioreactor design must
account for tight anaerobicity, fast biohydrogen
discharge, and high-efficiency light energy
absorption.
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4.5 Future Prospects

Since utilizing renewable energy sources is
expected to lessen present reliance on conventional fossil
fuels, it is vital to take action to address energy security,
a significant concern facing modern society. Utilizing co-
culture or mixed-culture microorganisms, creating
thermophilic or thermotolerant genetically engineered
microbes, utilizing various substrates, and implementing
effective enzyme systems can be used for long-term
practical applications. One of the biggest obstacles to the
application of nanomaterials-based biohydrogen
generation technologies may be the expense associated
with their preparation. Reuse of the nanomaterials, which
are used in every stage of the process, is another problem
with this method. According to this reference, when
nanomaterials are produced using greener methods as
opposed to chemical methods, the cost of the synthesis
process may be further reduced. Recycling of
nanomaterials may be possible through the use of
sophisticated filtration techniques. Nonetheless, it is
important to take into account the constraints that both
chemical and green synthesis approaches have. To fully
comprehend how nanomaterials affect the biochemical
and molecular processes involved in the generation of
cellulosic biohydrogen, more research is still required.

5. CONCLUSIONS

This review explains how various biohydrogen
generation processes, including dark fermentation and
photo-fermentation, can be improved by nanoparticles.
Since iron and nickel serve as hydrogenase's active
centers, a great deal of research has been done on the use
of metal nanoparticles, specifically those of iron and
nickel and their oxides, to improve the production of
biohydrogen through dark fermentation. There has been
a variation in the amount of biohydrogen produced,
ranging from 5.47 to 23%. Additionally, biohydrogen
synthesis during dark fermentation can be enhanced by
gold, silver, and palladium (biohydrogen production
varies from 5.4 to 67.1 %). Furthermore, the nano device
utilized in biohydrogen research has been examined. The
application of nanoparticles in various biohydrogen
system modes has been assessed through the literature,
although this field is very new. According to the existing
data available, nanoparticles can significantly enhance
this process in a sustainable manner to obtain a high yield
of biohydrogen on a practical scale. More study is
required to close the current gap in the practical
applications and long-term viability of this field, as it is
still in its early phases.
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