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ABSTRACT: In recent years, the overgrowth of certain algae species has posed a potential risk to the
aquatic environment and ecological balance. However, algal biomass can serve as an ideal precursor for
sustainable catalysts due to its rapid growth, widespread distribution, renewable nature, and low cost. The
rational utilization of waste algae represents a dual innovative strategy for environmental remediation and
energy conversion. This review systematically summarizes recent advances in algae biomass-derived
electrocatalysts, beginning with an overview of common synthesis methods, including pyrolysis and protein-
assisted sol—gel processes, and emphasizing their structural and functional merits. Benefiting from the
intrinsic heteroatoms and natural cellular architectures of algal biomass, algae-derived carbon materials
exhibit high specific surface areas, which contribute to structural optimization and enhanced electronic
properties. This review provides guidance for future research on bio-derived catalysts.
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[ 1.INTRODUCTION their high cost and limited availability restrict large-scale
applications [7]. Consequently, the development of low-
cost, sustainable, and highly efficient catalysts have

emerged as a major research focus in recent years.

The global energy crisis and environmental challenges
have become increasingly severe [1, 2]. Electrochemical
reactions such as the oxygen reduction reaction (ORR),
oxygen evolution reaction (OER), hydrogen evolution
reaction (HER), and carbon dioxide reduction reaction
(CO2RR) are essential for environmental remediation and
clean energy conversion [3, 4]. However, these multi-
electron transfer processes generally suffer from high
reaction energy barriers and sluggish kinetics [5].
Therefore, searching for efficient electrocatalysts to
enhance reaction efficiency has become critically

In recent years, biomass-derived carbon materials have
been widely investigated as promising candidates to
address the aforementioned challenges [8, 9]. Among
various biomass resources, algae have attracted
particular attention due to their unique advantages,
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important [6]. Although noble metals and their alloys (e.g.,
Pt, Ir, Ru) have been developed as benchmark catalysts,
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including rapid growth, high nutrient uptake efficiency,
and broad distribution in aquatic systems [10, 11]. As a
natural and abundant biomass, algae are easily accessible
and cost-effective. However, the excessive proliferation of
certain species, such as harmful algal blooms (HABSs),
can lead to oxygen depletion, water quality deterioration,
and ecological imbalance [12]. Rational utilization of
waste algae not only mitigates these negative impacts on
aquatic ecosystems but also provides a renewable
feedstock for catalyst development [13].

Algae possess strong nutrient absorption capacity and
are inherently rich in carbohydrates, proteins, and lipids,
along with heteroatoms such as nitrogen, silicon, and
sulfur [14, 15]. These intrinsic biomolecular components
can undergo in situ heteroatom doping and the
construction of porous carbon frameworks through
pyrolysis treatment [16]. In addition, the sol-gel method
is frequently employed, wherein algae-derived biomass,
after processing, is often combined with natural polymers
such as agar and gelatin, serving as polymeric agents or
templates for the synthesis of nanomaterials with
controlled morphology, particle size, and composition [17,
18]. Such strategies significantly enhance the structural
tunability and electron transfer capability of Algae-derived
electrocatalysts, thereby reducing the energy barriers of
multi-electron transfer reactions and accelerating the
reaction kinetics [19].

This review systematically summarizes the recent
advances in algae biomass-derived electrocatalysts. The
primary focus is placed on their synthesis strategies,
including pyrolysis treatment and sol-gel methods,
together with representative case studies such as
Sargassum spp. (SP), Microalgae (MA), Red Algae (RA),
Seaweed (SW), Chlorella (CA), and harmful algal blooms
(HABs). Their applications in ORR, OER, HER, and
CO2RR are discussed, with an emphasis on the
correlation between the structural features of processed
algal biomass and the resulting catalytic performance.
Finally, the review provides perspectives on the rational
utilization of algal biomass and waste harmful algae,
offering new insights into the design of high-performance
electrocatalysts from bio-derived carbons.

M 2. SYNTHESIS OF ALGAE-DERIVED
ELECTROCATALYST

B 2.1. Pyrolysis Methods

Pyrolysis is the most commonly employed strategy for
converting biomass into carbon-based electrocatalysts
[20]. Pyrolysis typically involves thermal decomposition

under an inert atmosphere (N2 or Ar) at temperatures
ranging from 400 to 1000°C [21, 22]. In addition, a
general approach to optimizing porosity and structural
features is chemical activation by introducing activating
agents during pyrolysis. Commonly used activators include
KOH, K2COs3, and ZnCl2 [23]. These inherent heteroatoms
significantly influence the electronic behavior of carbon
structures. They promote the formation of pyridinic N/S-C
active sites, which improve charge transport and alter
how essential intermediates adsorb on the surface.

Algal biomass is characterized by its rapid growth rate
and high nutrient uptake capacity, and is intrinsically rich
in carbohydrates, proteins, and lipids. Moreover, the
presence of heteroatoms such as nitrogen, sulfur, and
silicon, together with its naturally porous structure, further
endows algae with unique advantages as a precursor for
carbon-based electrocatalysts [24]. The intrinsic
heteroatoms (e.g., N, S, Si) and porous structures of algal
biomass enable in situ self-doping during pyrolysis,
leading to the formation of carbon materials with tunable
morphologies and controlled heteroatom incorporation
[25]. The enhanced -catalytic activity was primarily
attribute to the Ni active sites, which improved the
gasification efficiency (GE) to 60.5%, thereby boosting
the overall HER performance [26]. The improved HER
behavior of Ni-modified algal carbon reflects a clear
structural influence on catalytic function. Metal—-carbon
interfaces generated during pyrolysis reorganize local
charge distribution, lower energy barriers, and speed up
surface reaction kinetics. [27]. Dong et al. demonstrated
that treatment with alkaline activators such as KOH,
K2COs, KHCO3, and CH3COOK substantially enhances
the surface area and pore development of microalgae-
derived carbons. [28]. Their results underscore the
decisive role of alkaline activation in governing textural
evolution throughout the pyrolysis process, as illustrated
in Figure 1a. As the amount of heteroatom-enriched
defects, hierarchical pores, and metal—-carbon contacts
increases, catalytic performance strengthens accordingly.
Because pyrolysis adjusts graphitization, defect creation,
and pore development simultaneously—rather than
precisely controlling composition as in wet-chemical
methods—its optimization requires balancing conductivity,
defect density, and mass-transport features to achieve
synergistic enhancement of intrinsic activity and overall
efficiency.

B 2.2. Hydrothermal Carbonization Methods

Hydrothermal carbonization (HTC) provides an
alternative and widely adopted route for transforming
algae and other moisture-rich biomass into carbonaceous
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catalyst materials. In contrast to conventional pyrolysis, pore architecture suitable for electrocatalytic applications.
HTC proceeds under comparatively mild hydrothermal Overall, HTC offers an energy-efficient, morphology-
conditions (typically 180-250 °C), which promotes the retentive route that complements conventional high-
preservation of spherical morphologies and the retention temperature pyrolysis and activation strategies.

of oxygen-containing functional groups during carbon

formation. These attributes enable the production of B 2.3. Wet-Chemical Methods

hydrochar with controllable particle size and surface
chemistry. However, HTC-derived carbons generally
exhibit low intrinsic porosity and thus often require
subsequent chemical activation to establish a hierarchical
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and (b) the MgxNixCoxCuxZnxO catalyst obtained through a sol-gel-assisted method. Ref. 34. Copyright 2024, Elsevier.

_m




Clean Technology for Resource, Energy and Environment

Review Article

30]. This method has several advantages, including
simplicity, low cost, fast processing, and reduced amount
of waste harmful to the environment [31]. Usually, this
method starts with the preparation of a colloidal solution,
followed by polymerization reactions to form an
amorphous network, which later undergoes hydrolysis to
form a gel [32]. Finally, drying and further processing
provide the desired material. Commonly used gels are
gelatin and agar. Because of their non-toxicity, excellent
biodegradability, and good compatibility with life, such
gels in recent years have been widely used as polymer
additives in the synthesis process [33]. Jakeline et al.
employed the sol-gel method to extract agar from RA, as
shown in Figure 1b [34]. The agar served as a polymeric
agent in synergy with transition metals to synthesize a
high-entropy oxide, MgxNixCoxCuxZnxO (X= 0.2). The
introduction of agar promoted an increased density of
oxygen vacancies, generated more active sites,
facilitated single-phase formation, and enhanced charge
transfer capability. As a result, the catalyst exhibited a low
overpotential of 336 mV versus the reversible hydrogen
electrode (vs. RHE), thereby improving its OER
performance [34].

In contrast to pyrolysis, wet-chemical strategies offer far
greater precision in tuning metal-oxygen coordination
environments, introducing well-defined defects such as
oxygen vacancies, and directing phase evolution during
synthesis. Pyrolysis, on the other hand, remains
advantageous for producing carbonaceous materials with
extensive surface area and hierarchical porosity. Broadly
comparing these approaches, pyrolysis-derived carbons
typically exhibit superior electrical conductivity and a high
density of defect sites, whereas sol—gel-generated oxides
enable fine regulation of elemental composition and
crystallographic order. Consequently, the choice of
synthetic route should be guided by the nature of the
desired catalytic centers—whether carbon defects,
heteroatom functionalities, or metal—oxygen
frameworks—and by the required balance among
conductivity, porosity, and intrinsic active-site reactivity.

While both pyrolysis and sol-gel approaches can
introduce heteroatoms and restructure the material
framework, the intrinsic strengths of algal biomass as a
precursor warrant clearer recognition. In contrast to
lignocellulosic or agricultural biomass, which is largely
restricted to carbon and oxygen, algae inherently contain
high levels of nitrogen, sulfur, phosphorus, and silicon
originating from proteins, amino acids, and mineral
assimilation. Upon thermal treatment, these heteroatoms
are directly transformed into pyridinic-N, graphitic-N,

thiophene-S, and Si—-C moieties, enabling efficient self-
doping without external dopant sources. These
biochemical and structural inheritances set algae apart
from traditional biomass, giving rise to higher defect
densities, improved heteroatom retention, well-developed
porosity, and strengthened metal-biomass electronic
coupling. Consequently, the superior catalytic properties
of algae-derived materials arise not merely from post-
synthetic activation but fundamentally from the inherent
elemental composition and bioarchitecture of algae,
which jointly dictate the electronic structure, active-site
accessibility, and overall electrocatalytic performance.

M 3. ELECTROCATALYTIC APPLICATIONS OF
ALGAE-DERIVED ELECTROCATALYSTS

B 3.1. Oxygen Reduction Reaction (ORR)

Oxygen reduction reaction (ORR), as one of the key
processes in fuel cells and metal-air batteries, is
severely limited by sluggish kinetics and large
overpotentials at the cathode [35]. Hence, the
development of efficient catalysts is essential to improve
ORR conversion efficiency [36]. Carbon is widely
employed as a carrier for electrochemical energy
conversion in fuel cells and related systems, and carbon-
based materials have been demonstrated to play a vital
role in enhancing the catalytic performance of ORR [37,
38]. In this context, algae-derived biomass, as a natural
carbon source with advantages of abundance, low cost,
and renewability, has recently been extensively explored
for the synthesis of efficient ORR catalysts.

m 31.1.
ORR

Microalgae-derived Electrocatalysts for

In recent years, MA have attracted considerable attention
in the field of electrocatalysis as a renewable carbon
source, owing to their abundance of nitrogen-containing
biomolecules and unique cellular architecture [39-41]. MA
can readily form porous carbon structures during
pyrolysis, simultaneously enabling effective nitrogen
doping [42]. These features make them highly promising
precursors for the development of ORR catalysts.

Ma et al. developed a two-step strategy, involving
pyrolysis and nitrogen doping, to upgrade MA into single-
atom catalysts (SACs) [43] and eventually raised the
temperature to 900 degrees (malg-SAC-900).[43]. As
illustrated in Figure 2a, MA-derived biomass was first
obtained through photosynthesis and subsequently
converted into hydrothermal carbon via a hydrothermal
treatment process. This intermediate was then
ultrasonically mixed with a nitrogen precursor under an
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inert N2 atmosphere, followed by pyrolysis to form malg-
SAC. The structural evolution of the samples was

analyzed by Raman spectroscopy, as shown in Figure 2b.

Raman spectra revealed that with increasing pyrolysis
temperature (up to 900 °C), the degree of disorder in the
carbon structure increased, as indicated by the rising
ID/IG ratio. The Raman analysis reveals a progressive
restructuring of the carbon matrix throughout pyrolysis,
accompanied by the efficient integration of heteroatoms
into the evolving framework. In summary, this work
demonstrates that the two-step synthesis route facilitates
the formation of atomically dispersed Fe sites and a
highly porous structure, which collectively enhance the
ORR activity. Compared with commercial Pt/C and other
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activation strategies, malg-SAC-900 exhibits superior
ORR performance with a E12= 0.875V vs. RHE [44].

Wang et al., achieved nitrogen enrichment of MA by lipid
extraction to synthesize microalgae carbon (MAC) and
microalgae residue carbon (MRC) [45]. As shown in
Figure 2c, the time-resolved 3D FTIR spectra indicate the
generation of NHs and HCN during pyrolysis. These
volatile nitrogen-containing species act as in situ
activating agents, contributing to increased specific SBET
and a higher degree of graphitization, while concurrently
promoting nitrogen incorporation into the evolving carbon
framework. Figure 2d further confirms that the nitrogen
content in the MR sampile is significantly higher than that
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Figure 2: (a) Schematic illustration of the synthesis of the malg-SAC catalyst via pyrolysis. (b) Raman spectra of the malg-SAC
catalyst Ref. 43. Copyright 2023, Elsevier. (c) Three-Dimensional (3D) Fourier-transform infrared spectroscopy (FTIR) spectra of the
malg-SAC catalyst. (d) XPS spectra of the malg-SAC catalyst. (e) Cyclic Voltammetry curve curves (CV) of the malg-SAC catalyst
Ref. 45. Copyright 2022, Elsevier. (f) Silicon self-doped biochar: the SP-11 sample synthesized via Pyrolysis Methods. X-ray
Photoelectron Spectroscopy (XPS) spectra of the SP-11. (g) Linear sweep voltammetry (LSV) curves of SP-11 at 1600 rpm, O2-
saturated, with a scanning rate of 10 mV s™' Ref. 49. Copyright 2025, Elsevier.
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in MA, indicating that protein enrichment effectively
promotes nitrogen accumulation. High-resolution N 1s
spectra reveal that nitrogen in the catalyst predominantly
exists in the forms of pyridinic-N, graphitic-N, pyrrolic-N,
and oxidized-N. Based on previous studies and
theoretical insights, pyridinic-N and graphitic-N are widely
recognized as the key active sites for enhancing ORR
activity. Compared to other samples, the f-MAC sample
exhibits a higher proportion of these two species, which
contributes to improved catalytic performance,
suggesting that tailoring the nitrogen species distribution
can effectively optimize ORR activity. As shown in Figure
2e, the MRC sample demonstrates a higher current
density and a more positive onset potential than MAC,
indicating superior ORR catalytic activity. Moreover, the
MRC exhibits a E12= 0.72 V vs. RHE, which is notably
higher than that of MAC. This enhanced performance is
primarily attributed to the higher nitrogen doping level in
MRC, especially the increased content of graphitic-N and
pyridinic-N, which are considered the dominant active
sites for ORR. In summary, MA-based catalysts exhibit
excellent electrochemical performance for the ORR. The
introduction of nitrogen dopants effectively modulates the
electronic structure, thereby enhancing ORR activity.
These findings are consistent with the performance
trends outlined in Table 1, which shows that the most
efficient catalysts typically possess high heteroatom
incorporation and well-developed porous architectures
derived from algal precursors.

In summary, electrocatalysts derived from MA show
excellent electrochemical performance in the ORR. This
high activity mainly results from their nitrogen-rich
composition, hierarchical porous structure, and flexible,
adjustable electronic configuration. During pyrolysis, the
carbon and nitrogen sources inside MA are converted
into highly conductive carbon frameworks with numerous
defect sites, thereby exposing more active centers. In
particular, the introduction and control of pyridinic-N and
graphitic-N species effectively optimize the local
electronic environment, facilitating oxygen adsorption and
accelerating electron ftransfer. Overall, MA-derived
catalysts combine structural advantages with electronic
modulation effects, showing high half-wave potentials
and outstanding synergistic catalytic activity. These
properties emphasize the great potential of MA-derived

carbon materials for clean energy conversion applications.

B 3.1.2. Sargassum spp.-derived Electrocatalysts for
ORR

In recent years, SP, a brown macroalga widely distributed
in coastal regions, has attracted increasing attention as a

promising precursor for ORR electrocatalysts due to its
high carbon content and natural abundance of
heteroatoms such as silicon and nitrogen [46]. Its unique
biological architecture facilitates the formation of a
porous structure, which provides favorable pathways for
mass transport and exposure of active sites during the
ORR process [47]. Recent studies have demonstrated
that structural properties can be effectively tailored
through thermal treatment and activation strategies,
thereby endowing SP-derived carbon materials with
excellent ORR electrocatalytic performance [48].

Isaias et al. employed a thermal treatment SP as the
carbon source. The silicon precursors—SiO2, Si(OH)4,
and atoms naturally adsorbed within the algal biomass—
enabled the construction of silicon self-doped biocarbon
in a one-step synthesis [49]. To investigate the effect of
pyrolysis temperature on the specific surface area and
ORR performance, N2 physisorption analyses were
conducted on biocarbon samples prepared at different
temperatures (SP6, SP9, and SP11). According to Figure
2f, the Si 2p XPS spectra reveal binding energies at
101.8 eV, 103.0 eV, and 104 eV, corresponding to Si—C,
SiO2C2, and SiOz, respectively. The results indicate that
at 600 °C, silicon remains primarily in its oxidized form
(SiO2 or Si(OH)4). Under natural conditions, silicon and
oxygen usually exist together [50]. Upon increasing the
temperature to 900°C and 1100°C, a progressive
transformation occurs, wherein Si—C bonding is formed
through the thermal decomposition of SiO2 and Si(OH)a.
This suggests that high-temperature treatment facilitates
the detachment of oxygen atoms, generating reactive
sites that promote the formation of Si—-C bonds [51].
Consequently, elevated pyrolysis temperatures enhance
the incorporation of silicon into the carbon lattice, thereby
modulating the electronic structure and improving
catalytic properties [52]. Previous studies have shown
that the incorporation of heteroatoms into the biocarbon
matrix can significantly enhance ORR activity [53].
Specifically, silicon doping contributes to improved
electron transport between adjacent silicon sites [54]. As
illustrated in Figure 2g, LSV reveals that the sample
treated at 1100°C exhibits the most favorable ORR
performance, with an onset potential (Eoneset) of 0.82V
and a half-wave potential (E12) of 0.68V vs. RHE. These
findings demonstrate that the structural evolution of SP-
derived biocarbon induced by thermal activation
enhances the exposure and integration of silicon atoms
within the carbon framework, thereby improving
electrocatalytic activity. This observation is consistent
with previous literature reports [55].
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Escobar et al., utilized SP, a brown macroalga collected
from Caribbean beaches, as both a carbon and nitrogen
source to synthesize N-doped carbon materials.
Standard untreated (RS), pyrolysis at 700 C for 90
minutes (SPY), drying at 80°C overnight (SDO) through
pyrolysis, doping, and activation treatments [56]. As
shown in Figure 3a, the pristine SP surface exhibits
uniformly distributed square-shaped macropores. After
pyrolysis, the SPY sample shows an irregular aggregated
structure with some blocked pores Figure 3b, which
results in a reduction of the BET surface area of RS. As
illustrated in Figure 3¢, the SBET, calculated via the BET
equation from N2 adsorption—desorption isotherms,
demonstrates that different processing methods have a
pronounced effect on the structural characteristics of SP-
derived carbons. The RS sample obtained by pyrolysis
alone shows a significant decrease in SBET from
34.42m2g" to 3.86 m2g!, primarily due to the collapse
and blockage of pores by volatile components, as
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confirmed by SEM observations. In contrast, the
solvothermal treatment effectively increases SBET by
generating small aggregates, resulting in a micropore-
dominated structure with the SDO sample achieving the
highest surface area of 133.87 m2g' among all samples.
These results indicate that the activation process
efficiently promotes the development of a porous
structure. SEM and BET analyses reveal that the
activated samples exhibit rougher surfaces with improved
porosity and pore size distribution. The creation and
enhancement of porous architectures expose more active
sites and facilitate mass transport during the ORR [57].
Overall, the study demonstrates that the combination of
pyrolysis, doping, and activation yields three catalysts
with excellent ORR performance. In particular, the SDO
sample not only possesses the highest SBET
(133.87 m?2g™) but also exhibits the most positive onset
potential (0.852V vs. RHE), confirming its superior ORR
catalytic activity.
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In summary, ORR catalysts derived from SP exhibit
several intrinsic advantages. First, SP is naturally
enriched with silicon and nitrogen, enabling in situ
heteroatom self-doping during thermal treatment without
the need for additional precursors. Moreover, silicon
incorporation tunes the electronic structure through a
mechanism distinct from nitrogen doping. While pyridinic-
and graphitic-N enrich the surrounding carbon lattice by
donating lone-pair electrons, Si—C bonding drives a
downward shift of the carbon p-band center and
promotes greater electron delocalization, thereby
enhancing electrical conductivity and reinforcing O:2
adsorption. This complementary electronic modulation
provides further insight into the superior ORR
performance observed for SP-derived carbons. This not
only simplifies the synthesis process but also reduces
overall production costs. Second, high-temperature
pyrolysis and activation processes facilitate the
development of porous structures with large specific
surface areas, which significantly enhance the exposure
of active sites and improve mass transport efficiency
during the ORR process [58]. Overall, SP-derived carbon
materials possess inherent advantages in structural
tunability, active site integration, and electrical
conductivity enhancement, making them promising
candidates for the development of environmentally
friendly, cost-effective, and high-performance ORR
electrocatalysts.

B 3.1.3. SW-derived Electrocatalysts for ORR

SW, which is rich in proteins, possesses a relatively high
nitrogen content [59]. In recent years, it has frequently
been employed as a precursor for heteroatom-doped
carbon catalysts through pyrolysis and activation. SW not
only enables the self-doping of nitrogen into the carbon
framework but also promotes the formation of graphitic-N
and pyridinic-N species, which have been widely
recognized in previous studies as the key active sites for
the ORR[60, 61].

Zhang et al. increased the ratio of graphitic-N to total N
atoms from 46% to 80% by elevating the pyrolysis
temperature, while the overall nitrogen content
decreased from 5.01 at% to 3.52 at% [62]. It can be seen
that seaweed, as an excellent biomass precursor, has a
natural nitrogen-containing organic matter structure. The
(Figure 3d) model design shows that seaweed has a
nitrogen-doped carbon skeleton (containing pyridinic
nitrogen, pyrrolic nitrogen, graphitic nitrogen, etc.). [63].
According to earlier studies, the total doped nitrogen
tends to volatilize at elevated temperatures, whereas the
proportion of graphitic-N gradually increases. As shown

in Figure 3e, self-doped porous carbon ORR catalyst (S-
850) represents a balance between the proportion of
graphitic-N and the total nitrogen content among the
samples. Notably, it exhibited the highest graphitic-N
content (3.65 at%) among these catalysts. As evidenced
by the LSV and CV results in Figure 3f, under identical
conditions, S-850 exhibits a markedly higher peak than
the other samples, indicating its superior ORR activity.
These results demonstrate that a higher graphitic-N
content leads to a lower ORR energy barrier and
provides a theoretical structural advantage [64].

Similarly, Li et al. employed SW as a precursor to
synthesize a multifunctional, nitrogen-rich porous biochar
(PBC-800) through carbonization and activation [65]. As
shown in Figure 3g, the surface of the obtained sample
exhibits abundant pores with average pore sizes of
approximately 27.8, 17.1, and 20.1 nm. The material
displays a honeycomb-like carbon framework, which not
only provides excellent electronic conductivity but also
exposes numerous defects, as illustrated in Figure 3h
[66]. The results indicate that nitrogen-rich SW can be
self-doped into mesoporous carbon, generating
numerous defects and active sites. [67].

According to previous reports, porous carbon materials
derived from SW as a precursor often feature well-
developed nitrogen configurations, abundant active sites,
and interconnected mesoporous networks [68]. These
structural characteristics effectively reduce the energy
barrier for the ORR, thereby delivering excellent
electrocatalytic performance.

In summary, the three types of algae-derived
electrocatalysts—MA, SW, and SP—show distinct
advantages in the ORR. MA catalysts have a nitrogen-
enriched structure that allows in situ nitrogen
incorporation during pyrolysis and the formation of
atomically dispersed Fe—Nx active centers, optimizing the
electronic structure and accelerating reaction kinetics.
SW catalysts, characterized by their high protein content,
easily form various nitrogen species such as pyridinic-N
and graphitic-N. By adjusting the proportion of graphitic-N,
hierarchical porous structures can be created that
improve conductivity and reveal more active sites. SP
catalysts introduce silicon and nitrogen heteroatoms into
the carbon framework simultaneously, forming Si—-C
networks that facilitate charge transfer and generate well-
developed mesoporous structures through the synergistic
effect between Si and N. These properties effectively
lower the ORR energy barrier and enhance catalytic
durability. These advantages not only provide naturally
renewable catalyst sources for fuel cells and metal-air
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batteries but also contribute to the sustainable
reutilization of waste algal biomass. Importantly, MA and
SW precursors exhibit markedly different structural
features. MA, with its greater protein and nitrogen content,
preferentially generates pyridinic- and graphitic-N
functionalities during pyrolysis. In contrast, SW contains
higher levels of inorganic constituents such as Si, S, and
various metal ions, enabling multi-heteroatom co-doping
and fostering the formation of hierarchical porous
architectures. To enhance the continuity of the discussion,
a brief comparison is introduced here. MA predominantly
utilizes nitrogen-rich biomolecular precursors to form Fe—
Nx motifs or N-doped active sites, whereas SP benefits
from Si—-C incorporation and silicon-mediated electronic
modulation. In contrast, SW-derived carbons achieve
improved ORR activity mainly through protein-derived
nitrogen species and the generation of graphitic-N. These
distinctions underscore how variations in algal
biochemica composition give rise to different active-site
configurations and  subsequently distinct ORR
mechanisms.

[ 3.2. Oxygen Evolution Reaction (OER)

The OER, as one of the key half-reactions in water
splitting and metal—air batteries, is a complex multistep
process involving a sluggish four-electron transfer [69].
To date, Ru, Ir, and their alloys are recognized as
benchmark OER catalysts [70]. In recent years, catalysts
derived from waste algal biomass have attracted
increasing attention owing to their high efficiency, stability,
and economic sustainability, providing significant
advances for OER catalysis and clean energy conversion.

B 3.2.1. SW-derived Electrocatalysts for OER

SAis a polysaccharide derived from marine biomass and
extracted from SW, has recently attracted increasing
attention as a promising precursor for OER catalysts [71].
Upon appropriate processing, SA offers abundant
functional groups that provide a versatile platform for the
incorporation of transition metals and heteroatoms. In
addition, its inherently high surface area and tunable
electronic structure make it an ideal candidate for
constructing advanced catalytic systems. These features
collectively offer valuable insights into the rational design
of efficient OER electrocatalysts.

Yang et al., synthesized a 3D hierarchical aerogel
catalyst, Ni/NiO/NiC0204/N-CNT-As hybrid, through an
ion-exchange process followed by pyrolysis of
sustainable SA [72]. Benefiting from its unique 3D
architecture as shown in Figure 4a, the material exhibits

a highly porous framework that facilitates charge transfer
at the catalytic centers, while the interconnected
hierarchical mesoporous hybrid structure enables
efficient mass transport. As shown in Figure 4b, in 1 M
KOH the ternary Ni/NiO/NiCo204/N-CNT-As catalyst
exhibits a remarkably low onset potential of 1.43 V vs.
RHE, which is lower than that of the binary counterparts
and commercial IrO2/C. Moreover, it delivers a
significantly higher current density compared with other
aerogel samples, highlighting its superior OER activity. As
presented in Figure 4c, all aerogel samples display
relatively low Tafel slopes, among which
Ni/NiO/NiC0204/N-CNT-As achieves the lowest value. In
contrast to conventional porous supports, the reduced
Tafel slope of Ni/NiO/NiCo204/N-CNT-As aerogel
catalysts indicates enhanced catalytic kinetics afforded
by the novel aerogel architecture.

Dong et al., employed sodium lignosulfonate and SA as
carbon precursors, and synthesized a P-Ru/SC-2 catalyst
by anchoring Ru clusters onto S-doped carbon aerogels
(P-Ru/SC) through a novel plasma-assisted high-
temperature carbonization process, as illustrated in
Figure 4d-e [73]. In 1 M KOH, the P-Ru/SC-2 catalyst
with S coordination and P doping exhibits the lowest
charge-transfer resistance (Rct), confirming its superior
electron transport capability among the tested samples.
Moreover, the synergistic effect of graphitized carbon and
stable Ru-S bonds significantly accelerates the reaction
kinetics, thereby enhancing the OER performance.
Notably, P-Ru/SC-2 achieves the lowest overpotential of
193.4 mV at 10 mA cm2, outperforming Ru/SC-1, which
demonstrates that P-Ru/SC-2 possesses the most
favorable catalytic activity toward OER.

In summary, SA has been demonstrated to be an efficient
biomass precursor [74]. The results reveal that aerogel
catalysts derived from SA endow the materials with
unique structural and electronic advantage, thereby
significantly enhancing their OER activity.

B 3.2.2. RA-derived Electrocatalysts for OER

RA, as a valuable marine biological resource, are rich in
polysaccharides such as agar and carrageenan[74]. Agar
not only serves as an excellent carbon precursor but also
acts as a structural directing agent in sol-gel systems,
thereby optimizing catalyst morphology and increasing
the density of surface active sites [75]. In recent years,
agar extracted from RA has been successfully employed
for the synthesis of transition metal oxides as OER
catalysts, which markedly enhance the reaction kinetics
of the oxygen evolution reaction.
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Jakeline et al., extracted agar from RA and utilized it as a
polymeric agent to synthesize MnxCo3xO4 via a protein
sol-gel method [76]. In this study, the Mn content was
carefully controlled, and it was observed that increasing
the Mn concentration led to a higher proportion of Mn?*
oxidation states dominating the surface composition.
Moreover, the 02/01 ratio was found to increase
progressively with the Mn content. As shown in Figure
4f-g, the sample with MnCo0204 (x = 1.0) exhibited the
highest OER activity, delivering the lowest overpotential
(299 mV) along with the smallest Tafel slope (52 mV dec-
). This superior performance is attributed to the
introduction of Mn, which increased the defect density
within the structure, thereby enhancing the number of
surface-active sites, facilitating mass transport, and
accelerating the OER kinetics. These results are
consistent with previous reports [77].

Daniel et al., employed agar extracted from RA to
synthesize CoFe204 via a protein sol-gel method [78]. As

shown in Figure 4h, at an overpotential of 400 mV vs.
RHE, the TOF of the agar-derived CoFe204 (8.8 x 102 s
) was markedly higher than that of the gelatin-derived
counterpart (1.9 x 103 s™'). The superior activity of the
agar-based material indicates that the increased number
of surface active sites significantly promotes the OER
kinetics. Under alkaline conditions (1 M KOH), stability
measurements conducted using multi-step
chronopotentiometry (Figure 4i) demonstrated that the
electrode exhibited excellent catalytic and mechanical
stability during the OER process. Moreover, the agar-
derived CoFe204 achieved a lower overpotential of 360
mV vs. RHE at 10 mA cm? compared to the gelatin-
derived counterpart (435 mV vs. RHE). These results
clearly indicate that agar extracted from RA provides a
more favorable substrate for enhancing the OER catalytic
activity of CoFe204 than gelatin.

Overall, these studies demonstrate that agar extracted
from RA endows transition metal oxides with a tunable
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Figure 4: (a) 3D structure of PBC-800.Morphology of Ni/NiO/NiCo204/N-CNT-As. Copyright 2019, American Chemical Society. (b)
LSV curves and (c) corresponding Tafel slopes Ref. 72. Copyright 2019, Royal Society of Chemistry. (d) schematic illustration of the
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(h) TOF values of CoFe204. (i) Multi-step chronopotentiometry tests were performed on CoFe204 powders obtained from agar and
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specific surface area and defect regulation capability. The
increased exposure of active sites effectively accelerates
the OER kinetics, thereby providing new insights into the
extraction of polysaccharides from RA and their
application as substrates for catalyst synthesis.

Two types of algae-derived electrocatalysts—SA and
RA—show great potential in the oxygen evolution
reaction (OER), each functioning through distinct
mechanisms. SA, a polysaccharide derived from brown
algae, can be transformed into three-dimensional porous
aerogel structures through carbonization. This structure
has a large specific surface area and good conductivity,
facilitating charge and mass transport. The introduction of
transition metals further optimizes the interfacial
electronic structure and accelerates reaction kinetics,
while heteroatom incorporation strengthens synergistic
effects. Meanwhile, RA catalysts are mainly obtained via
sol—gel systems that act as both pore-forming templates
and carbon sources, also incorporating transition metals.
Their high defect density and metal synergy improve
adsorption—desorption processes, thus enhancing OER
kinetics. Overall, SA catalysts rely on conductive 3D
architectures and heteroatom synergy, whereas RA
systems achieve a high density of active sites through
sol—gel chemistry and defect engineering. In recent years,
algae have been widely used as sustainable and low-cost
precursors for large-scale catalyst production, improving
catalytic activity and selectivity while promoting the reuse
of waste biomass. In contrast to SA-derived aerogels,
which primarily leverage three-dimensional conductive
architectures, RA-based catalysts rely more extensively
on sol-gel—driven defect engineering and tunable metal—
oxide coordination environments. This represents a
complementary strategy for enhancing OER performance.

B 3.3. Other Reactions

Compared with ORR and OER, reactions such as HER,
CO2RR, and NOsRR are more directly associated with
environmental remediation and clean energy conversion
[79]. HER plays a pivotal role in the sustainable
production of hydrogen as a clean energy carrier [80].
CO2RR offers a promising route to convert CO: into
value-added energy products, which is of great
significance since COz2 is a major greenhouse gas closely
linked to global climate change and environmental issues
[81]. In line with sustainable development strategies, both
the reduction of CO2 emissions and its efficient utilization
are of critical importance. Meanwhile, NO3RR provides
an effective approach for the remediation of nitrogen-
based fertilizers such as urea (CO(NH2)2) and ammonia

(NH3), thereby alleviating the pressing challenges
associated with perturbations of the natural nitrogen
cycle [82, 83]. In recent years, algae have been
increasingly exploited to develop low-cost and scalable
catalysts to enhance the activity and selectivity of these
reactions, not only improving catalytic efficiency but also
achieving the reutilization of waste algal biomass.

B 3.3.1. Harmful Algal Blooms—derived
Electrocatalysts for HER/CO:RR

HABs frequently occur in aquatic ecosystems worldwide,
posing severe threats to the environment, water ecology,
and human health [84]. The biomass of HABs is enriched
with carbon (COz) and essential nutrients such as N and
P, offering new opportunities for environmental
remediation and the development of sustainable energy
strategies [85, 86]. In recent years, researchers have
explored the conversion of HABs into catalysts and
discovered their potential in facilitating C—N coupling
reactions for catalyst design.

Yan et al. employed a wet/sonochemical approach
followed by annealing to convert HABs into the
Cu1Mo1/NC catalyst [87]. As shown in Figure 5a-b, the
XRD pattern of CuiMo1/NC exhibits characteristic peaks
of hexagonal MoN, with no diffraction peaks
corresponding to Cu species. Furthermore, in situ XRD
confirmed the emergence of MoN reflections after
annealing at 500 °C. With increasing annealing
temperature, these diffraction peaks became more
pronounced. As shown in Figure 5c, the adjacent lattice
spacings of 0.249 and 0.172 nm correspond well to the
(200) and (202) planes of hexagonal MoN. Moreover, the
proportion of pyridinic N and pyrrolic N decreased with
higher annealing temperature, indicating their
involvement in the formation of MoN. Consequently, no
Mo oxides were detected on the catalyst surface,
suggesting that the intrinsic nitrogen from HABs directly
participated in the MoN formation process. This study
achieved the NO3RR and CO2RR. As shown in Figure 5d,
t On the CuiMo+/NC catalyst, the adsorption energy of
*NO3 (-3.90 eV) is greater than that of *CO2 (-3.55 eV),
indicating a stronger affinity for nitrate species. The
energy barrier for *"NOsH — *NO2 (0.86 eV) is lower than
for COz reduction, suggesting that nitrate reduction is
more favorable. The in-situ ATR-FTIR spectra show that
CO2 can directly couple with *NH to form the *NHCO:
intermediate, followed by the rate-determining step
(*NHCOOH — *NHCO, 1.11 eV) and an exothermic C—N
coupling leading to urea formation. At Urne = —1.05 V, the
overall free-energy curve continuously decreases,
indicating a thermodynamically favorable process, while
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Mo/C still exhibits a significant energy barrier, confirming
that the Cu—Mo synergistic effect greatly promotes urea
electrosynthesis.

Yu et al., proposed a thermochemical strategy to convert
HABs into nitrogen-doped carbon materials, denoted as
E-NC and MA-NC [88]. As shown in Figure 5e—f, FTIR
analysis of E-NC and MA-NC revealed similar spectra,
indicating that these materials possess comparable
surface functional groups. The bands observed at ~1100
to ~1000 cm-! were assigned to the stretching vibrations
of C-N or C-0O. By NEXAFS analysis further revealed the
nitrogen chemical states in the carbon materials,
confirming that both samples possessed a similar carbon
framework environment. In the N K-edge spectra, three
distinct ™ peaks were identified, corresponding to
pyridinic N, pyrrolic N, and graphitic N, respectively.
These diverse nitrogen configurations can enhance the
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charge transfer capability of the carbon substrate,
thereby accelerating the CO2RR kinetics.

Overall, these studies demonstrate the unique
advantages of HABs in enabling C—N coupling product
synthesis, offering new perspectives for the reutilization
of harmful and waste algal biomass as well as for clean
energy conversion. Compared with CA and MA, which
primarily serve as nitrogen-rich carbon frameworks in
HER and CO:RR, HABs-derived catalysts uniquely
facilitate C—N coupling owing to their inherently high
nitrogen and phosphorus contents. This mechanistic
distinction positions HABs as a specialized subclass of
algal precursors with distinct catalytic potential.

B 3.3.2. CA-derived Electrocatalysts for HER/CO:RR

CA is a representative microalga characterized by its
rapid growth rate and strong nutrient uptake capacity [89,
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90]. It not only provides abundant carbon and nitrogen
sources but also offers a unique biomass architecture
that serves as a natural template for the synthesis of
high-performance catalysts [91]. In recent years, CA-
derived biomass has been converted into efficient
multifunctional electrocatalysts, and its remarkable
electrocatalytic potential has been extensively explored.

Mei et al. employed CA as a biomass precursor to
synthesize an N, Ni co-doped carbon-based electrode
material (CNNi) [92]. As shown in Figure 5g-h, the singly
doped CNi exhibited a distinct block-like morphology. In
contrast, the incorporation of both N and Ni dopants
enlarged the pore size of CNNi, rendering its surface
smoother and enriched with well-defined porous
structures. According to the FT-IR spectra, the peak
observed at 492 cm' in CNNi can be ascribed to the
stretching vibration of N—Ni bonds. Compared with the
singly doped samples CN and CNi, CNNi exhibited a
decreased diffraction peak intensity, which may be
attributed to the coordination of Ni atoms with N and O
species, thereby increasing the density of surface defects
in the crystal. Taken together, the results indicate that the
average crystallite size of Ni in the co-doped CNNi
catalyst is smaller than that in the singly Ni-doped
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counterpart. The reduced Ni crystallite size further
confirms that CNNi possesses a larger specific surface
area, thereby affording higher catalytic activity. The
gaseous products detected for CNNi, CN, and CNi
catalysts mainly include Hz2 and CO. As illustrated in
Figure 6a-b, CNNi exhibited the highest selectivity toward
CO, whereas CN and CNi catalysts showed lower CO
selectivity with a pronounced tendency toward hydrogen
evolution during the reduction process. Moreover, CNNi
delivered a significantly higher TOF than CNi and CN,
confirming that the co-doping of N and Ni not only
enhanced the overall electrocatalytic reduction activity
but also promoted CO formation, thereby boosting the
electrode performance toward CO:RR. Ananda et al,
synthesized a biochar-structured material (CO@NF)
using CA as the precursor [93]. As shown in Figure 6c-d,
CO exhibited a broad hump at around 23°, indicative of
its amorphous nature, which is consistent with previous
reports on carbonaceous materials [94]. XPS analysis
further revealed that the incorporation of N dopants
modified the functional groups of CO@NF. In addition,
the robust carbon framework endowed the material with
enhanced conductivity and electron transport capability.
Under alkaline conditions (1.0 M KOH), CO@NF
exhibited excellent HER catalytic performance, delivering
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Figure 6: (a) The isothermal adsorption and desorption curves of BET for CNNi (b) Product distribution of CO2RR by CNNi. Ref. 92.
Copyright 2024, Elsevier. (c) XRD of GA, MA and CO (d) Raman of GA, MA and CO Ref. 93. Copyright 2024, Elsevier.
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an overpotential of =339 mV at a current density of 50
mA cm2,

Overall, catalysts synthesized from CA biomass exhibit
excellent activity and controllability toward both CO2RR
and HER. This work opens new avenues for the
reutilization of CA biomass and advances the application
of waste microalgae in environmental remediation.

In summary, HABs- and CA-derived electrocatalysts
show excellent potential in multi-electron transfer
reactions. HABs-based catalysts, enriched with nitrogen
and phosphorus, achieve in situ heteroatom incorporation
during pyrolysis, creating abundant active sites for C—N
coupling reactions. The synergistic effect of nitrogen
species facilitates interfacial formation and effectively
reduces the reaction energy barrier. Meanwhile, CA-
based catalysts utilize their high carbon and nitrogen
content and well-organized cellular architecture as
natural templates for developing porous carbon
frameworks. Co-doping with transition metals forms
optimized electronic structures and a high density of
defects, reducing the reaction energy barrier and
accelerating the kinetics. Collectively, the catalytic trends
described above are consistent with the comparative
results summarized in Table 1. These characteristics not

environmental pollution but also open new pathways for
sustainable energy conversion using algal biomass.

[ 4. CONCLUSION AND PERSPECTIVES

In recent years, Algae-derived electrocatalysts have
emerged as an attractive option for the design of
sustainable and efficient electrocatalysts. Due to their
wide distribution, rapid growth, strong nutrient absorption
capacity, and intrinsic abundance of carbohydrates,
proteins, lipids, as well as heteroatoms such as nitrogen,
sulfur, and silicon, algae serve as ideal precursors for
carbon-based catalysts [96, 97]. Through pyrolysis
method, in situ heteroatom doping can be achieved,
thereby generating abundant active sites [98]. For
instance, pyrolysis method of MA or SP has been
demonstrated to yield catalysts with low half-wave
potentials.

Alternatively, the sol-gel method can be applied, in which
natural polymers such as gelatin or agar are used as
polymeric agents to optimize the electronic structure and
thereby create efficient charge transport pathways [99].
For instance, sol—gel processing of RA has been reported
to produce catalysts with low overpotentials. In recent
years, increasing evidence has demonstrated that algae

only help mitigate greenhouse gas emissions and biomass-derived electrocatalysts  exhibit  excellent
Table 1: Algae-derived electrocatalysts for various electrochemical reactions.
Category Algae Electrocatalysts Treating Method Electrolyte Performance
MA malg-SAC-900 [95] pyrolysis 0O, and N, KOH Ss? E12°=0.875V vs. RHE ¢
MRC [45] pyrolysis O; and N, PBS SS E.2=0.72 V vs. RHE
ORR p SP11 [49] pyrolysis 1M KOH E1,=0.68 V vs. RHE
SAC [56] pyrolysis 0.5 M KOH Eoneset °=0.838 V vs. RHE
S-850 [62] pyrolysis 0.1 M KOH E.2=0.843 V vs. RHE
sw PBC-X [65] pyrolysis 1.69 g/L NaCl Eoneset =0.838 V vs. RHE
Ni/NiO/NiCo,04/N-CNT-As [72] pyrolysis 1M KOH Eoneset =1.43 V vs. RHE
sw P-Ru/Sc [73] pyrolysis 1M KOH E1°=193.4 mV
OFR RA Mn,Co03.404 [76] wet-chemical method 1M KOH Jio= 299 mV vs. RHE
CoFe04[78] wet-chemical method 1M KOH J10= 360 mV vs. RHE
ns CusMo/NC [87] pyrolysis 06.11'\ﬂﬂK|(|-|NC()()33 FECO = 15.2%
HER/CO:R MA-NC [88] pyrolysis CO, KNOH;SS FECO= 82.7%
R CNNi [92] pyrolysis 1M KOH E100™= -126 mV/s
CA GA@NF [93] pyrolysis 0.1 M KHCO3 FECO= 90%

aSS: saturated solution; °E+2: half-wave potential for ORR; °RHE: reversible hydrogen electrode; “Eqneset: ONeset potential for ORR; °E+o: the applied potential at a current
density of 10 mA cm™2 for OER; {J1o: the current density of 10 mA cm2for OER; 9FECO=The faradaic of CO product; "E1o0= the applied potential at a current density of 100

mA cm~2 for HER.
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performance in multi-electron transfer reactions, including
ORR, OER, HER, and CO2RR [100, 101]. These findings
indicate that algae-derived catalysts hold great potential
for environmental remediation and clean energy
conversion. In addition, recent studies have explored the
reutilization of HABs caused by excessive proliferation.
The rational utilization of waste algae not only reduces
ecological risks but also enables value-added use of
biomass. Overall, algae-derived electrocatalysts provide
a promising platform for the development of sustainable
catalytic systems.

Despite the many advantages of algae-derived
electrocatalysts, their application in complex multi-
electron transfer reactions still faces obstacles. Issues
such as limited reproducibility, insufficient structural
stability, and the ambiguous identification of key catalytic
centers remain major challenges. The intrinsic atomic
complexity, hierarchical porosity, and coexistence of
amorphous carbon phases may further obscure the
precise determination of active sites. Therefore, accurate
identification of catalytic centers and in-depth elucidation
of their reaction mechanisms are essential for optimizing
catalyst performance. To further refine future prospects,
several emerging directions deserve close attention.
Advanced in-situ and manipulative spectroscopy
techniques provide powerful tools for studying
intermediates and electronic structure reconstruction in
algal-derived catalysts. Meanwhile, rational catalyst
precursor design holds promise for precise control over
heteroatom configurations and defect chemistry. Machine
learning-aided modeling offers another avenue for
accelerating carbon framework design and optimizing
synthesis conditions. In this context, the following key
directions for future research on algae-derived
electrocatalysts are highlighted:

Understanding Reaction Mechanisms on Catalyst
Surfaces

A central challenge for algae-derived electrocatalysts lies
in the limited understanding of their reaction pathways
and surface-active sites. The coexistence of multiple
heteroatoms, hierarchical porosity, and amorphous
carbon phases makes the identification of true catalytic
centers highly complex [102, 103]. Future studies should
integrate advanced in situ techniques and spectroscopic
methods (e.g., XAS, Raman, FTIR) with theoretical
approaches such as DFT to elucidate the adsorption
behavior of intermediates, electron transfer mechanisms,
and the correlations between structure and catalytic
performance. Such insights are crucial for guiding the
rational design of algae-derived electrocatalysts.

Stability and Durability Under Practical Conditions

For practical applications, long-term stability and
durability remain essential challenges. Future research
should focus on strategies such as protective coatings,
preservation of surface structures, and structural
reinforcement to enhance durability. In addition,
systematic evaluations of catalyst stability under diverse
conditions—such as varying temperatures, electrolytes,
and applied potentials—are required to ensure their
feasibility for real-world applications.

Scale-up and Integration into Practical Systems

Successfully translating algae-derived catalysts from
laboratory design to practical devices is a critical
challenge. Transitioning from lab-scale conditions to
large-scale applications requires the development of
scalable synthesis methods, cost-effective processing
techniques, and standardized testing protocols to ensure
both feasibility and reproducibility. Moreover, their
integration into real devices—such as fuel cells, water-
splitting systems, and CO: electrolyzers—must be
carefully evaluated to determine whether their practical
performance can match or surpass the outcomes
demonstrated under laboratory conditions.

Machine Learning -assisted Design of Algae-derived
Catalysts

Machine learning (ML) offers new opportunities for the
design of algae-derived electrocatalysts. By integrating
experimental data with computational prediction
frameworks, ML can evaluate and optimize synthesis
parameters, structural features, and precursor selection.
In this way, ML can serve as a powerful tool for the
efficient prediction, screening, and optimization of algae-
derived catalysts.

Sustainable Synthesis and Industrial Application of
Algae-derived Catalysts

Sustainability should always be a primary objective in the
design of algae-derived electrocatalysts. The rational
utilization of waste and harmful algae not only reduces
environmental damage but also transforms them into
high-value raw materials, such as feedstocks for clean
energy. Future research should focus on energy-efficient,
low-emission, and environmentally friendly synthesis
processes. At the same time, catalyst design should be
integrated with life cycle assessment (LCA) and techno-
economic analysis (TEA) to evaluate their feasibility for
industrial-scale applications.
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