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This paper reviews and analyzes the innovations and advances in using algae and their derivatives in different
parts of Li-ion batteries. Applications in Li-ion battery anodes, electrolytes, binders, and separators were dis-
cussed. Algae provides a sustainable feedstock for different materials that can be used in Li-ion batteries, such as
carbonaceous material, biosilica, biopolymers, and other materials that have unique micro- and nano-structures
that act as biotemplates for composites structure design. Natural materials and biotemplates provided by algae

have various advantages, such as electrochemical and thermal stability, porosity that allows higher storage
capacity, nontoxicity, and other properties discussed in the paper. Results reveal that despite algae and its de-
rivatives being a promising renewable feedstock for different applications in Li-ion batteries, more research is yet

to be performed to evaluate its feasibility of being used in the industry.
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1. Introduction

As the world moves towards a more sustainable and energy-efficient
future, lithium-ion (Li-ion) batteries continue to serve as the undisputed
champion, powering everything from smartphones to electric vehicles
and renewable energy storage systems. The growth of the global market
of Li-ion batteries is forecasted to grow steadily and almost exponen-
tially from USD 36.90 billion in 2020 to USD 193.13 billion in 2028
(Fortune Business Insights, 2022). This rapid growth is mainly attributed
to the surging demand for electric vehicles and renewable energy stor-
age systems (Lander et al., 2021; Noura et al., 2020; Singh et al., 2023).
As a result, there is an urgent need for sustainable, cost-effective, and
eco-friendly materials for Li-ion batteries that can meet this industry’s
high performance and safety requirements.

Lithium-ion (Li-ion) batteries are highly significant across various
domains due to their unique properties. They are widely employed in
portable electronics like smartphones and laptops because they offer
high energy density and lightweight characteristics. In the electric
vehicle sector, Li-ion batteries contribute to the growth of clean trans-
portation, while in renewable energy, they play a key role in storing
excess energy from sources like solar and wind. Additionally, Li-ion
batteries support grid stability, find applications in consumer elec-
tronics, power tools, medical devices, and aerospace, showcasing their
versatility and adaptability. The significance of Li-ion batteries extends
to advancements in technology, sustainability, and the broader transi-
tion to cleaner energy solutions. Li-ion batteries consist of two electrodes
as the main components separated by an electrolyte and in some cases a
physical separator and a binder.

Materials conventionally used in Li-ion batteries include graphitic
and carbon-based materials, metal oxides, phosphates, and silicates.
Although these materials have shown promising results, they have some
limitations and drawbacks. For example, transition metal oxides are
limited by cost, availability, and safety concerns (Liang et al., 2013;
Wang et al., 2019; Zhao et al., 2016). On the other hand, carbonaceous
materials are safer and more abundant. Yet, they have a limited theo-
retical capacity and lifetime (Li et al., 2021; Roselin et al., 2019; Ye
etal., 2021; Yuan et al., 2023) while silicon-based materials have higher
capacity but suffer from hazardous volume expansion (Feng et al., 2018;
Wu et al., 2019; Zhang et al., 2021). These limitations are driving re-
searchers to develop new materials that will provide environmentally
friendly solutions for Li-ion batteries to deliver high energy density and
power capability while maintaining long lifecycle and high safety
standards (Illa Font et al., 2023; Lv et al., 2019). Examples of biomass
based materials that have the potential to be used in rechargeable bat-
teries are lignocellulosic biomass, soybean residue, fruit waste, nutshell,
grain waste, etc. (Park et al., 2023).

The use of algae in electrochemical energy storage and generation
applications was reviewed elsewhere (Parsimehr and Ehsani, 2020;
Torres and De-la-Torre, 2022). Compounds from green algae, such as
cellulose and activated carbon, are utilized in creating electrodes and
separation membranes for batteries and supercapacitors. Moreover,
natural dyes from green algae play a role in developing dye-sensitized
solar cells, and microbial fuel cells leverage the oxygen released dur-
ing algae growth for cathodic reactions, converting Hj into electricity.
Algae have attracted attention as a renewable and environmentally
friendly source for various materials used in Li-ion batteries. Algae have
many advantages as they are fast-growing, need minimal nutrition and
supervision, and can produce different types of bioproducts such as
lipids and polysaccharides. Each of these biomaterials can further be
processed to obtain an end-product used in Li-ion batteries, such as
carbonaceous materials for anodes or alginates for electrolytes.

The choice of algae as a feedstock for energy materials serves more
than one goal, as algae can grow in and treat wastewater, capture and
use CO, emissions, and produce byproducts that can be used for pur-
poses other than Li-ion batteries (Aswathi Mohan et al., 2022; Chen
et al., 2022; Dang et al., 2022; Devadas et al., 2021; Kanna Dasan et al.,
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2023; Kant Bhatia et al., 2022; Kartik et al., 2021; Leong et al., 2022;
Nagendranatha Reddy et al., 2019; Pathy et al., 2022; Vo Hoang Nhat
et al.,, 2018; Yu et al., 2017; Zhou et al., 2022). This makes the pro-
duction process of Li-ion batteries more sustainable and reduces its
environmental impact. Algae-derived materials have also shown good
performance, stability, and safety for Li-ion batteries (Parsimehr and
Ehsani, 2020).

Algae-derived materials have another advantageous characteristic
which is their unique detailed morphological structures. These nano-
and micro-structures can be used as three-dimensional biotemplates to
fabricate innovative structures with enhanced properties such as high
surface area. Algal feedstock also contains various dopants and func-
tional groups that provide improved electrochemical properties and
more active sites.

However, the utilization of materials derived from algae for different
applications in Li-ion batteries did not reach the stage of commerciali-
zation yet due to challenges such as scalability, cost and process opti-
mization, and limited understanding of the electrochemistry of algae
(Parsimehr and Ehsani, 2020; Torres and De-la-Torre, 2022). This topic
is gaining increasing research attention as the demand for high-
performance and cost-effective Li-ion batteries with high sustainability
and safety standards is growing. The literature contains reviews about
advancements in the materials used for Li-ion batteries such as polymer
electrolytes (Fan et al., 2021) and anodes (Nzereogu et al., 2022) from
different sources including biomass feedstocks (Baskar et al., 2023; Jin
et al., 2021; Long et al., 2017). Some reviews discuss the potential of
microbe-derived (Wei et al., 2016) and algae-derived (Parsimehr and
Ehsani, 2020; Torres and De-la-Torre, 2022) materials in energy gen-
eration and storage applications in general. This paper aims to highlight
and analyze the latest breakthroughs in utilizing algae for applications
in Li-ion batteries specifically. It covers the progress in using materials
derived from algae in the anodes, electrolytes, binders, and separators of
Li-ion batteries. The novelty of this paper lies in its detailed and specific
discussion and comparison between various algae-based materials in
each component of the Li-ion battery, in terms of capacity, coulombic
efficiency, capacity retention, etc. Results are also presented in tables for
each battery component. By highlighting these advancements, this re-
view offers valuable insights into the potential of algae as a sustainable
and environmentally friendly feedstock for Li-ion battery applications.

2. Algae-based anodes

The most common standardized commercial anode material for Li-
ion batteries is graphite. However, the rising demand for higher en-
ergy and power densities, storage capacities, performance rates, and
cycling stability calls for more enhanced anode materials. Graphite has a
relatively low theoretical capacity (372 mAh/g) and limited rate capa-
bility and cycling performance (Xia et al., 2013). Alternatively, silicon
(Si) is attracting increasing research attention as it has a theoretical
specific capacity that can reach up to 4,212 mAh/g (in the case of
LigoSis) (Zhang et al., 2012). Although ten times higher than graphite,
this high specific capacity does not last long because it is impacted by the
immense volume change that the Si anodes of Li-ion batteries go through
upon lithiation and delithiation (Zhang et al., 2012). Other materials
being investigated for Li-ion battery anodes include alloys, metal oxides,
and other carbon-based materials (Nzereogu et al., 2022). Fig. 1 presents
a visual summary of the anodic materials discussed in this section.

The innovation in the anodes of Li-ion batteries takes two paths, as
mentioned in Fig. 1. The first way, as mentioned above, is discovering
and developing new materials with desired properties. The second way
is proposing new structure design solutions that result in better perfor-
mance. For example, increasing the surface area by introducing meso-
pores or large pores increases the capacity, while introducing
micropores enhances ion exchange (Baskar et al., 2023; Lu et al., 2017).
As will be noticed in this section, studies combine new materials with
innovative material designs to tackle the limitations and challenges that
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Fig. 1. Visual summary of algae-based anodic materials for Li-ion batteries and development pathways.

the former anode of Li-ion batteries face.

Algae biomass is a sustainable carbon source for the anodes of Li-ion
batteries. Like other biomass types, carbon materials are obtained from
algae biomass through various carbonization processes such as pyroly-
sis, gasification, and hydrothermal treatment (Baskar et al., 2023; Jin
etal., 2021). The obtained carbon material is typically activated through
self-activation or chemical/physical activation to increase its theoretical
capacity (Baskar et al., 2023). It can also be doped or modified using
oxides, sulfides, and other additives. Algae also serves as a biotemplate
to build material designs inspired by nature. Different composites,
structures, and processes result in anodes with different properties. This
section reviews the experimental work using algae-based sources to
fabricate anodes for Li-ion batteries. Table 1 presents a summary of the
studies that are discussed in the following subsections. For the sake of
comparison, Table 2 presents highlights of electrochemical performance
of similar biomass materials from various sources.

2.1. Silica- and silicon-containing anodes

Silicon and silicon-based composites are being investigated as anode
materials for Li-ion batteries because of their high capacity (Casimir
et al., 2016). Since pure silicon anodes suffer from high volume change
and severe capacity loss, it is necessary to couple it with other stable
components such as carbonaceous materials. Both silicon-based mate-
rials and carbon-based materials can be derived from algae.

Diatoms, a type of algae, are known for their production of high
amounts of silica (silicon dioxide, SiO2) in the form of cell coatings also
called frustules. Fig. 2 (A) shows examples of diatoms cell structures.
This biosilica can be harvested from aqueous algal biomass or from
diatomic fossils found in sediments which are also known as diatoma-
ceous earth (Entwistle et al., 2018; Lisowska-Oleksiak et al., 2014).
Nowak et al. (2019) cultivated diatoms (Pseudostaurosira trainorii),
harvested biosilica from the obtained biomass, and used it to fabricate
anodes for Li-ion batteries. Obtaining biosilica was achieved through
simple steps that include vacuum filtration and organic matter digestion.
This biosilica was combined with carbon black and carboxymethyl
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Table 1
Summary of studies on using algae-derived materials in the anodes of Li-ion batteries, sorted according to dates.
Anode material Year Source Synthesis processes Properties Ref. Subsection
number
SiO2/C composite 2021  Silica from diatoms Pyrolysis Delithiation capacities: (Renman 2.1
~800 mAh/g at 50 mA/g and ~450 mAh/g et al,
at 2000 mA/g 2021)
Hydrochar (byproduct of 2021  algae grown on brackish dairy =~ Hydrothermal Surface area: 304.06 m%/g (Yu et al., 2.4
HTL) wastewater liquefaction, COy Reversible discharge-charge capacity: 2022)
activation, and base-acid 226 and 223 mAh/g at 0.1 A/g after 40
wash cycles
Porous carbon SnO, 2020  Green algae Hydrothermal process, Surface area: 798.9 m?/g (Razaetal, 22
nanoparticles carbonization, iron oxide Discharge capacity: 1235.4 mAh/gat0.1C ~ 2021)
etching after 180 cycles and
416 mAh/g at 1.0C after 250cycles
Lead adsorbed hydrochar 2020  Algae hydrochar after being hydrothermal Reversible capacity: 358 mAh/gat 0.1 A/  (Yuetal, 2.4
used as a lead adsorbent in liquefaction, alkali g after 100 cycles 2021)
wastewater treatment Rate capability: 383, 312, 261, 214, 175,
and 135mAh/gat 0.1, 0.2, 0.4, 0.8, 1.6, and
3.2 A/g, respectively
Carbon-MoS, composite 2019  Greenalgae (asasourceanda  Hydrothermal process, Discharge capacity: 300 mAh/g at 5 A/g (Seo et al., 2.5
biotemplate) carbonization after 880 cycles 2019)
S-doped carbon aerogel 2019  Carrageenan-Fe hydrogel Pyrolysis, carbonization, Surface area: up to 4037.0 m%/g (Li et al,, 2.3
from red algae acid washing Specific capacitance: 335F/g (aqueous 2019)
electrolyte) and 217 F/g (organic
electrolyte) at 1 A/g
Maintained capacitance: 204 F/g at 100
A/g and 173 F/g at 50 A/g in aqueous and
organic electrolytes
Carbon MnO/SiOC 2019  Green algae (source and Supercritical CO,, Reversible capacity: 770 mAh/g at 100 (Huang 2.1 and 2.2
composite biotemplate) biosorption, calcination mA/g after 200 cycles etal,
2019)
Carbon black + biosilica + 2019  Biosilica from diatoms Digestion and acid Specific capacity: 400 + 9 mAh/g over 90  (Nowak 2.1
sodium carboxymethyl dissolving to obtain silica  cycles etal.,
cellulose composite 2019)
N-doped carbon a-Fe,O3 2018  Green algae Spray pyrolysis Discharge capacity: 1281.5 mAh/g at 100  (Kwon 2.2 and 2.3
composite mA/g etal,
Rate performance: 200--1000 mA/g 2019)
Capacity retention: 92 % after 100 cycles
at 200 mA/g
Carbon ZnMny04 2017  Residual microalgae from Biosorption, Initial discharging capacity: 1366 mAh/g  (Chen 2.2
composite biofuel industry hydrothermal treatment, Initial charging capacity: 853 mAh/g et al.,
calcination Coulombic efficiency: 62.4 % 2017)
Capacity retention: 355 mAh/g
maintained 10A/g
Heteroatom doped (S N O) 2017 Carrageenan Carbonization, activation Reversible capacity: 839 mAh/g at 0.1 A/ (Lu et al., 2.3
carbon g after 100 cycles 2017)
Capacity retention: 228 mAh/g
maintained at 10 A/g
Sn/C composite 2017  Microalgal biomass after oil Carbonization Rate capability: 160.0 mAh/g at 3.5 A/g (Songetal.,, 2.2
extraction after 80 cycles 2017)
Cycle performance: 511.7 mAh/g at 200
mA/g after 300 cycles
Carbon Fe,O3 composite 2017  Sodium alginate Calcination Reversible capacity: 703 mAh/g at 100 (Zhang 2.2
mA/g after 50 cycles and 384 mAh/gat2A/  etal.,
g 2017)
Specific capacity: 1193 mAh/g for the first
discharge
HCI treated biochar 2017  Green macroalgae Pyrolysis, HCI treatment Specific discharge capacity: 700 mAh/gat  (Salimi 2.4
0.1A/g et al.,
2017)
MnO/C microtubes 2016  Green algae (spirogyra: spiral ~ Biosorption, Reversible capacity: 610 mAh/g at 200 (Wang 2.2
tube-like structure) carbonization mA/g after 60 cycles etal.,
Rate capability: 350 mAh/g at 2 A/g 2016)
Porous carbon 2016  Microalgae Pyrolysis Specific capacities: 445 mAh/g at 0.1C (Ru et al., 2.4
and 370 mAh/g at 1C 2016)
Capacity retention: 95 % after 500 cycles
at 1C
Si-0-C 2016  Microalgae Calcination, supercritical Reversible capacity: 450 mAh/g at 0.1 A/  (Xiaetal., 2.1
(Nannochloropsis) as source CO, g over 200 cycles with excellent rate cycling ~ 2016)
and template stability and coulombic efficiency (100 %)
Silicon paper (made of 2015  Nanocellulose from green Paper making process Areal capacity: up to 2.5 mAh/cm? (Wang 2.1
silicon, nanocellulose, algae (Cladophora) (sonication, vacuum Specific capacity (based on Si): 3200 et al.,
and carbon nanotubes) filtration, drying) mAh/g at 200 mA/g. 2015)

(continued on next page)
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Anode material Year Source Synthesis processes Properties Ref. Subsection
number
Specific capacity (based on electrode
weight): 800 mAh/g at 200 mA/g
Sn/C composite 2014  Green algae (Spirulina) as a Biosorption, calcination Discharge capacity: 520 mAh/g after 100 (Tao et al., 2.2
source, biotemplate, and cycles 2014)
biosorbent Coulombic efficiency: approx. 100 %
MnO/C microspheres 2013  Microalgae (Nannochloropsis ~ Immersion, calcination Reversible capacity: 700 mAh/g at 0.1 A/  (Xia et al., 2.2
oculata) g 2013)
Cycling stability: excellent
Capacity retention: 94 %
Rate performance: 230 mAh/g at 3 A/g
supercritical CO5, and calcined to obtain a sample of Si-O-C micro-
Table 2 . . . . . spheres for Li-ion battery anodes. The low viscosity and high penetration
Examples of non-algae biomass materials and their electrochemical properties. .. . . . . N
of supercritical COy ensure efficient particle dispersion and mass

Biomass Properties Ref. transfer between microalgae and the Si-containing additive. The pro-

soarce posed structure demonstrated a reversible specific capacity of 450 mAh/

Cotton - Capacity up to 650 mAh/g at 3C. (Wu etal, g at 0.1 A/g for over 200 cycles due to the increased active surface area
- Capacity retention: 1070 mAh/g after 430 2016) made possible by the microalgae biotemplated microstructures. A
cycles at 0.2C. imil d d by H ¢ al. (2019) with Chlorell
- Coulombic efficiency: 99 % SI.IIll ar proce ur(-:: was used by Huang et al. ( : wi ‘ orella

Bacterial - Capacity up to 1390 mAh/g at 200 mA/g. (Huang et al., biomass, after which the treated biomass underwent a biosorption phase

cellulose - Capacity retention: 1135 mAh/g after 200 2016) to incorporate MnO additives, as shown in Fig. 2 (B). The final C/MnO/
cycles at 400 mA/g. SiOC anodic material demonstrated a reversible capacity of 770 mAh/g
- Coulombic efficiency: 100 %

- . . ; . at 100 mA/g for over 200 cycles.

Rice husk - Capacity retention: discharge capacity (Wang et al., .
increased from 325 mAh/g to 485 mAh/g after 84  2014) Nanocellulose from the green algae Cladophora was used along with
cycles. silicon nanoparticles and carbon nanotubes to construct a paper-like

Corn stalk - Capacity up to 209 mAh/g at 1C. (Xuetal, anodic structure (Wang et al., 2015). Owing to Cladophora nano-
- C?Pamy retention: 203 mAh/g after 200 20162) cellulose physicochemical properties, the Si-based anode sheets showed
cycles. . 1 e1e s . s .
 Coulombic efficiency: 99.5 % h¥gh flexibility (t.ensﬂe -strength. 27.4 MPa, Y01.1ng s rrTodulus. 314 MPa,

Bamboo - Capacity retention: discharge capacity (Xu et al., pictures can be viewed in Wang et al. (2015)), lightweightness, and free-
decreased from 586.2 mAh/g at 200 mA/g to 2016b) standability. They demonstrated a specific electrode capacity up to 800
294.7 mAh/g after 180 cycles at 200 mA/g. mAh/g at 200 mA/g, corresponding to a specific capacity of 3200 mAh/

Egg white - Capacity up to 154 mAh/g at 1C. (Gao et al.,

- Capacity retention: discharge capacity 2016)
decreased from 324.2 mAh/g at 0.2C to 189 mAh/

g after 10 cycles and 118 mAh/g after 100 cycles

at 5C.

cellulose (CMC) to prepare the anode slurry. The porous 3D nano-
structures provided by the renewable biosilica act as a buffer to decrease
volume expansion and increase the surface area to enhance the storage
capacity. The best specific capacity was achieved using a 1:1 biosilica
and carbon black ratio, around 409 + 4 mAh/g at 20 mA/g for 90 cycles.
However, at a current density of 500 mA/g, the specific capacity drops
to below 100 mAh/g. Similarly, Renman et al. (2021) used biosilica from
diatoms to make anode composites for Li-ion batteries. They harvested
Coscinodiscus from the ocean, purified it, reduced its particle size to a
powder form (because regular silica particles have low storage capacity
of 200 mAh/g and lower), and finally used glucose to coat the biosilica
nanoparticles with carbon through 850 °C pyrolysis. Carbon coating is a
method used to overcome the limited electrical conductivity and ion
diffusivity of silicon-based anodic materials. The obtained biosilica (75
%wt) was combined with carbon black (10 %wt) and sodium alginate
(15 %wt) as a binder. The unique anode composition with a particular
activation mechanism resulted in a reversible delithiation capacity up to
800 mAh/g at 50 mA/g. It also demonstrated a capacity up to 150 mAh/
g and a specific energy density of around 390 mWh/g when tested in a
Li-ion battery.

Xia et al. (2016) and Huang et al. (2019) utilized microalgae as a
carbon source and a biotemplate in addition to silicon oxycarbides
(Si-O-C) from other sources to fabricate a Li-ion battery anode. The
electrochemical performance of Si-O-C composites depends on compo-
sition (e.g., Si percentage), amorphicity, and other microstructure
properties (Xia et al., 2016). In a study by Xia et al. (2016), microalgae
Nannochloropsis and tetraethyl orthosilicate were milled, treated with

g based on the weight of Si only. However, after 100 cycles at 1 A/g, the
electrode-specific capacity dropped to 458 mAh/g. The electrodes also
had aerial capacities of up to 2.5 mAh/cm?.

2.2. Metal oxide anodes

2.2.1. Manganese oxide (MnO)

Metal oxides are being investigated thoroughly because of their high
reversible capacities. For example, the theoretical capacity of manga-
nese oxide (MnO) is 756 mAh/g which is more than double that of
graphite. MnO also has a low operational potential of 1.032 V vs Li/Li".
However, like Si anodes, the high capacity of pure MnO fades rapidly
and causes immense volume change. MnO also has low rate capability
(Huang et al., 2019; Xia et al., 2013). To address these limitations,
studies propose novel anodic composites that combine MnO and
carbonaceous or other volume-buffering materials in unique
nanostructures.

In a study by Huang et al. (2019), MnO was embedded in the SiOC
microspheres through heavy metal biosorption. The addition of MnO
was responsible for the reversible capacity while the SiOC was respon-
sible for buffering and accommodating volume change. The electro-
chemical properties of the fabricated SiOC/MnO microspheres were
mentioned in the previous section.

Nannochloropsis oculata biomass was also used to fabricate MnO-
based microspheres for Li-ion battery anodes (Xia et al., 2013). The
biomass was first purified, then immersed in a KMnO4/Na3SO4 solution,
after which MnOy biosorption occurred. The final microstructures
consist of hollow shells made of a carbon matrix, MnO nanoparticles,
and hierarchical pores of different sizes. Hierarchical pores facilitate ion
transfer and act as an empty space to allow safe volume expansion. This
anode composite’s reported reversible specific capacity is 700 mAh/g at
0.1 A/g with a capacity retention of 94 %.
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Fig. 2. (A) Silica-containing cell-coatings of diatoms (De Tommasi et al., 2017). (B) Steps of preparing an anodic material made of a C/MnO/SiOC composite (Huang

et al., 2019).

Similarly, green algae spirogyra was used as a spiral biotemplate to
fabricate MnO-based anode composite (Wang et al., 2016). The green
algae were purified, and MnO incorporation was achieved through
biosorption and heavy metal deposition. The spiral nature of spirogyra
resulted in innovative microtubular carbonaceous structures, as shown
in Fig. 3. A reversible specific capacity of 610 mAh/g at 200 mA/g was
achieved and maintained for 60 cycles.

A more environmentally friendly method is using the residues of
microalgae biomass after biofuel production to fabricate anodic mate-
rials. Chen et al. (2017) utilized residual microalgae which contains
broken microalgae cells as a carbon source and a biotemplate that
provides spherical porous architectures to combine carbon with
ZnMnyOy4. The carbon/ZnMny04 composite was prepared through hy-
drothermal treatment and delivered a capacity of 355 mAh/g at 10 A/g

and a high capacity of 1450 mAh/g at 0.2 A/g after 150 cycles.

2.2.2. Tin and tin oxide (SnO)

Tin and tin oxide are also being investigated as potential anode
materials for Li-ion batteries due to their high capacity (e.g., 993 mAh/g
for Lis 4Sn), abundance, relative safety, and low environmental impact.
However, like many other high-capacity materials, tin-based anodic
materials suffer from high volume change during lithiation and deli-
thiation. To address this issue, Raza et al. (2021) fabricated a meso-
porous architecture of a SnOg-carbon composite with an increased
surface area of 798.9 m?/g due to the high porosity. The composite was
prepared by carbonizing microalgal biomass mixed with Sn- and Fe-
containing solutions then etching Fe to leave behind mesopores in the
carbonaceous matrix. Fig. 4 illustrates the explained process. The
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Fig. 4. Process of fabricating mesoporous Sn- and Fe-based anodic composite by (Raza et al., 2021).

discharge capacity of this anodic nanocomposite was 1235.4 mAh/g at
0.1C after 180cycles and 416 mAh/g at 1.0C after 250cycles.

Tao et al. (2014) used Spirulina platensis to fabricate an Sn-based
carbonaceous composite for the anode of Li-ion batteries. They used
microalgae as a source of carbonaceous materials, a biotemplate for the
structure of the composite, and a biosorbent for the additives. The
composite was made by biosorbent of Sn particles onto the microalgae,
calcination of the composite, and finally coating with polystyrene (PS)
to ensure that the Sn particles (20-30 nm) stay well anchored to the
microalgae and uniformly distributed. The discharge capacity of this
composite is 520 mAh/g after 100 cycles, with high cycle stability and
coulombic efficiency.

Since using residual microalgal biomass after oil extraction is more
feasible than using new biomass, Song et al. (2017) valorized the
biomass residues of Chlorella sp. after oil extraction to make a novel Sn-
based anodic composite. The composites also contained N- and P-doped
carbon obtained from the biomass. Additionally, they used a biomass
that has not undergone an oil extraction process and found that when
the lipids are removed, the material’s electrochemical properties (e.g.,
rate capability and improved cycle performance) were enhanced.

2.2.3. Iron oxide (FeO)

Other types of oxides that are being studied as candidates for the
anodes of Li-ion batteries are iron oxides. They have a high theoretical
capacity (e.g., 1007 mAh/g for Fe;03), are abundant in nature, and have
relatively high corrosion resistance. Iron oxides suffer from the same
limitations of other oxide composites such as volume expansion and low
conductivity (Kwon et al., 2019; Zhang et al., 2017). FeyO3 is often
coupled with a carbonaceous host material to address its limited elec-
trical conductivity. Carbonaceous materials from algae cannot only be
obtained from full biomass and deoiled biomass, but also from algae
derivatives such as alginates. For example, Zhang et al. (2017) fabri-
cated an anode material made of iron alginate through spray pyrolysis
and subsequent calcination of sodium alginate and an iron-containing
solution, as shown in F. The mesoporous Fe;O3/C anode composite
delivered a reversible capacity of 703 mAh/g at 100 mA/g after 50 cy-
cles and 384 at 2 A/g.

Spray pyrolysis was also used by Kwon et al. (2019) to prepare an
iron oxide carbonaceous active material for Li-ion batteries. In their
work, green algae were used as a carbon source and a biotemplate. The
final anode material consists of 70 % active material, 20 % carbon black,
and 10 % carboxymethyl cellulose. It demonstrated improved conduc-
tivity and reduced volume expansion, which resulted in capacity
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retention of 92 % after 100 cycles at 200 mA/g, a discharge capacity of
1281.5 mAh/g at 100 mA/g, and a good rate performance window be-
tween 200 mAh/g and 1000 mAh/g. While the testing and study of
metal oxides with algae are currently limited, there is a need to explore
additional composites.

2.3. Biochar, porous carbon, and doped carbon

Algal biomass is a sustainable source of carbonaceous materials that
can be used in the anodes of Li-ion batteries. Hydrochar is a carbona-
ceous material commonly obtained from algal biomass through hydro-
thermal liquefaction (HTL) (Elliott et al., 2015; Leong and Chang, 2023;
Yu et al., 2017). The process of hydrothermal liquefaction produces
biofuel, and 20 %-40 % of the output as a byproduct in the form of
hydrochar that can be valorized for Li-ion batteries applications (Yu
et al., 2022). Yu et al. (2021) proposed a double valorization technique
in which they first used the hydrochar from algal biomass as a lead
adsorbent, then as a carbonaceous anode material. They obtained the
hydrochar through hydrothermal liquefaction and applied an alkali
post-treatment step to enhance the electrochemical properties of the
final lead-adsorbed carbonaceous anode material. The final product
delivered a reversible capacity of 358 mAh/g at 0.1 A/g after 100 cycles
with good rate capability. Yu et al. (2022) also valorized hydrochar from
the hydrothermal liquefaction of algae cultivated in brackish water.
Their method has triple advantages as it treats wastewater, produces
carbon-neutral biofuel, and produces carbonaceous materials for bat-
tery anodes. To obtain the anode material, the algae biomass goes
through lipid extraction, CO activation, and finally purification from
metals and SiO, (interestingly, SiO5 and other metals proved positive
results as potential anode materials in other studies (Renman et al.,
2021; Nowak et al., 2019; Xia et al., 2016; Wang et al., 2015)). The
reversible discharge capacity of the fabricated hydrochar anode material
was 226-223 mAh/g at 0.1 A/g after 40 cycles with a high coulombic
efficiency of 98.7 %. The anode material also had a surface area of
304.06 m?/g (Yu et al., 2022).

Porous carbon can also be obtained from algae through simple py-
rolysis (pyrolytic carbon) (Ayub et al., 2022; Leong and Chang, 2023;
Sun et al., 2022). Ru et al. (2016) used microalgae to obtain pyrolytic
carbon with hierarchical porosity and graphitic structure. The anode
material demonstrated a capacity of 445 mAh/g at 0.1C and 370 mAh/g
at 1C. After 500 cycles, the sample maintained a capacity retention of 95
% at 1C. Similarly, Salimi et al. (2017) used Cladophora glomerata, a
green alga, to obtain pyrolytic algae for the anode of Li-ion batteries.
Their results suggest that HCl-treated biochar has better electrochemical
properties than nontreated biochar. Their sample comprises 75 % HCl
treated biochar, 15 % carbon black, and 10 % PVDF. It demonstrated
high active surface area, high thermal stability, and a discharge capacity
of 700 mAh/g at 0.1 A/g.

Carbon doping is another method to improve carbonaceous anode
materials’ electrochemical properties. Doped carbon can be combined
with other additives such as Fe,O3 (Kwon et al., 2019) or used alone as
the active anode material (Li et al., 2019; Lu et al., 2017). Nitrogen is a
good dopant for carbonaceous Li-ion battery anode materials because it
is more electronegative than carbon, it introduces more defects and
active sites, which lead to improved capacity and Li-ion transport (Kwon
et al., 2019). In addition to nitrogen, doping can be done using other
elements, such as sulfur and oxygen.

Synthetic doping through post-treatment typically yields unstable
anodic materials and is costly. Therefore, using renewable materials
such as algae presents an attractive alternative, as the algal biomass and
its derivatives contain both carbon and its dopants. Lu et al. (2017)
investigated the fabrication of anode material for Li-ion batteries made
of carbon doped with heteroatoms. They used the algae-derived sulfur-
rich carrageenan as a renewable source of the doped carbonaceous
material. In addition to sulfur, carrageenan contains other components
that allow nitrogen and oxygen doping. The heteroatom doped anode
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material was prepared through simultaneous carbonization and activa-
tion. It resulted in an aerogel with a surface area of 852-925 m?/g, a
capacity of 839 mAh/g after 100 cycles at 0.1 A/g for Li-ion battery and
228 mAh/g at 10 A/g, and a relatively low coulombic efficiency of 62 %.
The high sulfur content of carrageenan also makes it a suitable source for
anode materials of Li-S batteries, as studied by Li et al. (2019) in which
they used carrageenan via a similar process to fabricate an anode ma-
terial for Li-S battery with a high aerogel surface area of 4037.0 m>/g.

2.4. Molybdenum sulfides (MoS2)

Sulfides are also being investigated for application in the anodes of
Li-ion batteries. For example, MoS; has high capacity (~1400 mAh/g)
and is distinguished by its excellent cycle performance, demonstrating
good rate capability and capacity retention (Seo et al., 2019). However,
since MoS; is not a good conductor, it is often combined with conductive
materials such as carbon. For example, Seo et al. (2019) used green
microalgae as a carbon source and a structure biotemplate to fabricate a
novel carbon-MoS; anode composite for Li-ion batteries. Fig. 5 shows
details of the mentioned composite. The deoiled microalgae maintained
its spherical structure and provided a hollow 3D microstructure with
increased internal active sites for enhanced electrochemical properties.
Carbon from microalgae also contains natural nitrogen doping, further
increasing the number of active sites, thus improving capacity and ion
transport. The proposed carbon-MoS; composite achieved a 300 mAh/g
capacity at 5 A/g after 880 cycles, demonstrating excellent cycle
stability.

3. Algae-based electrolytes

The most important properties of electrolytes in Li-ion batteries, in
particular, are conductivity towards lithium ions, safety indicated by
thermal and conduction stability, transparency, and environmental
friendliness. Solid/quasi-solid polymer electrolytes are more thermally
and electrochemically stable than regular liquid electrolytes which are
prone to leakage. Many solid electrolytes have shown favorable ionic
conductivities, activation energies, and thermal and electrochemical
stabilities (Temeche and Laine, 2022).

Algae naturally produce various types of polymers suitable for the
fabrication of electrolytes. Typically, polymers such as carrageenan are
used as a host material, and lithium salts are used as dopants or additives
to enhance the electrolyte’s conductivity. Studies have explored the use
of carrageenan, agar-agar, chitosan, and alginate to fabricate polymer
electrolytes for Li-ion batteries, all of which are biopolymers that can be
extracted from the renewable feedstock of algae. Table 3 shows a sum-
mary of those studies.

Carrageenans are a family of polysaccharide biopolymers that are
widely used in the food and cosmetics industries, mainly as gelling and
thickening agents. Increasing attention is also being given to carra-
geenans (esp. iota carrageenan) for the fabrication of electrolytes.
Carrageenan derivatives can also be modified and functionalized to
achieve enhanced properties. For example, Mobarak et al. (2015)
investigated the use of kappa- and iota- carboxymethyl carrageenan for
the fabrication of solid polymer electrolytes. The films are prepared
through a solution casting technique and consist of either kappa- or iota-
carboxymethyl carrageenan in combination with lithium nitrate (LiNO3)
as the salt that facilitates ion transfer and acetic acid as the solvent. Both
samples showed high ionic conductivities, with the kappa- based sample
having a slightly higher conductivity of 5.51 x 10~2 S/cm compared to
5.85 x 107> S/cm of the iota- based sample. The samples demonstrated
electrochemical stability up to ~3.0 V and activation energies of 0.18
and 0.38 eV for kappa- and iota-carboxymethyl carrageenan,
respectively.

The same salt (LiNO3) was also used with alginate as the host poly-
mer and demonstrated ionic conductivity of 1.14 x 10~* S/cm (Fuzlin
etal., 2020). Alginate is an attractive polymer that can be extracted from
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Fig. 5. Details of the carbon-MoS; anode composite by (Seo et al., 2019).
Table 3
Summary of electrolytes made of algae-derived materials.
Electrolyte polymer Salt Tonic conductivity Year Ref.
@ambient T
Carboxymethyl carrageenan Lithium nitrate (LiNO3) salts <5.51 x 107° S/cm 2015 (Mobarak et al., 2015)
Carrageenan Lithium chloride (LiCl) <5.33 x 107 S/cm 2018 (Chitra et al., 2019)
Carrageenan Lithium perchlorate LiClO4 3.33 x 1072 S/cm 2019 (Chitra et al., 2020a)
Carrageenan Lithium trifluoromethanesulfonate 1.27 x 1073 S/cm 2019 (Chitra et al., 2020b)
(LiCF5S03)
Alginate Lithium nitrate (LiNO3) 1.14 x 107* S/cm 2019 (Fuzlin et al., 2020)
Agar-agar Lithium chloride (LiCl) 3.12 4+ 0.11 x 1072 S/cm 2022 (Hazaana et al., 2023)
Agar-agar NH,4SCN salts 1.03 x 103 S/cm 2016 (Selvalakshmi et al., 2017)
Agar-agar and chitosan Lithium perchlorate (LiClO4) 4.56 x 107* S/cm 2021 (Hazaana et al., 2023)

algae and has favorable properties such as nontoxicity, mechanical
strength, and biocompatibility.

Other studies investigated the use of iota-carrageenan with various
lithium salts such as LiCl (Chitra et al., 2019), LiClO4 (Chitra et al.,
2020a), and LiCF3SOs3 (Chitra et al., 2020b) as electrolyte components
for Li-ion batteries. These salts in combination with iota-carrageenan
and water as the solvent demonstrated ionic conductivities of 5.33 x
1073 S/cm, 3.57 x 10~* S/cm, and 1.27 x 1073 S/cm, respectively. The
free-standing films containing LiCF3SOs3 also showed good electro-
chemical stability up to 3.52 V. Additionally, Chitra et al. (2020a) found
that using a plasticizer (Succinonitrile, SN) in the electrolyte increases
the ionic conductivity from 3.57 x 10~* S/cm to 3.33 x 107> S/cm,
shows good electrochemical stability up to 3.1 V, results in a low acti-
vation energy of 0.10 eV and better flexibility.

Agar-agar is another polysaccharide polymer that can be extracted
from algae and is investigated as a potential electrolyte material for Li-
ion batteries. Hazaana et al. (2023) were able to obtain an exceptionally
high ionic conductivity of 3.12 + 0.11 x 10~2 S/cm using an electrolyte
made of agar-agar and LiCl. Their sample showed high amorphousness,
low glass transition temperature, and reversibility indicated by the
enhanced cycle performance. Selvalakshmi et al. (2017) used agar-agar
with a different dopant (NH4SCN) and obtained an ionic conductivity of
1.03 x 1073 S/cm and a low activation energy of 0.25 eV.

In another study, agar-agar was used with chitosan polysaccharide
polymer. In their study, Leo Edward et al. (2022) used chitosan
extracted from shrimp shells. Interestingly, chitosan can also be
extracted from algae. Leo Edward et al. (2022) fabricated an electrolyte
made of agar-agar, chitosan, polyethylene glycol (PEG) as a plasticizer,
and lithium perchlorate (LiClO4) as a doping lithium salt. The sample
demonstrated an amorphous structure, high elongation behavior, an
ionic conductivity of 4.56 x 10~* S/cm, and good electrochemical sta-
bility up to 3.3 V.

The discussed studies suggest that algal feedstock can be used to
produce polymers for solid polymer electrolytes with lithium salts for Li-
ion batteries.

4. Algae-based binders

Binders are used to hold the electrode components (e.g., active

material and additives) together, stick them to the current collector, and
allow better contact between the electrodes and the electrolyte.
Currently, the typical material used in binders of Li-ion batteries is
polyvinylidene fluoride (PVDF). Although this material is commercially
acceptable, it poses safety threats. It is highly flammable, toxic,
mutagen, and tumorigenic, and can cause hazardous thermal runways
(Garcia et al., 2018). One solution to address these risks is to treat the
binder materials at the end of their life and reuse them in new batteries.
Another solution is to develop new materials that are safer and more
environmentally friendly.

Many biobased materials are being investigated for their applica-
bility as binders in Li-ion batteries, such as alginate, carboxymethyl
cellulose (CMC), xanthan gum, guar gum, karaya gum, gum Arabic,
agarose, carrageenan, etc. (Bie et al., 2017; Cuesta et al., 2015; Hwang
et al., 2016; Jeong et al., 2015; Kovalenko et al., 2011; Ling et al., 2015;
Liu et al., 2015, 2005). Among the materials that can be extracted from
algae, alginate, CMC, and carrageenan have shown the potential to serve
as binder materials for Li-ion batteries. Table 4 summarizes the studies
available on these materials.

Alginate is water soluble, can be used in cathodes and anodes, can be
crosslinked using different dopants such as Al and Ba, and has shown
improved electrochemical performance, as discussed below. Similarly,
CMC is water soluble, cheap, and environmentally friendly.

Rheological properties such as viscosity play an important role in
selecting the suitable binder. Garcia et al. (2018) studied the use of
alginate and CMC binders in the anodes of Li-ion batteries. The active
material of the used anodes was graphite, and the conductive additive
was carbon black. Their results demonstrated that the alginate slurries
are more viscous than their CMC counterparts. For example, at a con-
centration of 1.5 % and a shear rate of 50 s, alginate had a viscosity of
1.26 Pa-s while CMC had 0.20 Pa-s. Cuesta et al. (2015) also investigated
the use of alginate, CMC, and carrageenan among other polymers in
graphite anodes of Li-ion batteries. Alginate and CMC showed excellent
thermal and electrochemical stability and electrochemical performance
similar to PVDF. They maintained cycling efficiencies up to 97 % and
capacity retention up to 90 %. On the other hand, carrageenan showed
poor performance.

In addition to graphite, alginate is suitable for silicon anodes because
it contains carboxyl groups that induce stability by forming bonds with
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Table 4
Summary of binders made of algae-derived materials.
Binder polymer Electrode material Viscosity Capacity retention Other properties Year Ref.
Sodium alginate dilithium terephthalate - 0.06 % capacity decay per - Capacity: 200 mAh/g at 0.1C after 100 2019  (Zhangetal.,
(SA) cycle cycles 2019)
- Coulombic efficiency: ~100 %
SA, CMC Graphite SA: 1.26 Pa-s - 2018 (Garcia et al.,
CMC: 0.20 Pa-s 2018)
SA Mn-based oxides - Ba-doped: 82.5 % - Voltage decay: 0.326 V (Ba-doped) and 2018  (Zhang et al.,
(cathode) Al-doped: 99.9 % 0.208 V (Al-doped) after 150 cycles 2018)
SA Silicon Up to 30270 mPa-s 49.1 % after 200 cycles at - Capacities: up to 2100 mAh/g after 300 2017  (Wuetal,
840 mA/g (Ba-doped) cycles at 420 mA/g 2017)
CMC, SA, Graphite - >90 % - Cycle efficiencies: >97 % 2015 (Cuesta et al.,
carrageenan, and - Discharge capacities: 190 mAh/g (SA) 2015)
others
Alginate and CMC LiNi;/3Mn;/3C01/305 - 90.1 % (CMC) and 89.2 % - Discharge capacities: 141.9 mAh/g 2013 (Xu et al.,
(NMC) - (cathode) (alginate) after 200 cycles (CMC) and 126 mAh/g (alginate) after 2013)
200 cycles at 0.5C
- Activation energies: 27.4 kJ/mol
(CMCQ) and 33.7 kJ/mol (Alginate)
Alginate Silicon Varies depending on Stable performance up to - Capacity: <2000 mAh/g at 4200 mA/g 2011  (Kovalenko

concentration

100 cycles at 4200 mA/g

et al., 2011)

silicon. Various alginate binders were prepared by Wu et al. (2017)
using different crosslinkers. Alginates crosslinked with Al and Ba
showed the best results with capacities around 2100 mAh/g after 300
cycles at 420 mA/g. The Ba-crosslinked alginate binder also showed a
high viscosity of 30270 mPa-s, a capacity retention of 49.1 % after 200
cycles at 840 mA/g, and good adherence to the current collector.
Additionally, the use of alginate as a binder in the silicon anodes of high-
capacity Li-ion batteries has shown enhanced cycle stability at 4200
mA/g with capacities up to 2000 mAh/g, with a lower cost and envi-
ronmental impact compared to PVDF binders (Kovalenko et al., 2011).

Al- and Ba-doped alginate binders also suit manganese-based oxide
cathodes in Li-ion batteries (Zhang et al., 2018). They stabilize the
electrode resulting in reduced capacity loss and voltage fading. The
fabricated alginate binders achieved capacity retention of 82.5 % (Ba-
doped) and 99.9 % (Al-doped), and slight voltage decays of 0.236 V (Ba-
doped) and 0.208 V (Al-doped) after 150 cycles (Zhang et al., 2018).
CMC was also investigated in a manganese-containing cathode and
compared with alginate and PVDF binders (Xu et al., 2013). It demon-
strated the best rate capability, cycling performance, and charge trans-
fer, while alginate and PVDF delivered better discharge capacity.

Electrodes made of other organic materials, such as dilithium tere-
phthalate anodes also showed improved performance when bound with
alginate as compared to the conventional PVDF binder (Zhang et al.,
2019). Combining the water-soluble dilithium terephthalate and algi-
nate enhances ion and electron transfer resulting in better electro-
chemical properties. Zhang et al. (2019) used a sodium alginate binder
in dilithium battery. They achieved a capacity of 200 mAh/g at 0.1C
after 100 cycles with a low capacity decay of 0.06 % per cycle, a stable
cycling performance up to 1000 cycles, and a coulombic efficiency of
~100 %.

5. Algae-based separators

Physical separators or membranes highly impact the properties of Li-
ion batteries. They serve as a barrier that hinders intermixing between
the anode and cathode while being porous enough to allow Li-ion
transport. It governs properties such as battery capacity, cycling sta-
bility, safety, and thermal stability. The efficiency, functionality, and
feasibility of a material to be used as a battery separator are determined
by its mechanical strength, thickness, porosity, electrolyte wettability,
electrochemical and thermal stability, and environmental stability.
Commercial separators which are made of polyolefins (e.g., PP: poly-
propylene and PE: polyethylene) have good mechanical properties and
electrochemical stability. Still, their limitation lies in their low thermal
stability and wettability (Tan et al., 2020).
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Alginate and cellulose are two biomaterials that can be extracted
from algae and used as environmentally friendly renewable alternatives
in Li-ion battery separators. Since alginate is hydrophilic, it allows good
electrolyte absorption and is thermally stable. On the other hand, cel-
lulose has favorable electrochemical and mechanical properties (Tan
et al., 2020). Table 5 summarizes the studies that were performed using
materials that can be extracted from algae to make separators for Li-ion
batteries.

Tan et al. (2020) combined calcium alginate and cellulose through a
paper-making process to make a Li-ion battery separator with good
thermal and electrochemical properties. The integration of cellulose into
the large alginate fibers resulted in a dense structure that showed no
thermal shrinkage up to 120 °C, wettability of 257 %, capacity retention
of 90 % after 100 cycles, and coulombic efficiency of around 99 %. Wen
etal. (2017) also used alginate to fabricate a separator with high thermal
stability (up to 150 °C) for high-voltage Li batteries. Their sample also
showed improved cycle performance compared to the commercial PP
separator, demonstrated by 79.6 % capacity retention after 200 cycles at
55 °C for the alginate separator and 69.3 % for the PP separator at the
same conditions.

Alginate can also be combined with PP or other additives to enhance
the separator’s properties. For example, Wang et al. (2023) used sodium
alginate to fabricate a novel separator material in combination with PP
nonwoven fabric and halloysite nanotubes. The hollow and porous
structure improves ion transfer and electrolyte wettability while main-
taining minimal thermal shrinkage of up to 1-4 % at 200 °C for 30 min
and excellent electrochemical properties such as 99.1 % capacity
retention and other properties mentioned in Table 5. Song et al. (2019)
used sodium alginate with another additive called attapulgite (ATP)
which has a porous structure and can maintain its stability up to 800 °C
(Frost and Ding, 2003). The degradable yet thermally stable and fire-
retardant composite showed excellent electrolyte uptake of 420 % and
capacity retention of 82 % after 700 cycles. Overall, alginate and cel-
lulose, whether alone or in composites, have shown the potential to be
used to fabricate Li-ion separators.

6. Research needs and future direction

This review summarizes and analyzes the potential of algae as a
sustainable feedstock for producing different Li-ion battery components
such as anodes, electrolytes, binders, and separators. Fig. 6 presents a
visual summary of the aspects discussed in this paper. Algae biomass can
either be used as a whole in the production process, or only selectively
extracted biomaterials such as alginate are used. Using full biomass is
more cost-efficient because no purification or separation pretreatment
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Table 5
Summary of separators made of algae-derived materials.

Algae-based Additives Wettability Thermal stability Electrochemical stability Year Ref.

material

Sodium alginate ~ Halloysite nanotubes, propylene - Electrolyte Minimal thermal shrinkage of - Capacity retention: 99.1 % 2023  (Wang
(SA) nonwoven fabric (PP), N-methyl uptake: 150.9 % 1-4 % at 200 °C for 30 mins - Discharge capacity: 159.2 etal.,

pyrrolidone (NMP) mAh/g at 0.2C after 100 cycles 2023)
- Coulombic efficiency: ~100 %

Calcium - - Electrolyte No melting or shrinkage at - Capacity retention: 90 % after 2022  (Tanetal,
alginate, uptake: 257 % 120 °C 100 cycles 2020)
cellulose - Discharge capacity: 160 mAh/g

at 0.5C after 100 cycles
- Coulombic efficiency: ~99 %
Sodium alginate  Attapulgite (ATP) - Electrolyte Almost no shrinkage at - Capacity retention: 82 % after =~ 2019  (Song
(SA) uptake: 420 % 250 °C for 2 h 700 cycles et al.,
- Rate capability: 115 mAh/g at 2019)
5C
Alginate - Thermally stable up to 150 °C - Capacity retention: 79.6 % 2017  (Wenetal.,
after 200 cycles at 55 °C 2017)

- Discharge capacity: 117 mAh/g
after 200 cycles.
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Fig. 6. Visual summary of the aspects discussed in this paper.

steps are required. It is also more feasible to use algal biomass that has
been used for other purposes previously, such as biofuel production or
wastewater treatment. As discussed in this review, algal biomass that
has undergone lipid extraction illustrated better electrochemical prop-
erties because of lower oil content. Similarly, algal biomass used as an
adsorbent also showed enhanced properties. On the other hand, using
specifically extracted biomaterials such as alginate is more suitable for
battery components that require high purity, such as electrolytes.

Algae and algae-based materials have proven that they can be used in
Li-ion batteries to address various limitations of the conventional ma-
terials, such as limited storage capacity (i.e., graphite theoretical ca-
pacity), cycling performance, safety concerns (e.g., volume expansion,
toxic solvents, etc.), and environmental hazards. There are two ap-
proaches to address these challenges:

Exploring new materials.
Developing innovative structures using conventional materials.

This paper discussed the contribution of algae and algae-derived
materials to the two pathways. In many cases, the two approaches
were used together to exploit the highest benefits that the algal feed-
stock can offer. The use of algae as a material source and a biotemplate is
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attractive and promising as their morphological 3D microstructures
have hierarchical porosity and high surface area while being stable
because they are built by nature. For example, anodic graphite can be
replaced by carbonaceous materials from algae that have high surface
area, active sites, and thus storage capacity. Carbon and biochar from
algae are also naturally doped, being more stable than synthetically
doped carbons. The doping percentage can be modified and tailored to
achieve the desired percentage by controlling the growth factors that the
algae are exposed to in their early phases. Still, limited information is
available on this point. Further research, utilizing various compositions
of culture media, is required to thoroughly study and analyze the impact
of growth factors on the doping percentage and composition of the final
product. Other anode composites discussed in this paper include metal
oxides, sulfides, and silica. Since silica is a major constituent of diatoms,
it is an attractive renewable material for silicon anodes. Its morphology
also gives it high buffering space to accommodate volume change while
maintaining its natural stability. Another solution to tackle the issue of
hazardous volume expansion is coating microstructures as discussed in
previous sections.

Addressing the research needs for algae-based anodes involves a
multifaceted approach. To overcome the challenge of limited storage
capacity, researchers should thoroughly explore growth conditions,
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fine-tune culture media compositions, and investigate genetic engi-
neering or selective breeding of algae strains. Advanced characterization
techniques are crucial to analyze the underlying mechanisms influ-
encing storage capacity. Concurrently, mitigating volume expansion
during charge and discharge cycles demands innovative coating tech-
nologies, nanostructuring, and a deep understanding of electrolyte in-
fluences. Mechanical properties under various cycling conditions need
comprehensive studies to identify failure mechanisms and enhance
durability. Scaling up production necessitates optimizing cultivation
techniques, developing cost-effective large-scale cultivation methods,
and investigating efficient harvesting and processing techniques.

In electrolytes, polymer electrolytes are safer because they do not
face the leakage problem like liquid electrolytes do. Polymers from algae
such as carrageenan, agar-agar, chitosan, and alginate are being
explored as candidate biomaterials for the electrolytes of Li-ion batteries
and have shown promising results. When mixed with lithium salts,
excellent cycle performance, safety, and conductivities up to 3.12 +
0.11 x 102 S/cm. Combinations of different lithium salts and algae-
derived polymers should be investigated in the future to achieve the
best results. Similarly, algae-derived polymers are a safer and more
sustainable alternative to the conventional binders and separators of Li-
ion batteries. The water-soluble alginate, cellulose, and carrageenan
have shown the potential to replace PVDF binders requiring toxic sol-
vents. They have good viscosities, are more electrochemically stable,
and allow better ion transport. However, parameters (e.g., concentra-
tion, crosslinking agents, etc.) of these polymers should be optimized as
small changes highly impact the final properties. Since alginate and
cellulose are hydrophilic, they can also replace polyolefins which are the
conventional separator materials and provide higher wettability, sta-
bility, and capacity retention (e.g., 79.6 % for alginate vs 69.3 % for PP,
and 99.1 % for a combination of the two). Other algae-derived polymers
are yet to be explored. Investigating the utilization of sustainable ma-
terials simultaneously in multiple components of the Li-ion battery is
also recommended. Future studies should also focus on optimizing the
best results for scaleup, feasibility analysis, and life cycle assessments.

Regarding electrolytes, a paramount focus should be placed on
achieving and sustaining high ionic conductivity across diverse algae-
derived polymers and lithium salts. Compatibility issues with different
electrode materials, as well as stability under varying operating condi-
tions, including temperature and voltage, necessitate thorough investi-
gation. Moreover, the challenge of obtaining high-purity algae-derived
polymers for specific applications requires advanced extraction tech-
niques and purification processes. Regarding binders, optimization of
crucial parameters such as concentration, crosslinking agents, and
composition is imperative, considering their significant impact on final
properties. Ensuring material compatibility with diverse electrode ma-
terials and maintaining stability throughout the battery’s lifespan are
critical considerations. The scalability of binder production from lab-
scale to industrial-scale introduces challenges related to cost-
effectiveness and consistent quality. Moving on to separators, address-
ing the mechanical strength requirement is essential to withstand the
operational demands of batteries. Achieving and sustaining high
wettability with the electrolyte is crucial for efficient ion transport,
demanding further research and development. Ensuring environmental
stability under diverse conditions, including exposure to various elec-
trolytes, temperatures, and humidity levels, requires comprehensive
studies for the successful integration of algae-based separators into Li-
ion batteries.

7. Conclusions

The paper reviews sustainable algal feedstock for Li-ion batteries,
exploring studies using algae, composites, or algae-derived materials for
anodes, electrolytes, binders, and separators. Investigations into bio-
char, silica, and composites aim to enhance storage capacity. Algal
polymers (alginate, carrageenan, cellulose, chitosan, agar-agar) show
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promise for electrolytes, binders, and separators due to stability,
wettability, ion conductivity, and sustainability. Challenges include
limited storage and volume expansion, addressed through new materials
with higher surface area. Further research and testing are essential for
scalable industrial application.
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