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ABSTRACT

Several features of marine energy, including large reserves, sustainable utilization, environmental friendliness, make it a
promising area of exploration. In recent years, the progress in the material sciences has promoted a rapid development of
materials that are vital for the conversion, storage, and transmission of renewable marine energy. However, the excessively
large restrictions that are placed on materials used in marine environments have given an impetus to continued studies in this
area. Thus far, few reports exist that categorize and integrate the types and requirements of materials that are employed for
capturing, converting and storing marine energy. The goal of this review is to provide a detailed description of advanced
materials that have been developed for use in these purposes. The review contains sections that cover materials used in (1) the
capture and conversion of energy arising from ocean phenomena including tidal, wave and current fluctuations, and thermal
and salinity gradients, (2) systems for the transmission of marine energy derived power including submarine cables and
hydrogen production, and (3) electrodes for lithium-ion batteries and supercapacitors for marine energy storage and utilization.
Finally, the review contains a brief discussion of shortcomings of materials used currently for marine energy purposes, and
proposals that could advance the industrialization of power generation using marine energy sources.

1 | Introduction issues, greater worldwide attention has been given to the
development of systems for efficient conversion of solar, wind,
and marine energy [1-4]. In this group, ocean-derived marine
energy has attracted enhanced attention owing to its large
quantity, wide distribution, renewability, and low level of pol-
lution. Oceans receive, store, and emit energy that can be

In conjunction with the rapid growth of the global population
and complexity, the demand for energy has dramatically
increased. The continuing use of non-renewable resources such
as fossil fuels, coal, and oil for energy production has led to
serious economic and environmental problems. Owing to these
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harvested using a variety of physical processes that are linked to
ocean tides, waves, currents, and thermal and salinity gradients
[5]. The long history of the utilization of these forms of marine
energy is summarized in Figure 1. The earliest human use of
marine energy can be traced back to the development of tidal
mills, exemplified by the preserved mill in Suffolk, England,
which dates back to 12th century [6]. In the 1950s, 42 tidal
power plants were constructed to capture tidal energy generated
along the coast of China [7].

The world's first patent for a system that utilizes wave energy
was filed by the French scientist, Girard, in 1799, which stim-
ulated many later studies of this technology [8]. In the 1940s,
the father of modern wave energy technology, Yoshio Masuda,
invented a buoy-based oscillating water column power gener-
ation device. This topic was described in a 1974 publication in
the Nature magazine authored by S.H. Salter, who proposed
several wave power generation devices and energy storage
schemes [9]. The French physicist Arsonval in 1881 formulated
the first system that employs ocean thermal gradients to gen-
erate energy [10], and his student G. Claude utilized this design
to build an experimental device that demonstrated the plausi-
bility of ocean thermoelectric power generation. In 1930, the
world's first seawater thermal power station was fabricated in
the Cuban seaside. Generation of energy using the ocean's
salinity gradient was proposed in 1939, and in a 1954 publica-
tion, R.E. Pattle first introduced the concepts of osmotic energy
and salinity gradients [11]. In 1973, the Israeli, Sidney Loeb,
demonstrated experimentally that a salinity gradient-driven
energy system for power generation is feasible. Research in
China targeted at the development of systems for salinity gra-
dient energy power generation began in 1979, and in 1985, a salt
differential laboratory power generation device that utilizes a
semipermeable membrane was developed in Xi'an. The range of
electric power generation using this system was 0.9-1.2 W.

With the rapid development of advanced manufacturing tech-
nologies and new materials, the exploration of marine energy
has become more sophisticated. It is worth noting at this point
that the form which specific marine energy sources take is

geographical location dependent. For example, the earliest and
now most mature marine tidal energy resource is mainly
located in estuaries and waterways, such as those that are
present along the East China Sea and the western European
coasts [12]. In addition, the best locations for wave energy
systems are along ocean coastlines at mid-high latitudes
(40°-60°) such as those found along the northwestern coast of
the United States, and other regions that experience significant
wind fields [13]. Open ocean currents for energy production are
generally located along the Gulf Stream in the Atlantic and the
Kuroshio in the Pacific [14, 15]. Acceptable thermal gradients
for energy generation present in specific locations in the 0°-35°
latitude regions [16], while locations for optimal salinity
gradient-derived energy are at river-sea junctions where salt
concentration differences are high [17].

Although large fluctuations exist in the locations of different
types of marine energy sources, the reserves of energy at each
are astonishingly large. The yearly world tidal (including cur-
rent energy), wave, and thermal and salinity gradient energy
reserves are 1200, 29 500, 44 000, and 1650 TWh, respectively
[18-20]. Because worldwide annual electricity consumption is
about 20000 TWh, harvesting only a fraction of the marine
energy would meet mankind's electricity needs. Owing to the
significance of its potential annual output and renewability,
marine energy requires great attention [21-23].

The ability to effectively utilize marine energy depends on
several factors, including geographical location relative to that
of seacoasts, seawater depth and government policies in these
areas, and the efficient use of materials to construct the device.
Among issues that need to be considered is the complex en-
vironment of the ocean including a high degree of corrosion
caused by chloride ion and fouling caused by biological com-
ponents in seawater, both of which place high demands on the
design and performance of materials employed in devices
[24-26]. In recent years, advances in materials science have
expanded the breadth and depth of marine renewable energy
system designs. Nanocomposite materials with special functions
such as those that are corrosion, pressure and temperature
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resistant, and that have anti-biological fouling properties have
been developed and applied to devices for conversion, trans-
mission, storage and utilization of marine energy. However,
consensus has not yet been reached about optimal materials
that should be employed for exploitation of marine energy.
Aiming at the goal of bridging this gap, this review categorizes
and describes materials involved in the capture/conversion,
transmission and storage/utilization of marine energy in a de-
tailed manner (Figure 2). Also, applications and unique func-
tions of different materials in marine energy systems, including
metals, organic polymers, inorganic nonmetals and composite
materials are summarized and discussed in the context of their
contribution to the development of novel marine energy
systems.

2 | Materials for Marine Energy Capture and
Conversion

At the present time, marine energy is mainly harvested for use
in power generation. The capacity of existing systems for

g

FIGURE 2 | Classification of marine energy materials in this review.
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generating global marine energy-derived power is about
625 MW [27]. The assessment of the potential of marine energy
is helpful to select available sites and develop the appropriate
capacity for the utilization of marine energy, as well as to
determine the most appropriate type of energy converters.
Many kinds of materials are involved in the processes for con-
verting marine energy into electrical energy, including metals,
inorganic non-metals, and polymers. In the following sections,
materials employed in the processes for capture and conversion
of tidal, wave, ocean current and thermal energy, and salinity
gradient energy into electrical energy will be discussed in detail.

2.1 | Materials for Tidal Energy Systems

Tidal energy, one of the most available marine sources, is
associated with gravitational interactions between the moon
and Earth, along with the Earth's rotation [15]. These forces
cause seawater to flow back and forth between the ocean and
coastline that results in periodic fluctuation of sea levels. Tidal
energy derives from reversibly changing potential energies
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associated with sea level differences on the sides of dams placed
at inlets of coastal waters. The tide promoted reversible flow of
water is then used to drive electricity-generating hydraulic
turbines (Figure 3A). As a result, a wide variety of materials are
involved in the tidal power generation process, including those
used in turbines, dams, waterways, bearings and seals [30].

2.1.1 | Surface Coating Materials for Hydraulic Turbines

Hydraulic turbines are composed of blades, bearings, sealing
sleeves and other structural components that function in the
cascade involved in converting the kinetic energy of flowing
water into mechanical energy and then electrical energy.
Because components of hydraulic turbines are in contact with
seawater over long time periods, they need to be composed of
materials that resist corrosion and biofouling.

Surface coatings materials such as inorganic hard layers (oxides,
carbides, and nitrides), polymer-based soft layers, and
reinforced composite cermet coatings are commonly used to
protect turbine components. Mann et al, in a systematic
investigation of the effects of coatings on the corrosion, dem-
onstrated that tungsten carbide coating applied using high
velocity oxy-fuel (HVOF) creates a remarkably elevated corro-
sion resistance [31]. The results of studies by Mann on the effect
of hard coatings on deleterious high-energy impacts show that
borided T410 steel effectively blocks crack and void formation
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[32]. Grewal et al. utilized Ni-Al,05-based composite coatings
applied using a high velocity flame spray (HVFS) system, to
form a highly microhard coating having an Al,O; content of
60wt% [33]. In addition, Zhang et al. prepared fluorinated
polyurethane coatings that significantly improve the anti-
corrosion performance of materials in a manner that is
dependent on the fluorine content of the polymer [34]. Lastly,
Syamsundar et al. demonstrated that a 20wt% B,C and
10wt% SiC nanoparticle-reinforced polyurethane coating pos-
sesses optimal corrosion resistance and a low production
cost [35]. Furthermore, superhydrophobic coatings not only
effectively separate surfaces from seawater to prevent corrosion,
but they also impart low friction resistance, self-cleaning,
anti-icing and -biological fouling [36]. Haghighi et al. showed
that a superhydrophobic coating causes turbine blades to
have an increased efficiency by ca. 4% and significantly
reduced energy consumption at guide vanes and draft tubes
(Figure 3B,C) [28].

The development of these coatings is fundamentally driven by
the need to mitigate synergistic failure modes, such as erosion-
corrosion and fatigue under cavitation, which dictate the long-
term service life of turbine components in seawater. Thus,
consideration needs to be given to requirement that coating
materials on turbine components must have multifunctional
properties, including resistance to cavitation, corrosion, and
wear, along with light weights, high vibration damping and
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FIGURE 3 | (A) Schematic of tidal power generation. (B) Surface slip mechanism of superhydrophobic material coatings. (C) 2D streamlines at

the central axial plane of the draft tube and contour of the total entropy generation rate at the same plane for Q =26 m?/s. Reproduced with
permission [28]. Copyright 2020, Elsevier. Finite Element contour plots of (D) flap-wise strain distribution and (E) tip deflection of GFRP composite
blade due to a tidal current velocity of 7 m/s. Reproduced with permission [29]. Copyright 2021, Elsevier.
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hydrophobicity, and smooth adhesion to base material.
Unfortunately, many studies carried out thus far have failed to
account for the need for this level of versatility. Consequently,
an urgent demand exists for surface coating materials for
hydraulic turbines that have low cost, multiple functions, long
lifetimes and environmental friendliness.

2.1.2 | Substrate Composite Materials for Hydraulic Turbines

Introduction of coating materials requires a second phase in the
construction of hydraulic turbines. To avoid this added step,
methods for direct preparation of corrosion-resistant, high-
strength, and lightweight hydraulic turbines that do not require
secondary application of coatings should be more efficient.
Owing to their high stiffness, light weight, corrosion resistance,
easy shaping and reasonable cost, composite materials have
been employed to form turbine blades [30]. Compared with
those generated using traditional stainless steel, turbine com-
ponents prepared from composite materials have 80% lower
weights, and densities in range of 1500-2500 kg/m?>.

Recently, fiber reinforced composites have been adopted for
construction of turbine blades that possess improved strengths
and stiffness [37]. The fiber reinforcement phase of these ma-
terials, typically composed of glass, carbon and aramid fiber, is
encased in the matrix phase of polymers. Unlike their steel
counterparts, composite blades do not require expensive anti-
corrosion coatings. The first tidal turbine prototype (SeaGen)
employed carbon/glass fiber composites. This device has ad-
vantages of having a light weight, high stiffness, an effective
strength to weight ratio and high ease of formation. Signifi-
cantly, Jaksic et al. showed that the weight of turbine blades is
significantly reduced when a carbon fiber reinforced composite
is utilized instead of a glass fiber reinforced composite [38].
Furthermore, Gonabadi et al. predicted that glass fiber com-
posite blade laminates need to be three times thicker than
carbon fiber composite blades to enable safe operation of
equipment (Figure 3D,E) [29].

Although having obvious advantages in hydraulic turbine ap-
plications, composite materials have not been widely used due
to their high costs. In addition, composites generally have
higher deformabilities, which would negatively impact high-
speed rotating turbines. More advanced materials and tech-
nologies, including graphene-based materials and 3D printing,
need to be developed to meet the rapidly growing demand for
tidal energy.

2.1.3 | Materials for Dams and Bearings

Dams for temporary storage and release during tide cycles have
traditionally been constructed using reinforced concrete. In
recent years, novel dam materials such as glass fiber reinforced
and rock-filled concrete, bituminous conglomerates, and
inflatable rubber have been developed for this purpose. Liu
et al. created a novel cement having superhydrophobicity and
self-cleaning properties by transferring the lotus-leaf-like
microstructure to the cement surface by using a nano-casting
technology [39]. In another effort, You et al. probed the corro-
sion behavior of different rebars in cements in tidal environ-
ments [40]. The results show that the addition of steel slag
caused refinement of the interface between the rebar and

mortar, thus reducing corrosion. Concretes containing various
chemical additives and installed using advanced casting tech-
nologies have been shown to have significantly improved anti-
corrosion properties, structural stability and durability.

Materials that reduce friction in components of hydraulic
turbines have received attention. At the current time, self-
lubricating bearings, fabricated using polytetrafluoroethylene
(PTFE) and possessing an extremely low friction coefficient, have
been employed in turbines. In recent years, advanced materials,
including carbon nanotube (CNT) and graphene-based polymer
composites, have been developed to effectively solve problems
associated with bearing friction and wear [41]. Moreover, pres-
surized fluids composed of water-based and ecological/vegetable
lubricant oils have been used to lubricate turbine bearings.

2.2 | Materials for Wave Energy Systems

Wave-promoted power generation is the second most rapidly
developing marine energy technology. So far, Japan, the United
Kingdom, the United States, and China have built wave power
generation devices that either float on the ocean or are an-
chored underwater (Figure 4A). Wave energy is widely dis-
tributed and has high energy density (Figure 4B). This
conclusion is demonstrated by the fact that wave-associated
devices have the potential of producing about 200 MW
per second over 1km? of the ocean surface.

A wave energy converter (WEC) is a device that captures and
converts wave energy into electricity. Falcao and Drew et al. have
provided a detailed review of the types of advanced technology
WEC devices that have been designed [46, 47]. The thousands of
WEC devices probed thus far can be classified into six categories
according to their mode of operation, including point absorbers,
oscillating water columns, submerged pressure differential
devices, oscillating wave surge converters, attenuators, termina-
tors, and overtopping devices. Constraints on WECs and their
operating environments must be fully understood to design
efficient and durable materials for their construction.

In most WECs, a rotary power generator is driven by an air/
hydraulic turbine or hydraulic motor. Therefore, materials
selected for most WECs are similar to those employed to fab-
ricate the tide energy system described in Section 2.1 and are
not discussed in this section. Instead, materials employed in the
fabrication of novel WECs such as triboelectric nanogenerators
(TENGs) will be covered. TENGs serve as an emerging material-
centric approach with distinct potential for specific applica-
tions, and therefore, it represents a complementary research
frontier in marine energy conversion materials.

Collection and conversion of wave energy using TENGs has the
advantageous feature of high efficiency at low operating fre-
quency [48, 49]. TENGs operate at up to a 55% instantaneous
energy conversion efficiency and 1200 W/m? power density
[50]. Electricity generation in TENGs occurs through the
triboelectric effect caused by coupling the effects of contact
electrification and electrostatic induction when two materials
change from a contacted to a separated state. A key approach to
improve the wave energy conversion efficiency of a TENG is to
utilize two large charge density triboelectric materials ranging
from polymers to metals that have large differences in their
electron affinities.
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(A) Diagram of a representative wave energy power generation device. (B) Annual mean wave power density (color) and annual

mean best direction (—). Reproduced with permission [42]. Copyright 2012, Elsevier. (C) Oblate spheroidal TENG for all-weather blue energy
harvesting. Reproduced with permission [43]. Copyright 2019, Wiley-VCH. (D) Schematic illustrations of FE-TENG and (E) schematic illustration of
self-powered FE-TENG arrays in the ocean. Reproduced with permission [44]. Copyright 2019, Wiley-VCH. (F) Natural bioresorbable polymers
originating from nature with wide raw material sources, (G) diagram of the structure of a typical BN-TENG device and (H) its output performances

utilizing different combinations of triboelectric pairs. Reproduced with permission [45]. Copyright 2018, Wiley-VCH.

2.2.1 | Polymer Materials Utilized in TENGs

Polymer materials are the most widely used tribo-negative as
well as tribo-positive materials in TENGs because of their ex-
cellent flexibility, plasticity, stretchability, and lightweight [51].
Owing to the strong electron absorption affinity of fluorine,
polyvinylidene fluoride (PVDF), polydimethylsiloxane (PDMS),
PTFE, polyethylene terephthalate (PET), and fluorinated
ethylene propylene (FEP) are ideal polymeric tribo-negative
materials. Conversely, polypyrrole (PPy), nylon, polyethylene
oxide, cellulose, and melamine formaldehyde resin possessing
electron-donating properties are commonly used as tribo-positive
polymers in TENGs.

The tribo-negative polymer PTFE paired with tribo-positive
metals has received great interest, as is exemplified by the ultra-
high energy conversion efficiency, swing-structured TENGs
developed by Jiang et al. for low-frequency marine wave energy
collection [52]. The inner wall of this TENG contains six Cu
electrodes and four groups of PTFE thin strips. The maximum
peak power and average power of Jiang's TENG are 4.56 and

0.48 mW, respectively. Li et al. fabricated a liquid-solid-contact
TENG that has enhanced friction and excellent energy output
[53]. This buoy-like TENG converts ambient wave energy into
electricity by using PTFE films and Ag electrodes. The wave-
induced up-down movement, the TENG network possessing 18
PTFE films generates a current of 290 uA, 16725 nC transferred
charges and a 300V output voltage. The related polymer FEP
has a completely fluorinated structure that gives it a strong
electron-accepting ability. As a result, FEP is often used as a
tribo-negative material in triboelectric pairs. By using FEP,
Liu et al. developed an all-weather oblate spheroidal TENG
(OS-TENGS) that collects wave energy in both rough and tranquil
waters. The arched triboelectric units in the device contain an
FEP film as the upper part and a lower part comprised of two Cu-
coated FEP or PET polymer films and iron shot (Figure 4C) [43].
The upper part of the OS-TENGs has a maximum output voltage
of 281V and a short-circuit current of 76 pA.

It is worth noting that polymers having relatively weak
electron-withdrawing abilities can not only serve as tribo-
negative materials but also as tribo-positive materials. Zheng
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et al. were the first to explore a device of this type in which
porous chitosan aerogel film and porous polyimide aerogel film
serve as tribo-positive and tribo-negative materials, respectively
[54]. The TENG, designed based on this consideration, exhibits
a high voltage output of 60.6 V and current of 7.7 uA owing to
the increased porosity and surface area of the polymer aerogel.
A tribo-positive polymer-based TENG designed by Xu et al.
contains a nylon film and PTFE balls as triboelectric materials
[55]. Yao and co-workers fabricated a TENG device possessing
cellulose nanofiber film paired with FEP film [56]. Other
TENGs that utilize two polymeric triboelectric materials include
one developed by Wang et al. that employs a micro/nanos-
tructured PPy film as tribo-positive materials [57], and another
by Kwak et al. that couples melamine formaldehyde resin with
PTFE film [58]. Critical factors that need to be considered in
creating a TENG that has an optimal operating efficiency are
selection and modification of polymer materials that maximize
surface charge density. Therefore, material surface modification
protocols, such as those that modify surface morphology and
add surface functionalization at the molecular level, need to be
developed. Moreover, efforts devoted to the development of new
polymer materials and the mechanism for the triboelectric
effect should receive accelerated study.

2.2.2 | Ferroelectric Materials Used in TENGs

Ferroelectric materials are a class of substances that maintain
permanent polarization after being removed from an electric
field, a property that is known as the ferroelectric effect [59].
TENGs assembled using ferroelectric materials have the ad-
vantages of high power output, excellent sensitivity, and superior
reliability [60, 61]. Barium titanate (BaTiOs), the first hydrogen-
lacking oxide ferroelectric material discovered, has been thor-
oughly investigated and widely used [62]. BaTiO; has a high
charge-attracting ability due to its high dielectric constant. Seung
et al. described a TENG containing a triboelectric active nano-
composite composed of a highly dielectric ceramic material
(BaTiOs3) and a ferroelectric copolymer matrix (poly(vinylidene
fluoride-co-trifluoroethylene),  P(VDF-TrFE))  [63].  This
nanocomposite-based TENG has a high-power generation per-
formance associated with a 1130V output voltage and 1.5mA
output current.

The service lifetimes of TENGs on the sea surface is an important
consideration because repeated wave fluctuations lead to defor-
mation of the component triboelectric materials and consequent
gradual degradation of the performances of the TENGs. To solve
this problem, Park et al. developed a multilayer composite of
alternating P(VDF-TrFE) and BaTiO; nanoparticles for use in a
high-performance triboelectric device [64]. The alternating soft/
hard layer creates friction, which leads to an increase in the stress
concentration, along with stress-induced polarization and inter-
facial polarization. A triboelectric device containing the multi-
layered nanoparticle composites exhibits a high-pressure
sensitivity of 0.94 V/kPa and a 29.4 uW/cm? output power den-
sity. Importantly, it maintains high reversibility during 10 000-
cycle tests at a current density.

In addition, using ferroelectric materials to assemble contactless
mode TENGs is an effective approach to improve functional
lifetimes. Kim and co-workers developed a contactless ferro-
electric polymer-based TENG (FE-TENG), comprised of indium

tin oxide electrodes and a PDMS elastomer (Figure 4D,E),
which has a high output over fewer contact cycles, a property
that increases the functional lifetime of the device [44]. Spe-
cifically, the optimized FE-TENG powers the function of a
wireless temperature sensor network by collecting irregular and
random water wave mechanical vibration.

2.2.3 | Natural Materials Used in TENGs

Because of their low costs, environmental friendliness, and sus-
tainability, natural materials are frequently used to fabricate
TENGSs. Materials employed for this purpose include wood- and
cotton-derived cellulose, chitin extracted from crab and shrimp
shells, and plant and animal proteins. In one example, Jiang et al.
fabricated bioabsorbable natural-materials-based TENGs (BN-
TENGs) that contain cellulose, chitin, silk fibroin, rice paper, and
egg white (Figure 4F-H) [45]. The electron gain and loss abilities
of these materials are ranked from positive to negative in the
following order: egg white > silk fibroin > chitin > cellulose > rice
paper. The surfaces of these five materials were subjected to
inductively coupled plasma-reactive ion etching to form nanos-
tructured arrays to expand their contact areas and enhance the
corresponding contact electricity. Pairs of the etched materials
were used as friction layers in TENGs. The optimized BN-TENG
generated in this manner exhibits 55V output voltage, 0.6 nA
current and 21.6 mW/m? power density. In addition, Jie et al.
developed a high-output voltage and current TENG using a nat-
ural leaf design [65]. In a later effort, Feng et al. modified a
powder, derived from dried plant leaves, with poly-r-lysine to
generate material for a high-performance TENG [66]. Similarly,
Chen et al. constructed a contact separation mode TENG using
dried rose petals and polymethyl methacrylate [67].

Proteins and cellulose are natural materials that are also com-
monly used as components of TENGs. An et al. developed a TENG
that incorporates soy protein and lignin blend biopolymer nano-
fibers as triboelectric materials [68]. The solution-blown bio-
polymer nanofibers are porous and fluffy, and as a result they
produce a high voltage output. The electricity-generating proper-
ties of TENGs can be significantly enhanced by using chemically
modified cellulose. For example, Roy et al. grafted allicin onto
surfaces of cellulose nanofibers using the “thiol-ene” click method
[69]. Studies showed that the electron-donating ability and surface
roughness of the modified films are greater than those of cellulose
fibers. The enhancement enables the TENG created by coupling of
this material with a tribo-negative PVDF layer to have an excellent
voltage and current output. Transparent and flexible bacterial
cellulose has been used by Kim et al. for assembly of a TENG [70].
A determination of the contact angle and surface potential of the
modified cellulose showed that the electrical output is directly
related to curvature and friction area. Finally, Chandrasekhar et al.
fabricated a TENG system by coupling a cellulose/PDMS com-
posite film with Al [71]. A TENG containing 5wt% of the
cellulose-containing film displays an output voltage of 28 V and a
circuit current of 2.8 HA.

2.3 | Materials for Ocean Current Energy
Systems

In addition to the surface waves, ocean currents at various
temporal and spatial scales are also important renewable
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marine energy resources. Ocean currents as energy sources
have several advantageous features including long-term regu-
larity, predictability and stability, as well as a high energy
density. Generally, ocean currents, arising from difference
between the wind strength and water density, have velocities
greater than 2m/s [15]. The total power of currents in the
world's oceans is about 5 TW, which is one of the largest among
all marine energy sources. The fundamental principles used to
design systems for ocean current power generation are the same
as those used for tidal kinetic energy power generation
described above, except that creation of the former devices must
account for the fact that they will be utilized in deep seawater.
The main factors that govern the economic feasibility of ocean
current energy generation at a certain location include power
density at the site (Figure 5A,B), distance between the site and
coast, and the local seabed depth [15, 72].

Compared with materials utilized in tidal energy conversion
systems, those required for ocean current energy generation
need to have even greater corrosion and fouling properties, as
well as the ability to prevent water intrusion. Like tidal tur-
bines, those that are driven by underwater currents need to
capture kinetic energy associated with moving water and
transfer it to rotor blades to produce electricity. As a result,
neither the structural design nor materials selected to create a
current driven turbine can be the same as those used for tidal
turbines. To overcome stress corrosion cracking, Matarru et al.
utilized Al-10Si-5Mg alloy as the material for ocean current
turbine (OCT) blades owing to its toughness and strength [73].
The results of studies showed that upon being submerged and
exposed to different stresses, the blades did not break even after
signs of cracking and corrosion were detected. To produce a
full-scale underwater OCT, design and size changes need to be
implemented, but specific strength and stiffness will be key
factors guiding material selection.

Another noteworthy requirement is that underwater OCTs cannot
impact the environment of fish and other marine organisms. Thus,
novel patterns and shapes of OCTs need to be considered, both of
which require that higher plasticity materials be employed.
Therefore, composite materials with high corrosion resistance,
light weight, high stability and plasticity remain preferred choices
for fabrication of OCTs. Aimed at these goal, Wang et al. deve-
loped a new manufacturing method that is similar to filament
winding to prepare a ducted composite OCT [74]. At the same
time, a steady and incompressible three-dimensional simulation
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was carried out using computational fluid dynamics (CFD) to
assess the distribution of ocean flow fields and hydrodynamic
performances under an array of different configurations
(Figure 6A-C) [75]. Similarly, Ke et al. designed a crack resistant
Al alloy/nanoparticle reinforced polypropylene composite blade
based on the results of a CFD numerical simulation carried out to
evaluate fatigue [77]. The results indicate that the composite blade
successfully withstands long cycle tensile (100N) and torque
(515N m) loads following immersion pretreatment. To ensure
long-term durability of these composite structures, consideration
should not only be given to static strength but also on fatigue
resistance and the potential for stress corrosion cracking under the
combined action of hydrodynamic loads and seawater exposure.

Ocean current power generation systems often operate in the
high-pressure environment of the seabed, which means that
sealing systems with low friction torque are crucial to prevent
entrance of seawater. Nakanishi et al. showed that a polyvinyl
formal (PVF) sealing lip has an excellent seawater leakage pre-
vention ability and low friction torque [78]. To avoid deformation
of the PVF seal ring under high-pressure seawater conditions, this
group developed a rotating system containing a rotatable PVF seal
ring on a shaft and a fixed ceramic seal ring on machine body
(Figure 6D-F) [76]. In this system, the PVF and ceramic rings are
pressed together to prevent seawater leakage. Wang et al
described an underwater flag-like TENG that can be driven by
ocean currents [79]. In this device, the TENG contains conductive
ink-coated PET and PTFE films, and PTFE tape is a sealant that
separates the triboelectric layer from seawater.

Ocean current energy conversion systems need to be made of
robust materials because it is difficult to address malfunctions
that arise. In addition, the impact of noise generated during
device operation on marine organisms needs to be considered.
Although at the current time, ocean current power generation
are only at the experimental research stage and many difficul-
ties need to be addressed to enable practical applications, the
pace of studies of these systems should be accelerated.

2.4 | Materials for Ocean Thermal Energy
Systems

More than 70% of the earth's oceans absorb solar energy
equivalent to that derived from 250 billion barrels of oil [20].
Because of the effect of solar radiation, the surface

3000 (B) Dc[blh (m)
10
2500

2000 30

o
1500 § 50
—o— SE US
-2~ Japan
—o— SE Afiica
--3¢-- Philippines
@ NE Africa

o~ NE Brazil
E Madagascar
E Australia

1000

500

oL
600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600
Power (kW/m?)

FIGURE 5 | (A) Global average power density calculated using drifter data in W/m?” Reproduced with permission [72]. Copyright 2025, Elsevier.
(B) Time average maximum power density in each region as a function of ocean depth. Reproduced with permission [15]. Copyright 2016, Springer Nature.
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temperature (25°C-28°C) of seawater differs greatly that at a
depth of 500-1000m (4°C-7°C). Thermoelectric power
generation technologies have been developed that use the
seawater temperature gradient to operate electricity produc-
ing heat engines. Differing from systems that depend on
ocean waves and tides, those that are based on thermal en-
ergy conversion continuously generate considerable amounts
of energy when the temperature difference between warm
surface and cold deep water is about 20°C [16]. Although the
annual power generated using ocean thermal energy con-
version is about 30 TW [80], thermal energy gradients

required to drive systems of this type are only in the equa-
torial regions between 20° N and 20° S spanning the Pacific,
Atlantic and Indian oceans except for the west coast of South
America. The distributions of differences between surface
and 1000 m deep seawater temperatures on a global scale are
shown in Figure 7 [15, 81].

Ocean thermal energy converters (OTECs) and ocean thermo-
electric generators (OTEGs) are core components of ocean
thermal energy systems. The OTEC system contains two heat
exchangers comprised of an evaporator and condenser, a sea-
water pump, and a steam turbine (Figure 8A,B) [82, 83].
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Typically, the OTEC system uses a low boiling point substances
such as ammonia as the working fluid to drive steam turbines
for power generation [84]. Materials for use in the OTEC heat
exchanger must combine corrosion resistance to ocean en-
vironments and compatibility with the working fluid. The
principle of operation of a typical OTEG is based on the Seebeck
effect caused by charge carrier diffusion and phonon dragging
that take place in n-type and p-type semiconductor materials
(Figure 8C) [20]. A temperature difference leads to a higher
e~ density in the n-type material and a higher hole density in
the p-type material. The efficiency of thermoelectric materials is
determined by the thermoelectric figure of merit (ZT = S*T/x,
o and x are electrical and thermal conductivity, respectively;
and S is the Seebeck coefficient) [85]. The OTEG efficiency can
be improved by maximizing the S and reducing the resistivity
and x.

2.4.1 | Materials for OTEC Systems

This subsection focuses on metallic and alloy materials used in
OTEC components such as heat exchangers, turbines, and pi-
pelines, where corrosion resistance, thermal conductivity, and
structural integrity in seawater are critical.

Based on the above considerations, a variety of materials
including Al, Ti and stainless steel have been utilized in OTECs
[86]. Because Al has high thermal conductivity, low density
and good ductility, it can be safely employed when any
working fluid is used [87]. Due to the presence of an oxidized
protective layer on its surface, Al is inert at seawater velocities
of less than 2.2 m/s. These factors led Cavrot to suggest that Al
is a cost-effective and efficient heat exchanger material [88]. It is
worth mentioning that Cu-Ni alloy also has corrosion resistance
under a high seawater flow rate (< 4.5 m/s), and Cu-Ni-Fe alloy
(90/10/1.5) resists biologically promoted destruction. Moreover,
stainless steel has good machinability and weldability. How-
ever, high chromium content stainless steel alloys need to be
used in the marine environments [89]. In addition, because

stainless steel with molybdenum, such as 326, has excellent
corrosion resistance at low seawater speeds [90], an impeller
comprised of 3% molybdenum has been successfully used in an
OTEC system. OTEC turbine blades are typically fabricated
using 17-4 PH stainless steel, which combines greater lateral
ductility and fracture toughness [91, 92]. Besides, suitable
materials such as high-density polyethylene and fiber reinforced
plastics are employed to construct large diameter, compression
and corrosion resistant pipelines for transport low-temperature
deep seawater to the platform of an OTEC system. Because the
lengths of pipes used in OTEC systems are about 1-5km,
the economics and service lifetimes of materials are also
important considerations.

2.4.2 | Material for OTEG Systems

In general, thermoelectric materials need to enable charge
carriers to have optimized mobilities, concentrations and
effective masses. Thus, the microstructures, densifications and
sizes of materials affect their thermoelectric properties. The
performances of thermoelectric materials are also significantly
improved by doping, nanostructuring and compositing [93].
Here, the focus shifts to semiconductor, polymer, and nanos-
tructured thermoelectric materials for OTEGs.

Traditional inorganic materials such as metal oxides and
chalcogenides, silicon, silicon-germanium alloys, silicides and
skutterudites have excellent thermoelectric properties.
Although inorganic materials are widely applied in OTEG, their
mechanical properties are barely satisfying due to the existence
of strong ionic or covalent bonds in the crystal structure. Metal
chalcogenides are ideal thermoelectric materials because of
their smaller band gaps. Goldsmid first published research on
the thermoelectric properties of Bi,Te;, and then p-type
Bi,_,Sb,Te; and n-type Bi,Te;_,Se, became the preferred ther-
moelectric materials [94-96]. The development of the micro-
electronic industry and the economy of silicon have promoted
the thermoelectric application of Si and SiGe alloys. Geballe and
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Hull have conducted in-depth research on the thermoelectric
properties of single crystal silicon [97]. Dismukes et al. first
studied and measured the maximum ZT values of n-type and
p-type Sip.70Geg 30 alloys as =1 and 0.7 [98]. Zhu et al. analyzed
the effect of nanostructures and point defects in SiGe alloys on
thermoelectric properties, and found that nanoparticles in
SigsGes resulted in a twofold decrease in thermal conductivity
compared with bulk samples (Figure 9A-C) [99]. The thermo-
electric properties of metal oxides are lower than those of tra-
ditional thermoelectric materials, and their carrier mobility is
2-3 orders of magnitude lower than that of chalcogenide
homologs [103]. Typical p-type and n-type metal oxides include
Na,Co,0,, Caz;Co040y, Sr,TiO4, BiCuSeO, CaMnOs;, and ZnO
(Figure 9D) [100, 104-111]. The efficiency of oxide-based ther-
moelectric generators may be 10%-15%. Beyond that, skutter-
udites, zintl phases, clathrates and heusler compound are also
commonly used thermoelectric materials [112-114].

Recently emerging conductive polymers and carbon nanomater-
ials, such as polyaniline (PANI), poly-(3,4-ethylenedioxythiophene)
(PEDOT), polypyrrole and graphene, possess excellent thermo-
electric properties and processability. Because the polymers
themselves have low carrier concentrations and poor electrical
conductivities, materials which contain additional charge carriers
introduced by doping are useful for OTEG applications. The main
disadvantage of utilizing PEDOT in OTEG systems is its low
electronic conductivity [90, 115]. For example, Seebeck coefficients
of PEDOT's containing p-type dopants are ~100 uV/K and those
containing n-type dopants are ~140 uV/K. Also, addition of poly-
styrene sulfonate (PSS) to PEDOT effectively improves electronic
conductivity and thus thermoelectric performance. Zhang et al.
showed that a PEDOT:PSS membrane, prepared by using a simple
cosolvent and/or salt cosolvent solution post-treatment method,
has significantly improved the thermoelectric properties [116]. The
conductivity and power factor of the PEDOT:PSS membrane are
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FIGURE 9 | (A) Transmission electron microscope (TEM) image of ball milled SigsGes nanopowders, the insets are the diffraction pattern and high

resolution transmission electron microscope (HRTEM) image for the circled region. (B) Temperature-dependent ZT and (C) thermal conductivity of
nanostructured Si, nanostructured SigsGes, bulk Si model, and bulk SigyGe,o alloy (RTG) samples. Reproduced with permission [99]. Copyright 2009,
American Physical Society. (D) Crystal structures of the main metal oxides discussed in this section. Reproduced with permission [100]. Copyright 2019,
Elsevier. (E) SEM image of PANI-NSA nanotubes (NTs). (F) Thermal conductivities ((J) and ZT value (A\) of PANI NTs as a function of the doping
ratio. Reproduced with permission [101]. Copyright 2010, Elsevier. (G) Thermoelectric (TE) cell with p-type and n-type TE elements electrically
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1831 S/cm and 144 uW/m respectively. As depicted in Figure 9E,F,
Sun et al. demonstrated that doping PANI nanotubes with
B-naphthalene sulfonic acid (8-NSA) increases the electrical con-
ductivity from 0.0045 to 0.0077 S/cm, and decreases the thermal
conductivity by 27.5% [101]. In addition to doping, organic poly-
mers can also be combined with other materials to produce high
performance flexible functioning OTEGs [117].

Although carbon nanomaterials, such as CNTs and graphene,
have high electrical conductivities, it is a challenge to control
their thermal conductivity. Fujii et al. devised a novel method to
detect the thermal conductivity of a single CNTs, and employed
it to show that the thermal conductivity of multi-walled CNTs
decreases with increases in their diameter [118]. Kunadian et al.
prepared B- and N-doped multi-walled CNTs, and demon-
strated that doping not only reduces thermal conductivity but
also increases the Seebeck coefficient (Figure 9G,H) [102].
Similarly, graphene has extremely high thermal conductivity
and, as a result, it is not itself an ideal thermoelectric material.
Studies have shown that graphene nanoribbons with disordered
edge structures or graphene quantum dots have improved
thermoelectric properties [119]. In addition, the introduction of
weak coupling interface also reduces thermal conductivity
[120, 121]. Although carbon nanomaterials themselves have
poor thermoelectric performances, their combination with
high-performance thermoelectric materials makes them
suitable for OTEG applications.

The high ZT values and power factors given in this section,
which are primarily measured under controlled laboratory
conditions, demonstrate the significant intrinsic potential of
these thermoelectric materials. However, their effective
performance in real OTEC/OTEG systems will be critically
dependent on long-term stability against seawater corrosion,
thermal cycling fatigue, and fouling on heat exchanger surfaces.

2.5 | Materials for Salinity Gradient Energy
Systems

Ocean salinity gradient energy refers to the chemical potential
energy difference between seawater and freshwater present at
junctions of oceans and estuaries or between two seawater areas
having different salt concentrations. Salinity gradient energy
conversion (SGEC) can be used for osmotic pressure, steam
pressure and mechanical-chemical types of power generation
[122]. According to estimates, the salinity gradient energy in
various regions of the world is about 30 TW, 2.6 TW of which is
readily available [123]. At present, the most common and
promising SGEC processes include membrane-based pressure
retarded osmosis (PRO) and reverse electrodialysis (RED)
[124, 125]. In the PRO process, an asymmetric porous
membrane is placed between solutions with different salinities.
The osmotic pressure difference between the solutions drives
water flow from the low to high concentration side, creating an
increase in the volume at the high concentration side that drives a
turbine to generate electricity. In contrast, in RED devices contain
an ion selective permeation membrane between solutions having
a salinity difference. The concentration difference causes directed
migration of the salt with consequent redox-based conversion of
chemical potential energy into electrical energy. Compared with
PRO, RED is more suitable for power generation at locations
where a low salinity difference exists (eg., river estuary) owing to

advantages associated with high energy density, low membrane
pollution and low cost (Figure 10).

In RED systems, an electrochemical process takes place to
convert ionic flux directly into current. In order to improve the
conversion efficiency of SGECs, it is important to utilize ion
exchange membranes that have highly selective permeabilities
and high ionic conductivities [127, 128]. In recent years, the
development of novel polymer-based materials has greatly im-
proved the function of ion exchange membranes leading to
increases in the output power of SGECs [129, 130]. Inspired by
euryhaline-fish which readily adapt to high salinities, Hao et al.
designed a sulfonated poly(ether ether ketone)/anodic alumi-
num oxide (AAO)/PPy nanochannel system that has salinity
adaptability [131]. The rich surface charges and narrow pores in
membranes comprised of this material enable the density for
osmotic power generation of this device to reach 26.22 W/m?>.
Also, as illustrated in Figure 11A-C, Li et al. constructed a
device consisting of a mushroom shaped nanochannel array
membrane having an ultra-thin selective layer, that has a power
density of 22.4 W/m? under a 500 times salinity gradient. The
stem of the mushroom nanochannel is created by self-assembly
of a block copolymer and the cap is formed using mono-
molecular hyperbranched polyethylenimine. The enhanced
power output of this system is mainly due to unidirectional
transport in ion channels and excellent ion selectivity [132].

Thus far, attaining a balance between the permeability and
ionic conductivity of an ion exchange membrane remains
challenging. Recently, Li et al. employed self-assembly of block
copolymers to produce a membrane that has a small ion ex-
change capacity. The membrane produces an ultra-high power
density of 19.3 W/m? at a salt concentration ratio of 50 [135].
Studies by this group showed that high density helical por-
phyrin channels in the membrane possess high Cl™ selectivity
and good conductivity, which contributes to efficient SGEC
performance. Materials with nanofluid channels are often
fragile and difficult to process in fabrication of SGECs.
To overcome these problems, Zhang et al. prepared covalently
bonded organic polymer films by using the sol-gel method and
demonstrated that the films have excellent mechanical
properties and stability, and a system in which they are em-
ployed as a membrane has a maximum output power density of
6.21 W/m? (Figure 11D-F) [133]. In addition, among materials
that control transport of nanofluids, polymer/MOF hybrid
membranes have become the focus of SGEC related studies
owing to a combination of the advantageous features including
well-developed pores and polymer rich functional groups.
Li et al. prepared a PSS/MOF composite for use as an asym-
metric hybrid nanochannel membrane in conjunction with a
anode of aluminum oxide (AAO) [136]. The cationic selectivity
of the new membrane containing an optimized PSS content has
a power density of 2.87 W/m?.

In addition to regulation of the ion exchange and selectivity and
permeability of membranes, fouling is a particularly important
problem to solve in generating ocean SGEC systems.
In these devices, membrane fouling leads to a sharp decline in
permeability and an increase in ion transport resistance.
Therefore, materials with inherent antifouling properties, such
as graphene and MXene that have antibacterial activities,
have been developed for use as nanofluidic membranes. Studies
have shown that the antibiotic properties of these materials
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are mainly associated with the production of reactive oxygen
species that enter cells where they destroy DNA and proteins.
Hu et al. found that graphene-based carbon nanomaterials
effectively inhibit propagation of Escherichia coli cells and show
minimal cytotoxicities (Figure 11G-J) [134]. Gao et al. obtained
high performance Ti;C,T, MXene/GO hybrid PRO membrane
for use in SGECs. The hybrid membrane has excellent anti-
fouling and antibacterial activities, which enable the system to
have a high power density of about 56.4 W/m? [137]. These
workers showed that the main reasons for the excellent anti-
fouling performance brought about by increasing GO content of
the hybrid membrane are enhancements in hydrophilicity and
surface negative charges. To the best of our knowledge, only a
few reports exist describing technologies for the preparation of
large-scale antifouling nanofluidic membranes that can be uti-
lized industrially in a cost effective manner [126, 138].

3 | Materials for Marine Energy Transmission

As mentioned above, marine energy is mainly used for power
generation. As a result, the transmission of marine energy
mainly refers to transmission of electric power. Submarine
cables, wrapped in insulating materials and located on the
seabed, are employed for power transmission. The electric en-
ergy generated at the marine energy production site is moved to
and collected at a booster station by utilizing submarine cables,
and then it is transmitted to a centralized control center on land
through high-voltage submarine cables (Figure 12). Typically,
the collecting-line submarine cables operate at 35 kV, while the

submarine cables linked to the land can carry 110 or 220 kV,
depending on the distance they span. In 1850, the world's first
submarine cable was laid between Calais (France) and Dover
(Britain) [139], and at the present time the total length of
worldwide submarine cables is about 10°km [140]. The sub-
marine location enables the cable to be free from negative
natural environmental impacts such as wind, waves and the
interference from human caused activities. Thus, the cables are
both stable and safe, which makes them cost effective.

When the distance between the sites for generation and utili-
zation are large (> 2000 km), the costs of electricity transmis-
sion using submarine cables are significantly high [141]. An
approach that circumvents this problem involves conversion of
the electricity at the site of its production into longer lived and
more easily transported hydrogen gas. The hydrogen evolution
reaction (HER) via seawater splitting is an attractive and sus-
tainable hydrogen production technology, but its practical ap-
plications are limited currently by the slow nature of the
process, chloride corrosion, and the high costs of noble metal-
based catalysts [142]. Thus, an urgent need exists to develop
highly active, low-cost and corrosion resistant catalyst materials
that reduce the HER overpotential and improve the efficiency
for hydrogen production.

3.1 | Materials for Submarine Cable

Submarine power cables (SPCs) for underwater transmission of
high-power electricity play a key role in marine energy gener-
ating systems. Currently, nearly 8000 km of high-voltage direct
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(I, J) Antibacterial activities. Reproduced with permission [134]. Copyright 2010, American Chemical Society.

current (DC) SPCs exist in the world, of which more than 70%
are located in adjacent sea areas in Europe (Figure 13)
[140, 143]. Since seabed surroundings are extremely harsh
environments, SPCs are required to have special properties such
as waterproofed, corrosion and pressure resistant, and sustain-
ability to uncontrollable external collisions, in addition to high
electrical transmission performance and safety.

Figure 14A displays the constituents and arrangements of
materials in a typical SPC [144]. The core of an SPC is composed

of a Cu or Al conductor surrounded by several insulating layers.
Although the current carrying capacity of Cu is better than that
of Al, generally, the deep ocean section of SPCs need to be Al
conductors, while the shallow ocean part (<400m) can be
constructed using Cu. The main reason for the use of Al is to
reduce the weight and limit the tension on the SPC during
installation. To protect the core from corrosion, an SPC pos-
sesses three protective layers including an insulation, protective
and armor layer. Examples of materials for the insulation layer
in high voltage cables are ethylene propylene rubber and
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FIGURE 13 | (A) Distribution pattern of global submarine cable lines and their density and (B) the point density distribution of global submarine
cable landing points in 2023. Reproduced with permission [143]. Copyright 2025, Springer Nature.

crosslinked polyethylene, which provide excellent electrical
insulation, and heat/cold and aging resistance. Polyethylene
(PE) is comprised of a 3D network which provides the
mechanical strength needed to make it stable under high
temperature and chemical corrosion conditions [146-149].
The inside and outside of SPCs also contain protective layers,
with the inner sheath comprised of PE and the outer sheath

being either rubber cotton tape, asphalt or a polypropylene
inner cushion which together have strong seawater corrosion
resistance. When an SPC is exposed to a heavy electrical load,
thermal and mechanical stress arises leading to insulation
degradation and fatigue of the sheath. To gain insight into the
design of optimal SPC materials, modeling and simulation
studies have been performed. For example, Hamdan et al. used
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the finite element method to simulate and analyze thermal
mechanical stress inside a three-core SPC [145]. The results
show that the thermal expansion and elastic modulus of cross
linked-PE have a great influence on radial plastic deformation
of the sheath (Figure 14B,C). Finally, bronze, brass, Al and/or
other metals are typically twisted with a pitch in accord with
the extension direction of the cable to form an armor layer to
mechanically protect the SPC.

The cores of closely related submarine communication cables
(SCCs) consist of high-purity and hair-thin optical fiber mate-
rials, which guide light along the path by internal reflection. It
is worth mentioning that SPC and SCC need not be indepen-
dent units, but components of the latter can be integrated into
the former to monitor parameters such as temperature, strain
and vibration, as well as to accurately detect and track faults.
The optical fiber components of dual functioning cable are a
core and outer coating. Core materials are required to have high
purity and light transmittance to minimize power loss associ-
ated with light absorption by impurities [150]. Moreover, the
refractive index requirements of the core greatly differ from
those of the coating but their thermal expansion coefficients
need to be similar.

Both materials and fabrication technologies are key issues that
must be addressed in creating high light transmitting cables
[151, 152]. Optical fibers in these cables can be divided into
groups based on the types of materials used for their con-
struction. The groups include quartz glass (QGOF), composite,
silicate, fluoride, and plastic optical fibers. The high refractive
index material SiO, is employed to produce the core of QGOF,
which has a large diameter, high light transmittance and
mechanical strength, and an ease for coupling to the light
source. However, SiO, optical fiber has a strong hydroxyl
related light absorption at 2 um that causes a large optical loss.
In recent years, the main components of optical fibers have
been extended beyond pure SiO, to composites with B,Os,

TL,03, P,0s5, GeO,, and Na,O [153-155]. The important char-
acteristics of these multi-component glasses are low softening
points and large differences in refractive index between core
and outer layers.

Chalcogenide glass optical fibers (CGOF) have also been widely
studied due to their low transmission loss in the mid-infrared
wavelength region of 2-12 um. Mossadegh et al. prepared a
single-mode CGOF composed of a As,ySsgSe, core and a As,oSeo
cladding by using a double-crucible technique [156]. This fiber
has an optical loss that is less than 1dB/m. Churbanov con-
ducted a study to assess the influence of C, H and O impurities,
and heterophase impurity inclusion on the optical loss of
CGOFs [157]. An investigation by Davies et al., in which a
combination of raw material purification and glass distillation
was employed to significantly reduce the content of impurities
in CGOF, led to the preparation of high-purity CGOF having an
optical loss as low as 0.2-0.3 dB/m [158-160]. Moreover, com-
posites of rare-earth dopants (Yb**, Er’*, Tm**, Ce’*, Tb**,
Nd**, etc.) with SiO, has been given more attention in a search
for ideal waveguide optical fibers. Dragic et al. discussed in
detail the three most common rare-earth element (Yb>*, Er’*,
and Tm**) doped glass fibers, as well as the importance of
materials engineering in applications of high power fiber
lasers [150].

Although glass optical fibers have been given great attention,
their weak mechanical properties and lack of bendability are
detrimental issues. As a result, studies have been carried out to
determine if the large core diameter, simple connectability and
readily bendability of plastic optical fibers (POFs) enable them
to have broader utility in submarine cables (Figure 15A) [161].
The composition of POF is different from other traditionally
employed materials in that their core and outer layers
are composed of polymethyl methacrylate-, polystyrene-,
and polycarbonate-based polymers. Koike et al. reviewed
the development and current status of POFs, and highlighted
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the potential use of graded index POFs as materials for
next-generation optical fibers [162]. Electronic transition and
bond vibrations are the main reasons for the inherent light loss
occurring in POFs. It was found that light attenuation can be
significantly reduced by replacing H atoms in the polymer
backbones with F or Cl atoms owing to a reduction of bond
vibration associated light absorption. Perfluoro(1-butenyl vinyl
ether) polymer (CYTOP) is a highly transparent perfluorinated
material with high thermal stability and extremely low material
dispersion. The plots in Figure 15B,C show that the theoretical
attenuation limit of the CYTOP-based graded index POF is ca.
0.7 dB/km at 1 um [161, 163]. Garito et al. suggested that mode
coupling in a POF is the key to improving the bandwidth
of an optical fiber that determines its information carrying
capacity [164].

Pressure monitoring of deep-sea SPCs is critical to maintain the
power transmission process. Rothmaier et al. created a pressure
sensor composed of a flexible POF and tested its sensitivity
[165]. Although applied in textile weaving, the preparation
technology and flexible design concept developed by Rothmaier
et al. serve as guides for the application of submarine cables.

3.2 | Materials for Hydrogen Production by
Electrolytic Seawater Splitting

As mentioned above, marine energy can be converted into
electric energy and then transmitted to a land located grid
connection via submarine cables. However, the construction
and material costs for transmitting electric energy from deep
sea areas via submarine cables are high. Seawater splitting
driven by marine energy is a sustainable and environmentally
friendly method to produce hydrogen fuel [166, 167]. Thus,
marine energy driven seawater splitting to produce readily
transportable hydrogen would be an indirect but less expensive
way to transport marine energy to land locations. At present

time, one key factor for the success of hydrogen production
technology by seawater splitting is the availability of low-cost
and efficient electrocatalyst materials.

Under standard conditions, the Gibbs free energy change of
water electrolysis is 237.2kJ/mol, which corresponds to the
theoretical equilibrium potential of 1.23 V [168]. Owing to fac-
tors including solution resistance, intrinsic conductivity and
catalyst activity, the voltage required for water splitting is
greater than 1.23V [169-171]. To lower the difference between
the theoretical and required voltages for promoting the HER,
referred to as an overpotential, catalyst materials with high
conductivity and large numbers of active sites have been de-
veloped, including noble metals, transition metal nitrides, car-
bides and heteroatom-doped carbon materials. As depicted in
Figure 16, because of its complex components, especially C1™
(~0.5mol), seawater causes catalyst corrosion [172-174]. In
addition, the pH near the electrode surface changes sharply
during water electrolysis, Ca** and Mg** present in large
amounts in seawater, precipitate on the electrode surface,
blocking the active sites and reducing catalytic activity
[175, 176]. Kirk and Ledas proved that the amount of adhered
precipitates formed during seawater electrolysis is proportional
to the salt concentration [177]. Therefore, the design and
preparation of highly active HER electrocatalysts are crucial for
advancing the indirect method of transporting marine energy.

3.2.1 | Noble Metal-Based Catalysts

As can be clearly seen by inspection of Figure 17A, noble metals
(Pt, Ru, Ir, etc.) have excellent HER electrocatalytic perform-
ances and they are often benchmarks for these types of catalysts
[178, 183, 184]. In particular, Pt possesses the highest HER
catalytic activity recorded thus far, and loading Pt on carbon
support materials with high conductivities and high specific
surface areas effectively prevents aggregation and leaching of Pt
nanoparticles during the HER. By utilizing the atomic layer
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deposition (ALD) technique, Cheng et al. loaded Pt single
atoms, clusters and nanoparticles on N-doped graphene na-
nosheets to generate efficient HER catalysts [185]. These
ALDPt/NGNs catalysts have higher HER catalytic activities,
associated with Tafel slopes of 29 mV/dec, than that of the
commercial Pt/C catalyst. The reason for this activity is the
presence of partial unoccupied density of states in 5d orbital of
the Pt atom on N-doped graphene in the ALDPt/NGNs.
ALD50Pt/NGNs catalyst have excellent stabilities, with their
activities remaining almost unchanged after 1000 HER cycles.
Ru, a less expensive substitute for Pt, has a similar bond
strength with hydrogen as does Pt. Mahmood et al. reported
that Ru nanoparticles dispersed on two-dimensional C,N sup-
port, has a comparable catalytic HER activity to that of Pt/C
(Figure 17B) [179]. The capacity for hydrogen adsorption and
desorption on the surface of this catalyst plays a key role in
regulating the HER reaction rate. Noble metal Ir facets (111)
possess thermal stability and relatively balanced hydrogen
adsorption/desorption capacity, making it an ideal alternative
to Pt in HER catalysts. Li et al. found that interaction between
electronegative N atoms and Ir reduces the energy of the
unfilled metal d orbital leading to effective balancing of
the hydrogen adsorption/desorption processes [186]. When the
mass loading of Ir nanoparticles in the nitrogenated carbon
support reaches 7.16 wt%, is catalysis of the HER has only a
small overpotential of 4.5mV at 10 mA/cm?

Although noble metal-based catalysts display high electro-
catalytic performances, their intrinsic high costs, and poor
stabilities and scarcities restrict their use for large-scale
hydrogen production driven by marine energy. However,
material surface engineering, defect engineering and alloying
methods have been devised to enhance their HER performance
[187, 188]. Recently, the high cost problem associated with HER
catalysts has been somewhat alleviated by reducing the mass
loading of noble metals or forming alloys with inexpensive
transition metals (Fe, Co, or Ni). d-orbital interactions between
transition metals and Pt in the alloy materials is conducive to
adsorption of H atoms on the catalyst and consequent acceler-
ation of hydrogen generation from seawater. For example,
Duan's group, using an electrochemical dealloying-based single
atom tailoring strategy, prepared Pt nanowires modified by Ni
single atoms that have improved HER activities owing to a
minimization of the loss of surface active sites (Figure 17C)
[180]. In further studies of the properties of different transition
metal alloys with Pt, Zheng et al. prepared PtM (M = Fe, Co, Ni,
Cr, Mo) alloy modified Ti mesh by using electrodeposition
[189]. The authors emphasized that transition metals in the
alloys participate in the reaction between platinum and Cl, in
seawater, which is beneficial to improve the corrosion resist-
ance and long-term stability of the catalyst. Similarly, Li et al
prepared Pt-Ru-M (M = Cr, Fe, Co, Ni, Mo) supported on Ti
mesh using the same method [190]. The optimized nanoporous
Pt-Ru-Mo catalyst prepared in this manner contains more active
sites for the HER and maintains it catalytic function for 172 h.
Shen et al. reported a highly active RuCoBO-based catalyst that
has high stability and CI~ corrosion resistance [181]. Surface
reconstruction of the catalyst occurs during the HER and results
in a modified catalyst that has an overpotential of 14 mV and
continuous seawater splitting activity for up to 230 h at 50 and
100 mA/cm? (Figure 17D). Defects on the catalyst surface are

thought to be active sites that adsorb H,O to form M—H bonds.
Liu et al. described N/S co-doped carbon nanosheets modified
with Rh nanoparticles (Figure 17E) [182]. The results of studies
with this material show that the heteroatom dopant enhances
the interaction between Rh and the carbon matrix by forming
an electron-rich interface. This catalyst exhibits high HER
activity and stability, and its current density remained at 95%
after promoting the HER in seawater for 10 h.

322 | Non-Noble Metal-Based Catalysts

To make the conversion of electricity generated from marine
energy to hydrogen for transmission cost effective, it is imper-
ative to develop less expensive non-noble metal-based HER
catalysts. Non-noble metal catalysts, including transition metal
Mo-, Ni-, and Co-based materials, have moderate H* adsorp-
tion/desorption capacities. This feature coupled with recent
progress that has been made in theoretical studies and
advanced characterization methods have led to rapid develop-
ment of non-noble metal-based HER catalysts.

Ni/Co-based catalysts are the most popular, widely utilized non-
noble metal-based HER catalysts. Element doping can be used
to introduce active sites in these catalysts, adjust electronic
structures and increase surface roughness, which elevate the
performance of Ni/Co-based catalysts in the seawater HER. Du
et al. developed a NiFe layered double hydroxide electrode
[191]. The catalyst exhibits excellent stability over 9000 h under
1.0 A cm ™2 in alkaline natural seawater. Also, Ma et al. prepared
N-doped carbon shell-coated CoMoP employing a one-step
pyrolysis protocol (Figure 18A-C) [192]. The carbon layer in
this material protects the catalyst from deactivation by micro-
organisms and other impurities in seawater. Moreover, N dop-
ing increases the electron density of the graphite carbon layer
and the H adsorption free energy. In seawater, the prepared
catalyst has an excellent HER performance with a high FE
of 92.5%.

The alloying effect occurring between transition metals can lead
to an increase in the numbers of catalytically active sites in HER
catalysts. In this regard, Zhang et al. constructed NiM (M = Co,
Cu, Mo, Au, Pt) alloy on Ti foil via electrodeposition as a new
catalyst for the HER. The Ni—M bond in this material promotes
dissociation of HO—H bond, which is conducive to adsorption
and desorption of H*, and a resultant significantly improved
HER activity [194]. A system using an optimized Ti/NiCo
electrode promotes hydrogen generation in seawater over a 10 h
period.

Mo-based materials such as molybdenum carbide (Mo,C),
nitride (Mo,N,), phosphide (MosP) and sulfide (MoS,) are
highly abundant and catalytic active HER catalysts. Mo,C is an
ideal substitute for Pt in electrocatalysts because of its similar
D-band electronic structure. Abudula et al. has reviewed the
preparation of Mo,C and its application as a catalyst for the
HER [195]. In an important effort, Liu et al. developed a
HER catalyst composed of embedded Mo,C/MoP hybrid nano-
particles on a N, P co-doped carbon nanofiber support [196]. The
nature of the Mo species on the doped Mo,C/MoP hybrid-based
catalyst electrode was adjusted by changing the annealing tem-
perature. In seawater, the overpotential of the optimized catalyst
for the HER is 346 mV at a current density of 10 mA/cm?, and its
activity is stable for long time periods. Wang et al. proposed
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FIGURE 18 | (A) Illustration of the preparation of CoMoP@C. (B) HRTEM image of CoMoP@C. (C) Faradaic efficiency of CoMoP@C toward
the HER in seawater at the overpotential of 600 mV. Reproduced with permission [192]. Copyright 2017, Royal Society of Chemistry. (D) Schematic
illustration of the synthesis of MoN and MosNg nanosheets through ammonization with and without Ni in the precursor. (E) Linear sweep
voltammetry curves of different catalysts measured in Ar-saturated natural seawater. (F) Chronoamperometric curve of MosNg over 100 h operation

using an applied potential of 310 mV. Reproduced with permission [193]. Copyright 2018, American Chemical Society.

incorporating high-valence molybdenum into Ni(OH), to en-
hance both the selectivity and catalytic activity of the OER in
alkaline seawater [197]. The introduction of Mo also accelerates
the phase transition of Ni(OH),, redistributes local electronic
charge, and promotes a lattice oxygen-mediated reaction
pathway.

Mo,N, has an inherently outstanding electronic structure and
conductivity for use as an electrocatalyst, but it is vulnerable to
seawater corrosion. To circumvent this deleterious property,
Miao et al. encapsulated h-MoN nanoparticles in B/N co-doped
CNTs, to avoid agglomeration and seawater erosion [198]. In
addition, the high valence state of Mo in Mo,N,, contributes to
making the catalyst resistant to seawater-induced corrosion.
Qiao's group reported that an atomically thin MosNg nanosheet
with a Pt like electronic structure maintains a stable HER
catalytic current in seawater for 100 h, and the existence of a
high valence state of Mo (+4) in the catalyst prevents active site
damage caused by seawater ions (Figure 18D-F) [193].
Phosphidation can potentially change the properties of Mo and
improve the activity and stability of Mo-based HER catalysts.
Xiao et al. found that MoP catalyst possessing a higher P
content displays a better HER performance than do MosP and
Mo [199]. The results of theoretical calculations show that the
function of P in the composite is equivalent to that of S in MoS,
in that both provide large numbers of edge active sites. Also,
compared with molybdenum phosphide, molybdenum sulfide
possesses poor electrical conductivity. Kim's group developed a
hybrid HER catalyst that contains a combination of amorphous
MoS, layers and vertical N-doped CNT arrays [200]. Owing to

the existence of abundant active sites on the surface of MoS,
and rapid charge transfer in the one-dimensional CNT, the
current density of the catalyst is 10 mA/cm? at only ca. 110 mV.

4 | Materials for Marine Energy Storage and
Utilization

The supply of marine energy is limited by volatility, intermit-
tency, and instability owing to region distribution dependent
factors. As a result, efficient energy storage devices that have
good grid connections and efficient time dependent access
include secondary batteries, represented by lithium ion batte-
ries (LIBs), and supercapacitors, which are the two most
prominent and complementary candidates for maritime appli-
cations [201-203]. LIBs, the current cornerstone of portable and
mobile marine energy storage (e.g., for autonomous underwater
vehicles and electric ships), are highlighted first due to their
high energy density. LIBs use carbon or Si-based materials as
negative electrodes and lithium containing compounds as pos-
itive electrodes, and they function by movement of lithium ions
between two electrodes [204-206]. LIBs possess several advan-
tageous properties including high operating voltages and energy
densities, and long cycle life-times, but their power densities are
unsatisfactorily low. LIBs do play important but indirect roles in
marine applications such as electric ship and underwater glider
propulsion [207-209]. To address the power density limitations
of LIBs and manage rapid load fluctuations, supercapacitors
are utilized as a vital complementary technology. As a family
of energy storage devices, supercapacitors have high power
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densities (~100kW/kg) and long cycle life-times (> 100000
cycles). These types of energy storage devices can be divided
into two categories. The first includes electric double layer
capacitors (EDLCs), which operate by a physical energy storage
mechanism associated with ion adsorption/desorption, while
the second group covers pseudocapacitors that function using a
reversible surface redox reaction mechanism. Electrode mate-
rials for supercapacitors include porous carbon with high spe-
cific surface areas, polymers and metal oxides [210, 211]. While
other battery technologies (e.g., solid-state, lead-acid, flow, or
seawater-based zinc batteries) are employed or investigated in
specific marine scenarios, LIBs and supercapacitors are the
primary focus of this section because of their widespread
applicability and active material research focus. Accordingly,
the development of energy storage devices and corresponding
materials that possess both high energy and power densities is
the focus of studies exploring marine energy storage and
utilization.

4.1 | Materials for Lithium-Ion Battery Electrode

Among the array of electrochemical energy storage technologies,
LIBs are accorded particular emphasis due to their paramount
importance in portable and mobile marine energy systems. While
alternative systems, including solid-state batteries (valued for
enhanced safety in deep-sea operations), flow batteries (suited to
large-scale stationary storage), and conventional lead-acid batte-
ries, have specific niches in maritime applications, the material
science of LIBs most comprehensively encapsulates the over-
arching research thrusts aimed at achieving greater energy den-
sity, extended service life, and enhanced durability under marine
environmental stresses. Consequently, advances and challenges
in developing LIB electrode materials offer a representative and
critical lens through which progress in marine-compatible energy
storage can be examined.

The key to enhancing the endurance of LIBs lies in the use of
robust, marine environment tolerating energy storage materials.
Typically utilized LIBs cathode materials include lithium cobalt
oxides (LiCoO,, LCO), lithium manganese oxides (LiMn,0y,,
LMO), lithium iron phosphates (LiFePO,, LFP) and ternary
composites. The inventor of LIBs cathode materials (LCO,
LMO, LFP), the Nobel Prize winning scientist J. B.
Goodenough, made a revolutionary breakthrough in LIB tech-
nology, which not only solved safety problems, but also reduced
manufacturing costs [212]. In addition, the anode material
governs the ability to reversibly extract and insert of Li*, a key
component of LIBs. Materials used for anodes include carbon,
metal oxides, and Si and Sn-based materials. In this group,
graphite anodes have been employed in most applications, but
their low capacity (372 mAh/g) prevents long-term endurance
of LIBs. Thus, it is urgent to develop novel high capacity and
low-cost anode materials for next-generation LIBs.

4.1.1 | Cathode Materials

LCO, the first LIB cathode material that was commercialized by
SONY Corporation in 1992 [202], possesses the advantageous
properties including a high working voltage, low self-discharge,
high theoretical mass specific capacity (274 mAh/g) and volume
specific capacity (1363 mAh/cm?), as well as a good cycling

performance [213]. However, this anode material suffers from
high cost owing to the need for Co, low thermal stability and
poor safety. Owing to the growing demand for marine equip-
ment that require high endurance batteries, current studies
have focused on improving the energy density of LIBs by cre-
ating higher voltage LCO materials. As displayed in Figure 19,
Li's group developed a heat annealing method for coating LCO
with solid electrolyte materials Li; sAlgsTi; s(PO,);, which
possess high voltage stable surface layers [214]. The coatings
greatly increase the thermal stability of the modified LCOs,
which have stable 4.6 V high-voltage cycling performances at
both room temperature and 45°C. Metal doping is an effective
method to overcome cycle performance degradation caused by
changes in the lattice structure of the LCO in the process of
high voltage de-lithiation. This research group determined the
relationship that exists between the particle structure of micro
Ti-Mg-Al co-doped LCO material and the reversibility of the
processes occurring during charging and discharging cycles
[215, 216]. The results show that doping elements regulate the
number and distribution of defects inside LCO particles, which
govern the structural phase transition of LCO materials during
high voltage operation, and synergistically promote cyclic sta-
bility of LCO at high voltages (> 4.5V). Similarly, Liu et al.
developed a battery containing a dual La and Al doped LCO
lattice, in which La was acts as a pillar to increase the c axis
distance and Al serves as a positively charged center to promote
diffusion of Li* [217]. The optimized LCO created in this effort
was shown to inhibit the structural phase transition during the
cycle that results in a high capacity of 190 mAh/g. Considering
the costs, LiNiO, (LNO), having the same ideal crystal structure
and similar theoretical specific capacity as LCO, has become a
candidate material for LIB cathodes [218, 219]. Moreover, metal
doping improves the electrochemical performance of the LNO
[220, 221]. As a result, LiNiy3Co0¢15Aly 050, (NCA) is now a
widely used material in commercial LIBs.

The lithium cathode material, LMO, has advantages associated
with low cost, large abundance, high-voltage, pollution-free and
high safety performance. However, its poor cycling performance

Disordered spinel
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FIGURE 19 | Schematic illustrations of (A) the surface engineering
of LCO, and (B) the surface layer growth mechanism. Reproduced with
permission [214]. Copyright 2020, Wiley-VCH.
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and electrochemical stability limit the use of this material for
large-scale industrial purposes. In the continuous electro-
chemical charge-discharge process, because Mn is leached
during this process, the structure of LMO can be stabilized by
using cationic doping. Su et al. prepared indium/sulfur (In/S)
doped LMO with an orthorhombic structure as the cathode
material for LIBs by using a hydrothermal method [222].
Compared with its undoped counterpart, In/S doped layered
LMO undergoes only partial structural deformation and, as a
result, it has improved cycle stability and a high discharge rate.

Pang et al. found that 5% and 10% Cr doping of LMO not only
leads to a morphology change and particle size reduction,
it also improve cycle performance and reversible capacity [223].
Suresh et al. prepared the Fe and Zn-doped LMOs,
LiMng 9sZngpsO, and LiMnggsFepsO,, by using an ion
exchange method, and that they have specific capacities of 180
and 193 mAh/g, respectively [224]. The Zn-doped material has
an improved capacity retention only, while the Fe-doped analog
has both an improved cyclic stability and specific capacity.

Heterogeneous structure and interface engineering are also
useful methods to improve the performance of LMOs. Zhu et al.
described the design of a LMO cathode composed of interwoven
spinel and layered domains [225], which has an enhanced
electrochemical cycle stability. The specific capacity of the
modified LMO cathode is 254.3mAh/g, and the capacity
retention rate is about 90.4% after 2000 cycles. In addition,
surface coating, oxygen stoichiometry control and cathode
material compositing are other methods to improve the elec-
trochemical performance of LMO.

Microwave-assisted synthesis has emerged as a viable method
for tuning the physico-chemical and electrochemical properties
of LMO and related cathode materials. For example, Nkosi et al.
employed both aluminum-doping and microwave to enhance
the capacity and capacity retention of LMO [226]. Recently,
Haruna et al. showed that microwave irradiation improves the
electrochemical performances of LMO by suppressing the Jahn-
Teller distortion [227].

LFP, having a theoretical specific capacity of 170 mAh/g, is
known to have high cycle stability and good power character-
istics, as well as being pollution-free, low cost and high safety.
Because of its low ionic conductivity, LFP is usually combined
with conductive carbon materials or subjected to cationic dop-
ing to improve its electrochemical performance [228-231]. Shin
et al. studied the influence of graphite, carbon black and acet-
ylene black coatings on the electrochemical properties of LFP
[232]. The results showed that graphite-coated LFP has a lower
charge- and Li*-transfer resistance as well as a stable specific
capacity of 120 mAh/g. Zhao et al. prepared a core-shell LFP@C
composite using a chemical vapor deposition assisted solid
phase reaction, and thoroughly studied the influence of the
morphology of this material on electrochemical performance
[233]. It should be noted that although introduction of carbon
materials improves the conductivity of LFP, it causes the bulk
density and the volume specific capacity to be much lower than
those of LCO, which hinders its practical application.
Fortunately, the related cathode material LiFeSO4F (LFSF) has
a better ionic/electronic conductivity and carbon coating is not
needed for its fabrication [234, 235]. LFSF also possesses a high
cell voltage and specific capacity of 151 mAh/g. Additional

novel cathode materials such as LiCoPQ,, LiNij ;CoysPO,4 and
LizV,(PO4); (LVP) have been developed [236-238]. Among
these materials, LVP has an outstanding specific capacity of
197 mAh/g and a high-voltage. Mai's group prepared unique
hierarchical LVP/C mesoporous nanowires through a one-pot
method (Figure 20A,B), and showed that this material has a
high rate and ultra-long life performance [239]. The capacity
retention of the nanowires is 88% after 3000 cycles at voltages in
the range of 3-4.3V.

Ternary materials, exemplified by Li(NiCoMn)O, (NCM) and
Li(NiCoAl)O, (NCA), are multimetallic composite oxides in
which the three metals play different roles. Specifically, Ni
enhances the materials capacity, Co provides a stable layered
structure and Mn (or Al) reduces the cost and improves safety
[241, 242]. Ternary composites are among the most promising
cathode materials for LIBs, because they have advantageous
features including high energy densities, good cycling per-
formances and stable structures. Unfortunately, their initial
charging and discharging efficiencies are low. Sun et al. pre-
pared Li; ,Nij13C0013Mng 540, by using solution assisted co-
precipitation and solid state sintering (Figure 20C,D) [240]. The
capacity of this cathode material is 186 mAh/g, and it retains
98.5% of its capacity after 200 cycles. Hou et al. showed that
coral-like Li; 50Mng s4Nip13C00130,, synthesized by using the
hydrothermal method, has a reversible capacity of 210.2 mAh/g,
and excellent cycle stability [243]. Also, Jafta et al. [244] com-
bined microwave-assisted synthesis and aluminum-doping to
improve the capacity retention of Li; ,0Mng s4Nig 13C0¢.1305.

4.1.2 | Anode Materials

Because of their natural abundance and unique properties,
carbon-based materials, including graphite, CNTs, graphene
and carbon fibers, have become attractive anode materials for
use in LIBs [245-247]. Graphite is currently the preferred anode
material for commercial LIBs, but its capacity limitations hin-
der high-endurance marine applications. Modification of natu-
ral graphite by shortening the Li* diffusion path, extending the
graphite layer spacing and modifying the interface coating have
been carried out to optimize its microstructure and specific
capacity. Cheng et al. found that forming abundant nanopore
channels on the graphite surface using KOH etching effectively
shortens the ion diffusion path and increases the charging
performance (Figure 21A,B) [248]. Kim et al. observed that
expansion of the graphite layer spacing from 0.3359 to
0.3395nm leads to creation of large numbers of functional
groups [250].

In addition, studies have demonstrated that novel carbon an-
odes have greatly improved electrochemical performances in
LIBs. Landi et al. reviewed applications of single-wall CNTs,
multi-wall CNTs and their composites to LIBs, and summa-
rized existing methods and proposed new methods to improve
the capacity and electrical transport of these anode materials
[251]. Although graphene possesses a high conductivity and
high capacity, its use in LIBs is hindered by its large initial
irreversible capacity loss and low initial coulombic efficiency
(CE), as well its high price. Studies have shown that the elec-
trochemical properties of graphene can be improved by altering
the graphitization level, and by introducing heteroatom dop-
ants and porous structural features. Zhao's research group
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reported the results of a study of a mesoporous graphene na-
nosheet anode material [249]. Ordered mesoporous graphene
has a high surface area for Li* adsorption and insertion. As a
result, it has the excellent reversible capacity of 1040 mAh/g at
a current density of 100 mA/g (Figure 21C,D). It is worth
mentioning that carbon fiber anode materials with one-
dimensional structures have unique advantages for improving
the Li* diffusion rate. Qie et al. generated a high-performance
carbon fiber anode material by carbonization of PPy with KOH
[252]. Owing to its unique porous nanostructure and high N
dopant content, this anode material retains a high reversible
capacity of 943 mAh/g after 600 cycles at a high current density
of 2 A/g. Xia et al. prepared B and N double-doped 3D carbon
nanofibers as ideal anode materials, which have a capacity
retention of 87% after 5000 charge/discharge cycles at 2 A/g
[253]. In addition to those described above, other new carbon
materials, including MOF derived, graphdiyne and biomass
carbon materials, have been developed and applied to LIB
technologies [254-256].

Alloy-based materials, consisting mainly of metallic (Sn, Sb)
and semi-metallic (Si, Ge) elements in the IVA and VA groups,
form binary compounds with lithium. The respective theoreti-
cal reversible capacities of Li, 4Si, Lis4Sn, Liy 4Ge and LisSb of
4200, 994, 1625 and 665 mAh/g are much higher than those of
traditional carbon materials [257]. Therefore, alloy-based anode
materials can significantly increase the overall energy density of
LIBs to levels that meet the requirements of electric ships,
underwater gliders and other marine equipment. However,
alloy-based materials tend to undergo volume changes and
pulverization during the charge/discharge process, which

reduces the mechanical stability of active material, thus, limits
rate capacity and cycle stability [258, 259].

Si is considered to be an ideal substitute anode material for
graphite because of its abundant reserves, environmentally
friendliness and high capacity [260-262]. However, the huge vol-
ume expansion of about 300% that takes place upon full lithifica-
tion and low intrinsic conductivity limit its commercial
applications [263]. Therefore, Si is often compounded with carbon
materials to optimize the lithium storage performance of anode
materials. Cui's research group reported that a mixed anode com-
posed of graphite/carbon embedded in Si nanolayers (SGC) has a
high first-cycle CE of 92% [264]. The unique structural design
improves the compatibility of Si and graphite, and solves problems
caused by structural failure caused by volume expansion. The en-
ergy density of SGC is 1043 Wh/L when used as an anode with a
LCO cathode in a full cell. Furthermore, this group designed novel
yolk-shell structured, Si nanoparticle coated, amorphous carbon
shells [265]. The cavity between Si particles and shell allows for
free expansion of the Si particles during the charge/discharge
process, which gives the anode a high capacity and a long cycle life-
time (Figure 22A,B). Compared with that of the Si material, the
volume of silica derivative-based materials changes to lesser extents
(~150%) during a cycle. Mai's group reviewed the synthesis and
lithium storage properties of the promising anode material silicon
oxide [272]. This group designed and prepared a series of silica-
oxide-based anode materials (Figure 22C-H), including mono-
disperse SiO,/C microspheres, yolk@shell SiO,/C microspheres,
SiO,/C@C microspheres, pomegranate-like SiO,/C microspheres,
Ni/SiO, microspheres and TiO,/SiO, hybrid, all of which have
excellent lithium storage performances [266-271].
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Reproduced with permission [248]. Copyright 2015, Elsevier. (C) Schematic of the formation of ordered mesoporous graphene nanosheets.
(D) Cycling performance and the coulombic efficiency of the mesoporous graphene nanosheets at different current densities. Reproduced with

permission [249]. Copyright 2013, American Chemical Society.

In addition to Si, Sn and Ge are also commonly used as LIBs
anode materials. During lithification, the critical size of a Sn
particle fracture is smaller than that of Si. Xu et al found that
mechanical damage still occurs when the Sn particle size is
10nm [273]. Alloying Sn with Fe, Co and other non-active
metals effectively alleviates volume expansion. Wang et al.
demonstrated that CoSn@C nanocubes have a discharge
capacity of 1010.9 mAh/g at 0.5 A/g [274]. Moreover, consider-
ing that the conductivity and Li™ diffusion rate in Ge are higher
than those in Si, Wang et al. uniformly embedded Ge quantum
dots in a 3D porous carbon framework. The results show that
this change effectively reduces the volume change occurring
during the process [275]. As an anode, this material has a
specific capacity of 1160mAh/g at 1A/g, and a capacity
retention of more than 90% after 1200 cycles.

Metal oxides and chalcogenides, and organic materials are also
commonly used for construction of LIBs anodes. Li et al.
summarized and analyzed the status of studies focusing on fast
charging anode materials, and discussed modification strategies
as well as the mechanism for lithium storage [204]. Similarly,
Mahmood et al. reviewed nanostructured LIB anode materials,
proposed solutions to challenges facing their applications, and
highlighted the importance of methods for in-situ characteri-
zation of the lithium storage process [276].

Continuous advancements in both cathode and anode materials
are essential to support the large-scale deployment of LIBs in
marine energy storage by achieving higher energy density,

longer cycle life, and enhanced safety. Beyond these perform-
ance metrics, the sustainable supply of lithium—a critical raw
material—presents a growing strategic concern. In this regard,
the development of efficient technologies for extracting lithium
directly from seawater aligns closely with the marine energy
theme and offers a promising pathway to ensure resource
sustainability.

4.2 | Materials for Supercapacitor Electrode

Supercapacitors have uniquely high-power densities (> 100 kW/kg),
long cycle life-times (> 100 000 cycles), wide performance temper-
atures (—40°C-60°C) and rapid charging capacities (< 3 min). The
maritime industry has become increasingly interested in using su-
percapacitors, especially those for driving high-power equipment
[201, 277]. The use of supercapacitors to overcome the impact of
power fluctuations on marine electric propulsion systems has
become a new approach to the development of future marine
propulsion technologies. However, supercapacitors have low energy
densities that are far inferior to those of LIBs in terms of endurance
over long-distances.

According to the energy density formula (E =0.5CV?, where E
is the energy density, C is the specific capacitance, and V is the
operating voltage), an effective way to improve the energy
density of devices involves increasing specific capacitance by
designing and preparing electrode materials with high specific
surface areas and high porosities [278-280]. Porous carbon
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(A) Schematic of the materials design of a conventional slurry coated SiNP electrode and a novel Si@void@C electrode. A

magnified schematic of an individual Si@void@C particle showing that the SiNP expands without breaking the carbon coating or disrupting the SEI
layer on the outer surface. (B) Electrochemical cycling results for Si@void@C electrodes. Delithiation capacity and CE of the first 1000 galvanostatic

cycles between 0.01 and —1V (alginate binder). Reproduced with permission [265]. Copyright 2012, American Chemical Society. (C) SEM image of
SiO,/C-2. Reproduced with permission [266]. Copyright 2018, Elsevier. (D) TEM image of SiO,/C. Reproduced with permission [267]. Copyright
2019, Elsevier. (E) TEM image of YS-SiO,/C@C. Reproduced with permission [268]. Copyright 2020, Royal Society of Chemistry. (F) SEM image of
pomegranate-like SiO,/C microspheres. Reproduced with permission [269]. Copyright 2018, Royal Society of Chemistry. (G) TEM image of Ni/SiO,-
550. Reproduced with permission [270]. Copyright 2018, Wiley-VCH. (H) HAADF-STEM image of the TiO,/SiO, hybrid. Reproduced with per-

mission [271]. Copyright 2023, American Chemical Society.

materials, including carbon nanospheres and nanofibers, mod-
ified graphene, 3D carbon aerogels, and novel carbon nanocages
and graphynes are typically utilized as electrode materials
[281-284]. Differing from the carbon materials used in anodes
of LIBs, porous carbon materials used in supercapacitors must
possess high specific surface areas, hierarchical pore structures,
high conductivities and high electrolyte wettabilities in order
for ion absorption/desorption to occur rapidly. Moreover,
transition metal oxides and hydroxides as well as conductive
polymers are often used as pseudocapacitor electrode materials
[285, 286]. Because the energy storage process in pseudocapa-
citors involves chemical reactions, the specific capacitances of
these types of materials are high, but their chemical side
reaction promoted irreversibility causes their cycle stabilities to
be lower than those of EDLCs. For marine equipment appli-
cations, it is critical to create supercapacitor devices with both
high energy and power densities.

4.2.1 | Porous Carbon Materials for EDLCs

Porous carbon materials account for ~30% of the production
cost of supercapacitors containing energy storage devices.
Currently, commercial carbon materials are prepared mainly by
activation of biomass carbon such as that found in coconut
shells [287]. However, it is difficult to accurately control the

pore structures of carbon materials. As a result, fully utilizing
the pore structures of carbon materials to improve their specific
capacitance remains the focus of ongoing investigations. In
recent years, porous carbon materials having different dimen-
sions have been developed, including 0D carbon quantum dots
and nanospheres, 1D CNTs and carbon fibers, 2D modified
graphene and carbon nanosheets, and 3D carbon aerogels. As a
consequence of these efforts, specific capacitance of carbon
materials-based supercapacitors has significantly improved.

Carbon nanospheres are comprised of four types of structure
classes including solid, hollow, yolk@shell and multi-shell
spheres. All members of this group have good structural regu-
larity, adjustable porosity and a low price [288-290]. In addi-
tion, functional porous carbon spheres can be generated by
surface modification, heterogeneous element doping and
graphitization. Xu et al. has reviewed the controlled synthesis of
porous carbon spheres used for supercapacitors, and discussed
the correlation that exists between the structures and electro-
chemical properties of materials [281]. Phenolic resin is a
suitable precursor for preparing carbon nanospheres with
controlled particle sizes and pore structures [288, 291]. Lu et al.
reported the preparation of monodisperse phenolic resin
spheres and porous carbon spheres with controllable sizes by
using an extension of the Stober method which utilizes
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ammonia-ethanol as the solvent system [292]. Yu et al. carried
out mass production of monodispersed resin and carbon
spheres in pure water by using self-catalytic polymerization.
The specific capacitance of N and O co-doped carbon spheres is
282F/g [293]. Additionally, hollow and yolk-shell carbon
spheres possessing cavity structures have high specific surface
areas and short ion diffusion distances. By using a one-pot
strategy, Zhang et al. prepared hollow mesoporous spheres
(MCHS) with a surface area of 1582m?/g and adjustable
micropore size of 13.9 nm [294]. The specific capacitance of
MCHS in EDLCs is 310 F/g, and the capacity retention is 98.6%
after 10 000 cycles. More recently, Kim et al. developed a novel
method to produce carbon nanospheres which takes advantage
of inhibition of the pyrolytic condensation of polymers
(Figure 23A-C). The rich distribution of micropores and me-
sopores in this material leads to a BET surface area of 1124 m*/g
and a specific capacitance of 389 F/g at 1 A/g [295]. Carbon
nanospheres with complex structures have excellent capaci-
tances, but their synthesis often requires the use of templates,
surfactants and other additives, which are unfavored in com-
mercial applications. Thus, simple, low-cost methods for pre-
paring carbon nanospheres with high specific surface areas and
porosities are required.

Carbon nanofibers are an ideal EDLCs electrode material owing
to their high aspect ratio and anisotropy, which in super-
capacitors lead to rapid axial electron transport and radial
ion diffusion. 1D carbon nanofibers are synthesized mainly by
utilizing either the soft or hard template method and electro-
spinning [297-299]. Yu et al. described a method for construc-
tion of a new, ultrafine, N-doped carbon nanofiber (N-CNFs)
based on self-assembly of phenolic resin and surfactant
(Figure 23D-F). The nanofibers have a respective maximum
gravimetric specific capacitance and energy density of 380 F/g
and 12.35Wh/kg [296]. Chen et al. reported the carbon
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nanofibers prepared using a hard Te template and surface
coating with PPy, can be employed as high-capacity porous
carbon nanofiber electrode materials [282]. The nitrogen dopant
content and specific surface area of these materials are 7.22%
and 562 m?/g, respectively, and the maximum power density is
89.57 kW/kg. Mesoporous carbon nanofibers were prepared by
Tan et al. using an electrospinning method. This material was
utilized as a flexible freestanding electrode for and EDLC that
has a specific capacitance of 327 F/g at 1 A/g [300]. CNTs, an
important family of 1D carbon materials, are often used as self-
supporting flexible electrodes because they have a superior
electrical conductivity, and more defined pore structure and
stability than those of carbon nanofibers. Lu et al. created a
vertically arranged CNTs containing plasma etching derived
defects for use as an EDLCs electrode material [301]. The high
charge storage/delivery capability of CNTs results in an energy
density of 148 Wh/kg and power density of 315 kW/kg. How-
ever, the relatively high cost of preparation of CNTs hinders
large-scale commercial production. In addition, some 1D car-
bon materials derived from bacterial cellulose are also used as
electrode materials for supercapacitors.

2D layered carbon materials such as graphene and carbon na-
nosheets are highly suitable as electrode materials for super-
capacitors because they have abundant active sites and highly
specific surface areas. By using microwave exfoliation and KOH
activation, Zhu et al. achieved a breakthrough in generating
graphene having a specific surface area of 3100 m?*/g [302]. This
2D highly porous carbon layers in this material consist almost
entirely of sp>-bonded carbons, which is the reason why it has
ideal capacitive properties associated with an energy density of
70 Wh/kg and a power density of 250 kW/kg. Due to the ex-
istence of van der Waals forces between layers, the 2D graphene
sheets undergo ready accumulation and agglomeration. How-
ever, inserting other carbon materials between these layers
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FIGURE 23 | (A) Preparation of porous carbon materials based on inhibition of pyrolytic shrinkage of polymer particles using ZnO shells.
(B) SEM image of porous carbon nanosphere electrodes (scale bar: 1 um). (C) Capacitances at current densities from 1 to 20 A/g. Reproduced under
terms of the CC-BY license [295]. Copyright 2023, The Authors, published by PNAS. (D) Schematic illustration of the fabrication of activated
N-CNFs. (E) TEM image of the activated N-CNFs. (F) Ragone plots showing the power density versus energy density. Reproduced with permission

[296]. Copyright 2019, Elsevier.
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effectively inhibits agglomeration. Using this approach, Liu
et al. covered the surface of graphene with highly ordered
mesoporous carbon (OMC) by using the interface induced co-
assembly method. The alteration increased the specific capaci-
tance of the material by 51.5% over that of pure graphene
(Figure 24A) [303]. Similar to graphene, 2D MXenes also suffer
from the problem of agglomeration between layers. Using an
approach similar to that employed by Wang et al. inserted or-
dered mesoporous carbon between the MXene carbon layers to
form an all-carbon 2D-2D heterogeneous material, which has
improved ion diffusion and electron transfer properties [306].
The maximum energy and power densities of supercapacitors
assembled utilizing an organic electrolyte are 35.6 Wh/kg
and 196.5 kW/kg, respectively. Similarly, Melchior et al. [307]
integrated small amounts of carbon nanospheres between the
MZXene layers to form 2D-2D heterostructured materials for
high-voltage symmetric supercapacitor, and reported specific
power and specific energy of 37.6kW/kg and 14.1 Wh/kg,
respectively.

(A)

% F127

V- @

o Resol Monomicell /
R=6:1

T
(e
Tty

W
e

W
g

e
i
W

)
“

i
i
K
Yl
A
A

e

X
A

{
oL
o «gx
4

=10:1

Surface of GA

R is the weight ratio of
Monomicell to GA

(B)

i Self-assembly

5 ° o6 —r
Polymerization
- @

Carbonization

(KNOSC)

KOH activation

Pop e, s’;"’eso m, (NOSC)
OUs 9 e, r[,c&lreacro_po
"Ic/u,ecfa "oy
am o 0 & o o B
GO F127 T™MB Colloid micelle DA Cysteine  O/W solution

Crosslinking

(C)

In view of the high cost of large-scale applications of graphene and
MZXenes, an urgent need exists to develop low-cost controllable
technologies for preparation of porous carbon nanosheets. He
et al. summarized in detail the advantages of using and methods
for synthesis of porous carbon nanosheets [308]. Xi et al. described
a soft-hard template assisted approach for the preparation of
homogeneous hexagonal ordered mesoporous carbon sheets with
an average lateral sizes of ~3-4 um and thicknesses of ~9nm
[309]. The specific capacitance of EDLCs employing these sheets
as an electrode material is 208 F/g at 0.2 A/g.

Carbon aerogel, having a hierarchical pore structure, stable 3D
cross networking and high conductivity, plays an important role
as a material for free-standing EDLC electrodes. Also, by using
selected preparation conditions, it is possible to generate carbon
aerogels that have hierarchical pore structures that are condu-
cive to rapid adsorption/desorption of electrolyte ions, which
leads to maximal specific capacitance of supercapacitors.
Investigations have shown that micropores in this material are
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FIGURE 24 | (A) Schematic of the formation of OMC on graphene aerogel. Reproduced with permission [303]. Copyright 2015, Wiley-VCH.
(B) Schematic of the synthesis of KNOSC. Reproduced with permission [304]. Copyright 2019, Wiley-VCH. (C) A schematic of the 3DFP process used
for fabrication of 3D Ti;C,T, aerogels and a photograph of 3D printed MXene aerogels having various geometries with constant cross-sections.

Reproduced with permission [305]. Copyright 2021, Wiley-VCH.
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the main contributors to capacitance, with mesopores facilitat-
ing rapid transfer of electrolyte ions and macropores serving as
“small reservoirs” that supply electrolyte ions in a timely
manner [310-312]. Using the template method, which is com-
monly used to prepare hierarchical carbon aerogels, Li's group
successfully constructed a multiscale porous carbon foam
electrode with a specific surface area of 2905 m?%/g [313]. A
supercapacitor that employs this material as an electrode has a
specific capacitance of ~375F/g at 1 A/g. In a later study, this
same group created a N, O, S co-doped hierarchical porous
carbon foam (KNOSC) by using the soft-template method and
demonstrated that it has a macroporous structure including a
network of mesoporous channels filled with micropores
(Figure 24B) [304]. A symmetrical supercapacitor assembled
from this 3D carbon foam can be charged and discharged within
1.52s, and has a high gravimetric energy density of 15.2 Wh/kg.
In addition to the template method, an approach using direct
carbonization of melamine sponge has also been applied by
Xiao et al. to prepare a porous carbon aerogel. The freestanding,
hydrophilic N-doped carbon aerogel prepared using one-step
pyrolysis of melamine foam was employed as a component of a
high-performance compressible all-solid-state supercapacitor,
whose electrochemical performance is unaffected by arbitrary
compression under 60% strain [314]. Xu et al. also used sponge
loading GO and KOH followed by carbonization to form a 3D
hierarchical carbon aerogel [315]. The energy density of sym-
metric supercapacitor based on the BMIMPF¢/AN electrolyte
assembly was found to be 89 Wh/kg. Recently, utilization of 3D
printing to prepare carbon aerogels has attracted great atten-
tion. Tetik et al. developed a 3D freeze-printing (3DFP) method
to manufacture an ultralight 3D MXene aerogel, which was
utilized to construct an all-solid-state micro-supercapacitor
composed of horizontally and vertically aligned MXene sheets
(Figure 24C) [305]. Tao et al. obtained 3D carbon materials
having both a high porosity and density (1.58 g/cm®) by
evaporation-induced drying of a graphene hydrogel [316]. The
volumes energy densities of supercapacitors assembled em-
ploying an aqueous system and organic electrolyte are 13.1 and
37.1 Wh/L, respectively. In addition to demonstrating excep-
tional properties, practical deployment of such nano-engineered
carbons hinges on solving challenges related to the high-costs of
precursors, controlled large-volume synthesis, and integration
of these fragile structures into robust, packaged devices suitable
for marine conditions.

4.2.2 | Pseudocapacitor Materials

The mechanism for energy storage in pseudocapacitor electro-
des is different from those comprised of porous carbon, the
latter of which involve Faraday reactions such as reversible
oxidation and reduction [317, 318]. Therefore, pseudocapacitors
can provide higher specific capacitances and energy densities,
but their power densities and cycle stabilities are inferior to
those of EDLCs owing to the poor conductivity of active ma-
terials and occurrence of irreversible side reactions. The main
pseudocapacitor materials include noble metal oxides, transi-
tion metal oxides/hydroxides and conductive polymers.

RuO,, a representative noble metal oxide, has a high theoretical
specific capacitance, conductivity and chemical stability. The
pseudocapacitance of RuO, mainly derives from the surface

oxidation-reduction reaction. As a result, its specific capaci-
tance can be effectively improved by altering the specific surface
area and crystallinity. RuO, with high crystallinity tends to have
a large proton diffusion resistance, while its amorphous coun-
terpart displays stable electrochemical performance. Gujar et al.
showed that amorphous RuO,, prepared by using the spray
pyrolysis technique, has a highly reversible capacitance in an
acidic electrolyte associated with a specific capacitance of
551F/g [319]. In addition, the presence of bound water is
conducive to the diffusion of cations in the active electrode
layer of RuO,. Patil et al. showed that an amorphous, porous
and hydrous RuO, thin film electrode, generated using chemi-
cal bath deposition on a substrate, has excellent specific energy
and coulombic efficiency (94%) [320].

Owing to its high cost and scarcity in nature, RuO, is often
combined with porous carbon, metal oxide or other less ex-
pensive materials. Numerous studies have focused on reducing
the use of RuO, and improving the efficiency of its utilization.
Shen et al. reported that an asymmetric supercapacitor elec-
trode, comprised of ultrathin carbon layer encapsulated RuO,
nanodots anchored in reduced graphene oxide, has an ultra-
high energy density (103 Wh/kg) and cycle stability (100 000
cycles) [321]. Jiang et al. prepared an all pseudocapacitor
asymmetric device by combining MXene and RuO,. This
material has 86% capacity retention after 20000 charge-
discharge cycles (Figure 25A-C) [322]. Tan et al. described a
series of hollow MO,-RuO, (M = Co, Cu, Fe, Ni and CuNi)
nanostructures for use as active electrodes in supercapacitors
[325]. This group showed that the specific capacitance of the
NiO-RuO, composite loaded on CNTs is 740 F/g at 1 A/g. In
general, designing highly dispersed nanoscale RuO, and
selecting a suitable conductive carbon substrate is an ideal
approach to improve the performances of supercapacitors.

Transition metal oxides/hydroxides, such as MnO,, Co;0,, Fe,0s,
NiO and FeOOH, are the most widely studied faradaic materials
that can replace RuO, in supercapacitors. In particular, MnO, has
advantages as an electrode material that arise from its high theo-
retical specific capacitance (~1100 F/g) and abundance, but it also
has the disadvantages of poor conductivity and an unstable lattice
structure during charge and discharge cycles. Thus far, MnO,
having different crystal structures (amorphous, a-, -, y-, A- and &-)
and morphologies has been shown to have improved electro-
chemical performance. Brousse et al. studied the effects of the
crystal structure of MnO, on electrochemical properties [326].
Matching positive and negative metal oxide capacitances, and
voltage is also an important challenge when assembling super-
capacitor devices. Taking this requirement into account, several
workers have sought measures to enhance manganese oxides as
pseudocapacitor electrode materials. For example, Makgopa et al.
[327] used highly graphitized onion-like carbon (OLC) to modify
birnessite-type MnO, to achieve a symmetric pseudocapacitor of
high power density of 74.8 kW/kg with excellent capacity retention
when subjected to voltage-holding experiments for 50 h. Similarly,
OLC was used to modify tetragonal hausmannite Mn;O,
and found to perform better than other conventional carbon ma-
terials such as CNT, reduced graphene oxide (RGO) and activated
carbon (AC). The OLC/Mn;0, nanohybrids gave power density of
52kW/kg [328]. Liu et al. integrated a MnO, nanoflake cathode
and Fe,0O; nanoparticle anode to form a asymmetric micro-
supercapacitor that has a high capacitance of 60 F/cm® and high
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(A) Schematic illustrating fabrication of an asymmetric supercapacitor. (B) Cycling stability and coulombic efficiency of the asymmetric

device. (C) Cyclic voltammograms of a RuO,//Ti;C,T, tandem in-plane device at scan rate of 10 mV/s. Reproduced with permission [322]. Copyright 2018,
Wiley-VCH. (D) A schematic illustration of the paper-like all-in-one supercapacitor. (E) CV curves of the Fe,O3;@CNFs electrode and MnO,@CNTs electrode
at 20mV/s. (F) Galvanostatic charging-discharging (GCD) curves of the integrated supercapacitor device with the parallel mode recorded at 0.5 A/cm®.
Reproduced with permission [277]. Copyright 2021, Royal Society of Chemistry. (G) Schematic for the construction of hierarchical MnMoO,/CoMoO,
nanowires. Reproduced with permission [323]. Copyright 2011, Springer Nature. (H) Specific gravimetric capacitance as a function of current density.
(I) Cycling performance of the FeOOH nanoparticle anode at 1.6 and 9.1 mg/cm? Reproduced with permission [324]. Copyright 2017, Springer Nature.

energy density of 12 mWh/cm? [329]. For electrochemical energy
storage in marine environments, Cheng et al. designed a flexible
“paper-like” integrated seawater supercapacitor that has a
power density of 99 mW/cm® by utilizing MnO,@CNTs and
Fe,0;@CNFs as the respective cathode and anode (Figure 25D-F)
[277]. In addition, specific morphologies of active materials expose
more active specific surface area that improve the ion diffusion
rate. Mai et al. showed that hierarchical heterostructured nano-
wires electrode comprised of the 3D multicomponent oxide,
MnMoO,/CoMo0O, (Figure 25G) has a specific capacitance of
187.1 F/g and good cycle reversibility [323]. In a study of materials
other than metal oxides, Owusu et al. prepared low-crystalline
FeOOH nanoparticles by using hydrothermal growth and elec-
trochemical conversion of a-Fe,O; nanoparticles. This material
has a specific capacitance of 1066 F/g and 91% capacitance
retention after 10 000 cycles (Figure 25H,I) [324].

Conductive polymers not only play an important role in the field of
marine energy conversion and transmission, but they also have a
wide range of applications to supercapacitors. The activities of
conductive polymers in electrode materials is mainly caused by
reversible oxidation/reduction of m-conjugated bonds in polymer
chains. Polymers such as PANI, PPy, and PEDOT become attractive
faradaic materials due to their high conductivities and specific
capacitances. Like other faradaic materials, conductive polymers

generally suffer from cyclic instability due to structural degradation
of electrodes caused by expansion and contraction during charging
and discharging. Therefore, conductive polymers are usually com-
pounded with other materials that complement their electro-
chemical properties, such as graphene/PANI, CNT/PANI, PANI/
MnO,, PPy/Fe,0;, and RuO,/PEDOT:PSS [330-334]. Snook et al.
reviewed the advantages and development prospects of conductive
polymers as electrode materials for supercapacitors, and analyzed
in detail the electrochemical properties of different polymer com-
posites [335]. Although these materials have great development
prospects, efforts are needed to reduce costs and improve cycle
stability that will strengthen the possibility of commercialization.

5 | Conclusions and Perspectives

Marine renewable energy is an increasingly important clean
energy supply. The total amount of marine energy is very large,
but its energy density and utilization efficiency are low. The
utilization of marine energy requires integration of ocean,
machinery, materials and specific technologies. Importantly,
the development of advanced material preparation technologies
has promoted an efficient utilization of marine energy in
recent years. In the present review, we first summarized ma-
terials that are used for marine energy capture and conversion,
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and then discussed the nature of power generating systems that
are based on tidal, wave, ocean current, thermal and salinity
gradient energy. Secondly, we summarized materials used for
submarine cables for marine energy transmission and discussed
HER catalyst materials employed for converting marine energy
into portable and storable hydrogen. Finally, we discussed
materials storage and utilization of marine energy, focusing on
the design and electrochemical performances of electrode ma-
terials for use in battery-based energy storage devices.

According to the literature, different material requirements
exist for marine energy capture and conversion systems. Coat-
ing materials are widely used in power generating, hydraulic
turbine equipment and related components. With the prospect
of deriving marine energy from deep ocean sources, research
and development of multifunctional coating materials having
corrosion, fouling and pressure resistance, along with noise
reduction properties, and other functions are urgently needed.
A critical, parallel priority is the establishment of standardized
accelerated testing protocols that can reliably correlate short-
term laboratory performance with long-term service life in real
marine environments. Moreover, the design of materials that
meet the requirements of new marine energy conversion
devices is a current focus of studies to improve the efficiency of
materials for power generation, such as surface modification,
defect engineering, and stress-strain regulation of polymers and
carbon materials. For marine energy transmission purposes,
submarine cables will be needed in the future for transmission
of high voltage and DC power, which place high restrictions on
materials used for insulation, compression and wear resistance,
and waterproof performance. Large-scale production of high
activity, low cost and corrosion resistant HER catalyst materials
requires the availability of new electro-active materials. The
primary objective is the development of non noble metal
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catalysts or ultra low loading noble metal systems in which high
activity and exceptional stability against chloride corrosion
and Mg/Ca precipitate fouling are retained during direct sea-
water electrolysis under industrial-scale current densities
(>1A/cm?). In addition, the availability of high-capacity elec-
trode materials and highly safe electrolytes is a prerequisite for
creating high energy density and power density energy storage
devices needed for marine energy harvesting and storage.
Marine-specific challenges must be addressed through the
development of electrode materials and electrolytes that guar-
antee long-term cyclability and safety under conditions of
fluctuating temperature and high humidity.

From an application perspective, materials present distinct trade-
offs in performance, cost, and scalability. When used in energy
capture and conversion, coatings improve corrosion and fouling
resistance, but their durability and large scale cost are concerns.
Composites like carbon fiber reinforced polymers offer high
strength to weight ratios, but they have high production costs and
underdeveloped recycling abilities. In energy transmission, sub-
marine cable materials must combine high insulation, strength,
and waterproofing. While cross-linked polyethylene is a com-
mercial material, its long term reliability for high voltage DC use
needs further validation. For hydrogen production via seawater
electrolysis, noble metal catalysts are efficient but costly and
scarce, whereas non noble metal alternatives are more affordable
but require improvements in activity and stability in complex
seawater. In energy storage, LIBs materials provide high energy
density, but have cost and safety limitations for large scale marine
use. While supercapacitor carbon materials deliver high power and
long cycle life, their lower energy densities limit use in long
duration storage. To systematically address these trade-offs and
reduce the levelized cost of energy, material design must be tightly
coupled with system engineering in future development. This
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includes the creation of digital twin models in which material
degradation data are integrated to predict system lifespan and
optimize maintenance, as well as the adoption of circular economy
principles through the design for recyclability and the integration
of bio-based materials where practicable. Overall, future develop-
ment must balance performance, cost, scalable manufacturing,
and lifecycle environmental impact to enable the shift from labo-
ratory to industry (Figure 26).

Future development of marine energy materials hinges on
addressing several unique interdisciplinary core challenges.
Future efforts should focus on four key challenges. The first is
developing materials capable of withstanding multiple marine
environmental stresses simultaneously. The marine environ-
ment demands materials that integrate corrosion resistance,
biofouling prevention, pressure tolerance, and fatigue resist-
ance. Creating materials with these properties requires deep
collaboration between materials science, marine corrosion
science, fluid dynamics, and related fields. The second chal-
lenge is advancing laboratory materials toward large-scale
marine engineering applications. Many high-performance ma-
terials (e.g., nanocatalysts, 2D membranes) are only at the
laboratory stage of the development. An urgent need exists to
develop mass production processes that are scalable, cost-
effective, and meet the stringent requirements of marine en-
gineering. A third goal is developing material systems with
intelligent response capabilities. Future materials should be
able to sense environmental changes, achieve self-healing, or
adapt autonomously, thereby enhancing their reliability and
operational efficiency for use in marine energy equipment. A
final challenge is integrating sustainability and circularity into
material designs. Priority should be given to abundantly avail-
able elements, designing recyclable composite material systems,
and exploring the application of bio-based materials in specific
scenarios to achieve green and low-carbon life cycles.

The account given above clearly shows that uncovering mate-
rials for exploitation of marine energy is an important inter-
disciplinary topic, which has epoch-making significance to
explorations for solutions that ensure energy security and
reduce global carbon emissions.
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