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Integrated Functionality of Photothermal Hydrogels and
Membranes in Solar Water, Chemical, Mechanical, and
Electrical Domains

Wei Li Ong, Wanheng Lu, Tianxi Zhang, and Ghim Wei Ho*

Solar energy can be harnessed and converted into heat via the photothermal
effect, which can then be utilized to drive many other reactions to produce
important resources, such as water, fuel, electricity, and even mechanical
actuation in a clean and sustainable manner. Hydrogels and membranes
coupled with photothermal materials are particularly suitable for this purpose
because they possess advantageous properties, such as porosity and
adaptability. These properties allow for the introduction of diverse additives
and functionalities, ensuring that photothermal systems can be customized
for specific tasks, thereby enhancing their overall performance, functionality
and versatility. This review aims to provide an overview of recent
developments and the significance of employing photothermal hydrogels and
membranes in multiple fields ranging from clean water, fuel production,
electricity generation to mechanical actuation, followed by a discussion on key
considerations in materials design and engineering. Finally, the review
addresses the challenges and future directions of photothermal applications.

1. Introduction

In today’s world of high energy demands and depleting natu-
ral resources, renewable energy sources, such as solar, wind and
tidal, are increasingly being harnessed to meet our needs. Among
these, solar energy presents as the most abundant renewable
energy source. This immensely powerful energy can be tapped
to produce other important forms of energy such as electricity,
typically accomplished with photovoltaic cells. However, in re-
cent years, many researchers have reported the conversion of
light into heat via the photothermal effect, where photons (light)
are absorbed through an excitation process and subsequently
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released as phonons (heat) via a re-
laxation process.[1,2] This photothermal
heat can then be used to produce many
other essential resources such as elec-
tricity, water, green fuel, and even me-
chanical actuation in a clean and sus-
tainable way. One ideal candidate for
this photo-to-thermal “converter” is pho-
tothermal hydrogel and membrane, due
to their advantageous properties such as
porosity and flexibility, which enhance
the versatility, scalability, and compatibil-
ity of photothermal technology. Unlike
photovoltaic devices, these specially de-
signed hydrogels and membranes con-
vert light energy into heat energy, which
is then utilized by thermoelectric gen-
erators or thermogalvanic cells to pro-
duce electricity.[3,4] Additionally, hydro-
gels can be designed with photoactive

materials that absorb solar irradiation to produce electrons and
holes, which then participate in redox reactions with the aqueous
environment to produce solar fuels such as hydrogen gas and
hydrocarbons.[5,6] The porous networks and hydrophilic nature
of these hydrogels and membranes can also aid in the produc-
tion of clean water via solar steam generation and photothermal
membrane distillation.[7,8] Moreover, hydrogels and membranes
can be designed using thermo-responsive polymers or materi-
als with different thermal expansion to produce light-powered
actuators.[9,10]

In the following sections, we will present a broad overview of
the photothermal effect, followed by a discussion on the signif-
icance of photothermal hydrogels and membranes in advanced
engineering applications, together with materials design and en-
gineering. The versatility across multiple fields ranging from
clean water, fuel production, electricity generation to mechanical
actuation will then be described and discussed. Finally, the chal-
lenges and future directions of photothermal applications will be
provided to conclude this review (Scheme 1).

2. Integrating the Photothermal Technology with
Hydrogels and Membranes for Versatile
Engineering Applications

Photothermal conversion technology finds diverse engineer-
ing applications, such as solar energy harvesting, water pu-
rification, seawater desalination, catalysis, environmental re-
mediation, and medical treatments/devices.[11–20] Among these
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Scheme 1. Overview of photothermal hydrogels and membranes www.flaticon.com.

applications, photothermal technology often takes the form of
hydrogels and membranes.[21–26] These forms of photothermal
hydrogel/membrane enhance versatility, scalability, and compat-
ibility, while imparting unique characteristics inherent to hydro-
gels and membranes. This is crucial for effective implementa-
tion of photothermal technology in engineering applications. To
delve deeper into hydrogel- and membrane-hosted photother-
mal technology and its future development, this section will ex-
plore motivations for adopting these forms and their associated
benefits. Definitions and basic characteristics of hydrogels and
membranes will be introduced, followed by discussions on their
unique features when integrated with photothermal technology.
Finally, the resulting benefits and potential promises will be ex-
plored.

2.1. Basic Characteristics of Hydrogels and Membranes

2.1.1. Hydrogels

Hydrogels are three-dimensional networks of cross-linked hy-
drophilic polymeric chains, known for their high water retain-
ability, soft and flexible nature, nontoxicity, biocompatibility, and

extensive tunability in structures and properties (Figure 1a).[27–30]

The high water retention capability of hydrogels lays a foun-
dation for their applications in biological research, water treat-
ment, energy generation and storage. Typically, hydrogels can
retain water amounting to 70% to ≈100% of their total weight
within their 3D networks, maintaining a solid or quasi-solid form
without any water leakage.[31–34] In some cases, such as superab-
sorbent hydrogels, the water retainability can reach up to thou-
sands times their weight.[35,36] The soft and flexible nature of hy-
drogels, coupled with their nontoxic chemical composition akin
to living organisms, make them stand out as the optimal ma-
terials for biological research and the advancement of soft elec-
tronics in the booming field of human–machine interface.[37–40]

The structures and properties of hydrogels are influenced by
numerous factors, including polymer composition, crosslink-
ing density, water content, additives and reinforcements, and
network structures.[27,41,42] By adjusting these parameters, ei-
ther individually or in combination, hydrogels can be tailored
to exhibit distinctive characteristics: porous versus dense,[43,44]

soft versus stiff,[45] stretchable versus rigid,[46] conductive versus
insulating,[47] charged versus neutral,[48] and stimuli-responsive
versus nonresponsive.[49–51] This highlights the extensive tunabil-
ity of hydrogels for a wide range of applications.
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Figure 1. Schematic illustration of the typical structural moieties and compositions of a) hydrogels and b) membranes.

In terms of fabrication, hydrogels offer great diversity, accessi-
bility, and scalability. A wide selection of materials and methods
can be used to prepare various types of hydrogels in a straight-
forward and scalable manner. Based on the raw materials, hy-
drogels can be classified into natural and synthetic. Typical nat-
ural hydrogels, such as agarose, alginate, gelatine, and chitosan
are widely used in applications like food, cosmetics, biological
research and medical applications.[52–55] A large family of syn-
thetic hydrogels, such as polyacrylamide (PAM), polyvinyl alcohol
(PVA), polyacrylic acid (PAA), and poly(N-isopropylacrylamide)
(PNIPAM), can be readily obtained via physical or chemical
cross-linking.[48,56–59] Moreover, hydrogels can serve as a compat-
ible platform for designing functional materials. Various com-
ponents, ranging from 0D nanoparticles,[25,60] 1D nanofibers or
nanotubes,[61] and 2D nanosheets[62,63] to materials beyond the
nanoscale,[24] can be readily incorporated to enhance or tailor hy-
drogels with desired features. The ability to adapt to existing con-
tinuous manufacturing processes and scale up materials fabrica-
tion is essential for practical engineering applications. Hydrogels
offer this advantage in large-scale production, as many hydrogel
fabrication methods can be adapted to continuous manufactur-
ing processes, such as extrusion,[64] casting,[65] electro-/chemical
spinning/spray,[66,67] 3D printing,[68] and even 4D printing.[69,70]

In practical applications, photothermal hydrogels can be used
in the form of bulk hydrogels,[71] hydrogel films,[72] and even
microgels[73] depending on the specific application. For solar wa-
ter evaporation and chemical (e.g., hydrogen generation and CO2
reduction) applications, the hydrogels are usually in the form of
bulk or film due to advantages such as uniform distribution of
catalysts and ease of material recovery and recycling. Having a
film morphology will enable the hydrogel to float at the air–water

interface for optimal water evaporation performance with min-
imal heat loss. There is also usually a high water content in the
hydrogel because the water within hydrogel networks has a lower
enthalpy of evaporation compared to bulk water, hence, produc-
ing a higher rate of evaporation. Moreover, the water stored in
the hydrogel can also serve as a water reservoir for photocatalytic
water splitting. Microgels are seldom used for solar water evap-
oration and chemical production because of the difficulty in re-
covery and recycling of the photothermal microgels compared to
bulk or film hydrogels. However, microgels are commonly used
in biomedical applications such as drug delivery and photother-
mal therapy. As for electricity generation and mechanical actua-
tor, bulk and film hydrogels are also preferred as thermoelectric
and thermogalvanic cells might require the hydrogel to be flexi-
ble and in conformal contact with the surface of interest, while
hydrovoltaic and osmotic energy conversion require the hydrogel
to be in a planar form for optimal water flow and ion transport.
In these cases, the presence of water in the hydrogel is mainly to
facilitate the movement of ions and flow of water to generate an
electrical output. For mechanical actuation, the hydrogel needs to
bend and actuate, hence flexible films will be more ideal. In this
case, water content in the hydrogel is not crucial, but thermo-
response is important because most photothermal actuators em-
ploy PNIPAM hydrogels that actuate in response to temperature
changes.

2.1.2. Membranes

A membrane is a selective barrier that permits certain substances
to pass through while blocking others, depending on the size,

Adv. Mater. Technol. 2025, 10, 2401110 © 2024 Wiley-VCH GmbH2401110 (3 of 27)

 2365709x, 2025, 6, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

t.202401110 by N
ational U

niversity O
f Singapore N

us L
ibraries, W

iley O
nline L

ibrary on [03/04/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advmattechnol.de


www.advancedsciencenews.com www.advmattechnol.de

shape, charge, or chemical affinity (Figure 1b). This selective
permeability, or the ability to selectively control and manipulate
mass transfer at a molecular level, is central to the characteristics
of membranes and membrane processes, which enables efficient
separation of specific components from mixtures. Without mem-
branes, some separation processes may become highly energy-
consuming or even impossible.[74,75] Additionally, membranes of-
ten operate as a compatible and compact module within systems,
allowing for easy and space-efficient integration into various ap-
plications. Given their simplicity in configuration and operation,
membranes do not require specialized knowledge or attention for
their effective use.

Like hydrogels, membranes can be classified as natural and
synthetic membranes. Natural membranes are commonly found
in living organisms, where they selectively allow the passage
of substances and facilitate metabolic processes in biologi-
cal systems.[76] Based on the materials used for construction,
synthetic membranes can be further categorized into organic,
inorganic, and composite membranes. These types of mem-
branes are commonly used in a range of applications, includ-
ing purification and separation, catalysis, sensing, and energy
generation and storage.[77–82] As mentioned, the pore geome-
try (size, size distribution, and shape) and surface properties
(charge and chemical affinity) are key factors determining the
nature and performance of membranes.[83–86] These factors can
be tuned during or after the membrane fabrication process.
By employing different fabrication methods or adjusting fab-
rication parameters, such as reaction temperature and time
or introducing additives, membranes with varying pore struc-
tures and surface properties can be produced.[87–89] Addition-
ally, membrane features can be modified in a post-fabrication
approach.[90,91] For smart and stimuli-responsive membranes,
such as those incorporating stimuli-responsive components,
the post-fabrication modifications can be reversibly adjusted
with external stimuli.[92,93] Conventional membrane fabrication
methods include the phase inversion technique,[94] interfacial
polymerization,[95] layer-to-layer assembly,[96] electrospinning,[97]

sol–gel technique,[98] extrusion,[99] coating,[100] self-assembly,[101]

and also 3D printing.[102] Recent emerging methods include
2D nanosheet stacking[103] and air/liquid-interface-constrained
membrane growth.[104] The 2D nanosheet stacking method
leverages abundant interlayer spaces as nanoscale channels
to control mass transfer. Air/liquid-interface-constrained mem-
brane growth facilitates the large-scale production of free-
standing inorganic membranes, overcoming notorious long-
standing challenges in the development of inorganic mem-
branes as most of the traditional methods are catered for prepa-
ration of organic membrane. Both conventional and emerg-
ing membrane fabrication methods can produce membranes
with desired features on a large scale for various engineering
applications.

To briefly summarize, this section has highlighted the unique
properties of hydrogels and membranes that make them in-
dispensable in many applications. Both hydrogels and mem-
branes exhibit high feasibility, flexibility, and scalability in
terms of design, functionality, and fabrication. These char-
acteristics are of great significance for practical engineering
applications. Photothermal materials can be easily incorpo-
rated into hydrogels and membranes to create photothermal-

integrated systems, which retain the advantageous proper-
ties of the original hydrogels or membranes. In the next
section, the effects of the photothermal incorporation on
the integrated hydrogel or membrane will be discussed,
whereby the resulting new features and potentials will be
summarized.

2.2. Advantages and Potentials of the
Photothermal–Hydrogels/Membranes Integration

Integrating photothermal technology into hydrogels and mem-
branes creates a mutually beneficial situation. The mutual ben-
efits are schematically shown in Figure 2c, where hydrogels
and membranes offer an ideal platform for incorporating pho-
tothermal technology with enhanced photothermal effect, ro-
bust bonding, and localized heating, while the addition of pho-
tothermal materials endows the original hydrogel or membrane
systems with new functionalities including solar energy har-
vesting, noninvasive and precise light control, and reaction
facilitation.

2.2.1. Hydrogels/Membranes as Ideal Supporting Materials for
Photothermal Materials

The structural characteristics of hydrogels and membranes, par-
ticularly their high porosity, in addition to their compatibility
with additives, make them ideal platforms for hosting photother-
mal nanomaterials. The porous structure typical of most hy-
drogels and membranes not only provides a large surface area
for accommodating photothermal materials but also improves
light absorption for enhanced photo-to-heat conversion by trap-
ping light more effectively (Figure 2c(i)).[105,106] In these con-
fined spaces, photothermal materials come into close contact
with the absorbed substance molecules (e.g., water), effectively
improving heating efficiency by increasing heat conduction and
reducing heat loss to the environment (Figure 2c(ii)). Moreover,
the flexibility of hydrogels and membranes in material selection
and surface property modification allows for the formation of
strong bonds between photothermal materials and the hydrogels
or membranes, effectively anchoring the photothermal materials
within the system (Figure 2c(iii)). Compared with the photother-
mal materials dispersed in solutions, these strong bonds prevent
the loss of photothermal materials, thereby extending their oper-
ational lifespan.

Besides hydrogels and membranes, various conventional ma-
terials such as polymers, ceramics, and glass[107–109] are com-
monly used as supporting matrices for hosting photothermal ma-
terials. However, compared to these conventional materials, hy-
drogel and membranes offer distinct advantages in the distri-
bution of photothermal materials, light absorption, heat man-
agement, and property tunability. First, photothermal materials
can be easily incorporated into precursors or directly assembled
into hydrogels or membranes using various manufacturing tech-
niques (as detailed in Section 3), allowing for high loading ca-
pacity and uniform distribution. In contrast, incorporating pho-
tothermal materials into ceramics and glass is more challeng-
ing, as it typically requires high-temperature melting or sintering
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Figure 2. Overview of photothermal materials, and their combination with hydrogels or membranes, forming photothermal hydrogels or membranes.
a) Typical photothermal materials and mechanisms underlying the photo-to-thermal conversion. b) Unique characteristics of hydrogels and membranes.
c) Features of photothermal hydrogels or membranes.

processes to embed and distribute the materials.[110] Second,
hydrogels and membranes generally feature porous struc-
tures ranging from the micro- to the nanoscale, and even
down to the sub-nanoscale. These porous structures can en-
hance light absorption and provide large surface areas for di-
rect and localized interaction between water (or other sub-

stances) and the photothermal materials, thereby shortening
the mass and heat transfer paths. As a result, incorporating
photothermal materials into hydrogels or membranes signifi-
cantly enhances the photothermal effect. Third, conventional
materials often exhibit rigidity in both mechanical and func-
tional properties, making them less adaptable or flexible for
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certain applications, such as biological systems or smart chan-
nels. Hydrogels, however, can be engineered with mechan-
ical properties that mimic biological tissues, such as elas-
ticity and flexibility, enabling their use in unique biological
applications. Additionally, hydrogels and membranes can be
easily customized with specific properties to meet various needs,
such as stimuli-responsive behavior for smart channels. These
photothermal hydrogels and membranes have already demon-
strated their potential in applications such as light-controlled
thermotherapy, drug releases, and fluidic control.[111–113]

2.2.2. Photothermal Materials-Instilled New Features in
Hydrogels/Membranes

On the other hand, incorporating photothermal materials also
introduces new features to the original systems, enabling hydro-
gels and membranes to harness solar energy, provide localized
heating, offer noninvasive and precise stimuli control, and facili-
tate chemical reactions. Such advantages can significantly accel-
erate advancements in various fields, including water desalina-
tion and purification as well as green and blue energy generation,
and many more.

Solar Energy Harvesting: The most evident advantage of in-
corporating photothermal materials into hydrogels and mem-
branes is their ability to harness renewable and abundant so-
lar energy (Figure 2c(iv)). Solar light is captured by the pho-
tothermal materials and converted into heat, which is then trans-
ferred to the hydrogel or membrane to activate new function-
alities. For example, both hydrogels and membranes are used
in water desalination and purification. By incorporating pho-
tothermal materials, solar energy can be harnessed to drive
the water desalination processes, leading to the development
of solar-driven water evaporation[114] or solar-driven membrane
distillation.[21,115] Similarly, in the field of atmospheric water
harvesting (AWH), the addition of photothermal materials has
led to the development of a new technology known as solar-
driven AWH.[116,117] Beyond water treatment, the porous struc-
ture and customizable surface properties of hydrogels and mem-
branes enable the generation of electricity through mechanisms
such as liquid streaming[118] and salinity gradient (also known
as blue energy).[119] Integrating photothermal materials can en-
hance electrical output by utilizing solar energy to provide heat to
sustain liquid flow, maintain moisture gradients, or control ion
diffusion.

Localized Heating and Its Noninvasive and Precise Control:
Compared with bulk heating equipment, photothermal ma-
terials can provide localized heating at micro- and even
nano-scale under light illumination (Figure 2c(v)). Light
is a noninvasive stimulus that can be precisely controlled
in terms of its characteristics (e.g., wavelength and inten-
sity) as well as its spatial and temporal resolution. There-
fore, integrating photothermal materials into hydrogels and
membranes can enable light-controlled remote localized
heating.

Facilitate Chemical Reactions: Photothermal materials en-
compass a broad family of materials, including metal nanopar-
ticles, carbon materials, and semiconductors. The photo-to-heat
conversion processes in these materials often generate charges,

like hot electrons or electron–hole pairs. These charges, along
with the generated heat, can facilitate chemical reactions within
the hydrogel or membrane system (Figure 2c(vi)).[120,121] More-
over, some photothermal materials have antibacterial properties,
enhancing their applications in water purification.[122]

2.2.3. Distinction Between Photothermal Hydrogels and Membranes

In the previous discussion, we broadly explored the basic charac-
teristics and unique features that arise from incorporating pho-
tothermal materials into hydrogels and membranes. In this sec-
tion, we will examine the distinctions between photothermal hy-
drogels and photothermal membranes, along with their specific
applications. Before proceeding further, it is important to clar-
ify that hydrogels and membranes are not strictly distinct from
one another. Hydrogels are a type of material that is soft, flexible,
and have chemical and physical properties similar to biological
tissues; whereas membranes are more application-or function-
oriented and best described as a material-enabled process de-
signed for selective mass permeability (Figure 2b(i)). This means
that hydrogels can be used as a material for synthesizing mem-
branes when designed for membrane processes. Given that pho-
tothermal materials in applications are commonly used in the
forms of hydrogels and membranes, discussions in this paper
are divided into photothermal hydrogels and photothermal mem-
branes.

As discussed in Section 2.1, hydrogels and membranes share
common characteristics such as flexibility in manufacturing
and versatility in modifying their properties and structures
(Figure 2b(ii,iii)), however, they differ significantly in structure
(though both of them have porous structures) and properties, par-
ticularly when tailored for specific applications.

Hydrogels are three-dimensional, water-swollen networks ca-
pable of holding large amounts of water, making them soft, flex-
ible, and similar to biological tissues. The interconnected pores
within these 3D networks enable efficient incorporation of pho-
tothermal materials and enhance heat and mass exchange be-
tween the water, photothermal materials, and the surrounding
environment. Photothermal hydrogels are widely used in bio-
logical applications where chemical and mechanical compliance
are critical, such as light-controlled biomedical devices for drug
release, tissue engineering, and wound sensors.[112,123,124] Addi-
tionally, the water within hydrogel networks exhibits a lower en-
thalpy of evaporation compared to bulk water. Therefore, when
combined with light-responsive modifications, photothermal hy-
drogels have gained much attention as effective steam generators
producing fresh water using solar energy.[7]

In contrast, membranes are typically two-dimensional or thin-
film structures with varying degrees of permeability, designed
to selectively transport or filter molecules. This permeability is
primarily governed by precisely controlled pore or channel sizes.
Incorporating photothermal materials into membranes enables
light-to-heat conversion, which can increase the driving force for
mass flux and alter pore sizes, thereby modulating the mem-
brane’s permeability. Unlike hydrogels, which focus on bulk
fluid retention and biological compatibility, membranes priori-
tize controlled permeability and are used in applications such
as solar desalination,[8] water or air filtration,[82] and energy

Adv. Mater. Technol. 2025, 10, 2401110 © 2024 Wiley-VCH GmbH2401110 (6 of 27)

 2365709x, 2025, 6, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

t.202401110 by N
ational U

niversity O
f Singapore N

us L
ibraries, W

iley O
nline L

ibrary on [03/04/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advmattechnol.de


www.advancedsciencenews.com www.advmattechnol.de

harvesting.[125] Membranes generally do not require softness and
flexibility but instead, they often require structural integrity un-
der stress.

The distinctions between photothermal hydrogels and pho-
tothermal membranes can be summarized: Photothermal hydro-
gels are highly hydrated, soft, flexible, and biologically compat-
ible, making them ideal for applications in biological systems.
By contrast, photothermal membranes are selectively permeable,
structurally robust under stress, and primarily focused on con-
trolling permeability.

2.2.4. Stability of Photothermal Hydrogels and Photothermal
Membranes

Stability is a major concern when employing photothermal hy-
drogels and photothermal membranes in a variety of applica-
tions. This includes both the structural and performance sta-
bility of the entire system under different stresses (mechanical,
thermal, chemical) over extended periods. In practice, photother-
mal hydrogels or membranes may be exposed to various physi-
cal and chemical stimuli, such as repeated heating and cooling
cycles, feed loading and unloading, and chemical reactions. Con-
sequently, they may undergo extreme deformation and material
degradation, adversely affecting their structural and performance
stability.

Essentially, there are two key strategies to enhance the stabil-
ity of photothermal hydrogel or membrane systems: 1) strength-
ening the component materials and 2) improving the bonding
between them. Strengthening the component materials involves
selecting and engineering the photothermal materials and ma-
trix materials to be robust and resistant to various stresses. For
example, organic photothermal agents such as dyes may de-
grade and even lose their photothermal efficiency as the dye
molecules break down with light exposure. To avoid this struc-
tural and performance degradation, these organic photother-
mal agents should be replaced by other chemically stable pho-
tothermal materials such as metal oxides, metal nanoparticles,
or carbon-based materials when designing a photothermal sys-
tem for long-term usage. Likewise, methods that can make
matrix materials more robust are effective in enhancing the
structural stability of the entire system. Adjusting the cross-
linking density of the hydrogel, utilizing double-network hy-
drogels, or incorporating reinforcing agents such as nanofibers
have been proven to effectively enhance the structural stabil-
ity of hydrogels.[126,127] Similarly, methods to improve the ro-
bustness of membranes include selecting high-strength materi-
als, engineering surfaces, increasing the cross-linking density,
and incorporating nanofibers or nanoparticles as reinforcing
agents.[128–130]

Another key strategy for enhancing stability is to improve the
bonding between photothermal materials and their host matri-
ces, including physical hydrogen bonding, Van der Waals forces,
and chemical covalent bonding. Selecting materials and optimiz-
ing the surface roughness and compatibility can boost the phys-
ical interaction between photothermal materials and their ma-
trix. Chemical functionalization or plasma treatment can help
form strong chemical bonds and adhesion. Incorporating cross-
link agents or in situ (or one-step) synthesis for photothermal

hydrogels or membranes can produce systems with covalently
bonded photothermal materials. In the case of interpenetrating
networks, the photothermal materials and the host matrix can
form a molecular-level intertwined structure. Adding interfacial
agents can enhance the interface adhesion and, consequently, the
bonding. Physical constraints can be implemented to mitigate
the risk of material leaching and detachment.

3. Materials Design and Engineering

The fabrication of photothermal hydrogels and photothermal
membranes involves incorporating photothermal materials into
the base matrix. Consequently, two primary considerations arise
when designing these materials: the choice of photothermal
materials and the method of incorporating them into the matrix.
The following sections will discuss the development of pho-
tothermal materials and their incorporation into hydrogels and
membranes.

3.1. Photothermal Materials

Photothermal materials, capable of capturing and converting
light into heat, underpin the synthesis of photothermal hy-
drogels and membranes. Till now, a wide range of materi-
als are found to exhibit the photothermal effect, including
metal nanoparticles,[131] metal oxides/sulfides,[132–134] carbon-
based nanomaterials,[135,136] MXenes,[137] polymers,[138,139] and or-
ganic dyes.[140]

Noble metal nanoparticles such as Au,[141–143] Ag,[144–147] and
Pt[148] exhibit strong absorption in the near infrared region
for the light-to-heat conversion due to the localized surface
plasmon resonance (LSPR) (Figure 2a(i)). Depending on the
size, shape, and materials of the metal nanoparticles, LSPR oc-
curs at specific wavelengths where, in response to the incident
light, the nanoparticles’ conduction electrons oscillate collec-
tively, generating heat through nonradiative decay or electromag-
netic heating.[20,149,150] Furthermore, the photothermal conver-
sion efficiency can be tuned via geometrical modifications such
as designing asymmetric structures with sharp and tapered fea-
tures where plasmonic heating effect is increased due to the en-
hanced electromagnetic fields.[151,152] On the other hand, struc-
tures with low-symmetry tends to exhibit broadband absorption
with multiple plasmon peaks.

Metal oxides, such as TiO2, ZnO, BiOCl, Bi2O3, and metal
sulfides like CuS and MoS2

[153–157] are commonly used as pho-
tothermal materials. Their photothermal effect arises from the
generation of photoexcited electron–hole pairs followed by non-
radiative relaxation via recombination, where they release en-
ergy as phonons instead of photons to the material lattice, lead-
ing to an increase in lattice and surrounding medium temper-
ature (Figure 2a(ii)). The light absorption and nonradiative re-
laxation of metal oxides/sulfide relies on their electronic states,
which can be controlled through doping or the introduction of
defects. The photothermal conversion of semiconductor mate-
rials can also be improved by constructing hierarchical struc-
tures which enhances photon absorption through increased light
scattering.[158,159]

Adv. Mater. Technol. 2025, 10, 2401110 © 2024 Wiley-VCH GmbH2401110 (7 of 27)
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Carbon-based nanomaterials, such as graphene, graphene ox-
ides (GOs), reduced graphene oxides (rGO), carbon nanotubes
(CNTs), and carbon black, exhibit strong absorption over a broad
range of wavelengths from visible to NIR, owing to the electronic
transition within their 𝜋-electron systems.[135,160–162] As shown in
Figure 2a(iii), 𝜋-electrons can be excited from the ground state
(highest occupied molecular orbital, HOMO) to a higher energy
state (lowest unoccupied molecular orbital, LUMO) by absorbed
photons to form excitons. With the nonradiative relaxation of
these excitons, the absorbed energy is released as heat energy.
To tune their photothermal properties, functional groups on the
carbon-based materials can be modified. Another approach is to
create porous carbon-based nanostructures with enhanced light
absorption. The porous structure has a smaller effective refrac-
tive index, resulting in reduced reflection of light. The pores
also act as microcavities to promote light confinement through
multiple light scattering and reflection, significantly enhancing
the material–light interaction.[163] Compared with noble metal
nanoparticles and metal oxides/sulfides, carbon-based materials
are superior in terms of chemical stability, light weight, and low
cost.

MXenes are a class of 2D layer-structured transition metal
carbides, nitrides, or carbonitrides with a general formula of
Mn+1XnTx, where (n + 1) layers of transition metals (M) are in-
terleaved with n layers of carbon or nitrogen (X), and Tx repre-
sents the surface terminations such as O, OH, F, and/or Cl.[164]

Depending on the composition and surface termination, MX-
enes can exhibit either metallic or semiconducting characteris-
tics. This results in light absorption either through surface plas-
mon resonance (SPR) in metallic MXenes or photo-induced ex-
citons generation in semiconducting MXenes.[137] The absorbed
light energy is then converted into heat through a nonradiative
relaxation process. One key advantage of MXenes is that due to
their multi-elemental composition, they possess a high level of
versatility, designability and tunability to achieve the desired pho-
tothermal performance. The bandgap can be readily tuned by ad-
justing the number of layers, endowing them with a wide absorp-
tion band. Furthermore, these 2D nanomaterials are usually ul-
trathin, resulting in high photothermal conversion efficiencies
as they respond rapidly to light and also possess high in-plane
electron mobilities. Additionally, MXenes feature high thermal
conductivity, which facilitates heat dissipation and make them
suitable for photothermal applications.

Polyprrrole (PPy),[165,166] polyaniline (PANI),[167] polythio-
phene (PT),[168] polydopamine (PDA)[169] are typical conjugated
polymers that display photothermal effect. Upon exposure to
light, these conjugated polymers absorb photons to induce elec-
tronic transition of the delocalized 𝜋-electrons from the ground
state to an excited state.[138] The excited electrons then return to
the ground state, releasing thermal energy via a nonradiative de-
cay. The molecular structures of conjugated polymers are often
tailorable, allowing for easy adjustment of their electronic struc-
ture to tune their light absorption and hence photothermal prop-
erties. Organic dyes, such as indocyanine green (ICG), and cya-
nine dyes, are widely used in biomedical imaging and photother-
mal therapy due to their strong light absorption in the NIR re-
gion and efficient light-to-heat conversion through nonradiative
decay.[140,170]

3.2. Engineering Photothermal Materials into Photothermal
Hydrogels and Membrane

After a brief introduction of the photothermal materials, the
methods of integrating these materials into hydrogels and mem-
branes will be discussed. Generally, these incorporation meth-
ods can be divided into two groups: one-step and two-step ap-
proaches.

3.2.1. One-Step Approach

The one-step approach refers to a simple and straightforward way
of preparing photothermal hydrogels or membranes in a sin-
gle process. This involves using photothermal materials either
as precursors or by introducing them into the precursors for hy-
drogel or membrane fabrication. Within the hydrogel or mem-
brane, photothermal materials are often well-blended with the
matrix to achieve a uniform photothermal effect. 2D photother-
mal nanosheets, including GO, rGO, and MXenes are frequently
used as building blocks for fabricating photothermal membranes
through nanosheet assembly. For example, rGO flakes as the
photothermal component were added to a suspension of glu-
connacetobacter hansenii, the precursor solution for synthesiz-
ing bacterial nanocellulose (BNC) fibers (Figure 3a). After an
in situ BNC growth process, rGO flakes were successfully in-
tegrated with BNC fibers, forming a rGO/BNC photothermal
membrane. When exposed to light (2.9 kW m−2) for just 10 s,
a rapid temperature increase from 25 to 60 °C was observed
on this rGO/BNC photothermal membrane, while a counterpart
without rGO showed only a subtle temperature increase of 3 °C,
even with an extended exposure time of 120 s.[171] Additionally,
2D photothermal nanosheets can be used as primary building
blocks for preparing photothermal membranes. By a vacuum-
assisted filtration process, 2D Ti3C2Tx nanosheets were assem-
bled into a membrane that exhibited a temperature rise from 23
to 42 °C under light illumination (1 W cm−2) for 15 min.[172] In
these 2D nanosheets stacked membranes, other photothermal
materials, such as carbon quantum dots, metal nanoparticles,
and CNTs,[173,174] can be incorporated to further enhance the pho-
tothermal effect. For instance, by facilitating in situ growth of Au
NPs within the aforementioned Ti3C2Tx MXene membrane, the
temperature can further increase to 47 °C under the same illu-
mination conditions.[172]

In addition to directly using photothermal materials for fab-
ricating hydrogels or membranes, these materials can be intro-
duced into the precursors during the synthesis of hydrogels or
membranes. For example, Ho’s group imparted photothermal
effect to a PNIPAM hydrogel by adding Au NPs to the precur-
sor solution during hydrogel cross-linking.[143] The introduction
of Au NPs significantly suppressed the light reflectance com-
pared to hydrogels without Au NPs, indicating enhanced light
absorption. Consequently, under solar irradiation, the temper-
ature of the Au-incorporated hydrogel quickly rose from room
temperature to 53 °C within 5 min, demonstrating its excellent
light-to-heat conversion capability. Similarly, a CsxWO3-infused
PAM photothermal hydrogel was prepared by crosslinking acry-
lamide (AM, monomer) and cross-linkers in the presence of
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Figure 3. Fabrication of rGO/BNC membrane with the corresponding SEM images of the surface and cross-section. Reproduced with permission.[171]

Copyright 2019, American Chemical Society. b) Schematic diagram of the preparation of the JPTM, Reproduced with permission.[176] Copyright 2021,
American Chemical Society. c) Schematic diagram for the preparation of the GO/PVA EFMs and the corresponding SEM and TEM images. Reproduced
under terms of the CC-BY license.[178] Copyright 2020, Elsevier. d) Schematic illustration of electrospraying process of MXene onto PVDF membrane
and the corresponding SEM images of the surface and cross-section. Reproduced with permission.[179] Copyright 2022, Springer Nature.

CsxWO3 nanorods.[175] CsxWO3 nanorods are photothermal ma-
terials with excellent absorption in the NIR region and high trans-
mittance in the visible light region. As a result, the CsxWO3-PAM
hydrogel can be heated by light illumination while maintaining
more than 70% transparency, making it promising for applica-
tions in wound visualization and accelerated healing.

3.2.2. Two-Step Approach

In the two-step approach, the introduction of photothermal ma-
terials occurs after the preparation of the matrix. In other words,
the photothermal materials are incorporated into a prepared
hydrogel or membrane. This facilitates modifications of many

Adv. Mater. Technol. 2025, 10, 2401110 © 2024 Wiley-VCH GmbH2401110 (9 of 27)
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commercial matrices, yielding products with wide applicabil-
ity. Additionally, this two-step approach allows the construc-
tion of asymmetric structures, potentially introducing fea-
tures that would otherwise be absent in symmetric structure.
Poly(vinylidene fluoride) (PVDF) and its derivatives are often
used for membrane distillation (MD), a membrane-based evapo-
ration technology for desalination and separation. MD is known
to suffer from intrinsic temperature polarization, resulting in
performance degradation.[22] To address this, photothermal ma-
terials such as PDA, MXene, PPy, graphitic carbon spheres, are
coated onto PVDF and PVDF-derived membranes, producing
photothermal membranes. As shown in Figure 3b, graphitic car-
bon spheres (GCSs) were coated on a poly(vinylidene fluoride)-
co-hexafluoropropylene (PVDF-HPF) membrane to grant this
membrane photothermal function. Besides the photothermal ef-
fect, the GCSs coating also works as the hydrophobic top layer,
which, together with the hydrophilic PDA bottom layer, produces
a membrane with an asymmetric Janus structure. Owing to
the photothermal layer and the asymmetric structure, high pho-
tothermal efficiency and accelerated mass transport were demon-
strated in this Janus photothermal membrane, yielding a distilla-
tion flux of 1.29 kg m−2 h−1, 10 times higher than that of the con-
ventional unmodified PVDF-HFP membrane.[176] The two-step
approach can fabricate or modify membranes with asymmetries
in terms of heating, wettability, porous structure, creating condi-
tions favorable for MD, such as a greater temperature gradient
and accelerated gas and liquid transport.

Both the one-step and two-step approaches have their re-
spective advantages and disadvantages. The one-step approach
streamlines the production process by combining the formation
of hydrogels or membranes with the incorporation of photother-
mal incorporation into a single step. This often results in a uni-
form distribution and stronger integration of photothermal mate-
rials within the structure, promoting even heat generation and re-
ducing the risk of material leaching or detachment. However, the
one-step approach has significant limitations, particularly with
regard to material selection. Not all photothermal materials are
compatible with precursors or can be directly assembled into hy-
drogels or membranes. Additionally, when photothermal materi-
als are included in precursors, their interactions with the matrix
may not be well-controlled, making it difficult to optimize the
overall performance of the system.

For the two-step approach, photothermal materials are typi-
cally incorporated by coating or modifying the surface of a pre-
existing matrix, such as a membrane. This method is particularly
advantageous because there are numerous commercially avail-
able membranes with well-controlled pore and surface proper-
ties, as well as a variety of surface engineering methods. Conse-
quently, the two-step approach provides greater flexibility in syn-
thesizing photothermal membranes as well as tuning their prop-
erties. However, since the photothermal materials are added post-
fabrication, the bonds formed in the two-step-fabricated pho-
tothermal membranes might not be as strong as those in the
one-step approach. This presents a risk of material leaking and
detachment. Under light irradiation, this detachment risk may be
exacerbated due to uneven heat distribution across the system.

Generally, the one-step approach is often employed to pre-
pare photothermal hydrogels because it ensures strong bonds
and structural stability, which are preferred for a hydrogel net-

work that is comparatively less dense than membranes. For
preparation of photothermal membranes, the choice between
the one-step or two-step approaches depends on specific ap-
plication requirements, such as the molecule characteristics
(e.g., size, surface charge, chemical affinity, etc.) of the feed-
ing liquid or gas. Notably, many scalable fabrication methods
such as 3D printing,[177] electrospinning (Figure 3c),[178] spray-
ing (Figure 3d),[179] surface patterning,[180] and mode casting[181]

are also applicable for the fabrication of photothermal hydrogels
and membranes, whether adopting the one-step or two-step ap-
proaches.

4. Versatile Functionalities Across Multiple Fields

Photothermal hydrogels and membranes exhibit high levels of
versatility because the structure of the matrix and the composi-
tion of active materials in the matrix can be easily customized and
tailored to meet the demands of the desired applications. As a re-
sult, they are used in many different applications across multiple
fields contributing to sustainability. In this section, the discus-
sion will be focused on 3 sectors, namely 1) chemical fuel and
clean water production, 2) electricity generation, and 3) mechan-
ical actuator and robotics.

4.1. Chemical Fuel and Clean Water Production

Hydrogels and membranes serve as ideal platforms for genera-
tion of fuels such as hydrogen gas and hydrocarbons, as well as
for the production of clean water (Table 1). This stems from their
unique ability to embed the photothermal catalysts within the hy-
drogel and membrane matrix[182] or to facilitate in situ synthesis
of catalytic materials during the hydrogel and membrane forma-
tion process.[183] In many of these fuel production applications,
hydrogels act as hosts for catalysts, allowing for a 3D architec-
ture of active materials which creates a conducive microscopic
environment for the catalysts-reactant interactions, greatly en-
hancing catalytic performance.[184] The 3D structure not only pro-
vides an anchoring framework for the catalysts, but also provides
an efficient electron transport pathway for enhanced catalytic ac-
tivity. In some cases, hydrogels are designed as self-sustaining
all-in-one reactors, eliminating the need for an external macro
environment.[185] This streamlined design enhances efficiency
and simplifies the fuel generation process.

4.1.1. Fuel Production

Hydrogen is a high-energy-density fuel that burns cleanly, pro-
ducing only water as its end product.[186] In typical photocata-
lyst systems, powdered catalysts are usually suspended in wa-
ter which requires stirring. Alternatively, the catalysts can be
immobilized in a bed reactor system. However, both systems
present drawbacks such as stirring requirements, reduced reac-
tant contact and difficulty in recovering and recycling photocata-
lysts. These issues can be resolved by using the photocatalyst in
the form of a hydrogel or a membrane. Hydrogels are primarily
utilized in hydrogen fuel production mainly as catalyst carriers
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Table 1. Summary of performance metrics for chemical fuel and clean water production (light source is 1 kW m−2 Xenon lamp (1 sun) unless stated
otherwise).

Application Photothermal material Hydrogel/membrane
material

Synthesis of
composite

Production rate Advantages Refs.

H2 production CdSe/CdS nanorods Nanocrystal-based
hydrogel

Direct gelation H2: 300 μmol g−1 h−1

(461% enhancement)
Overcomes issue of colloidal

instability
[188]

Au/g-C3N4

nanoparticles
PNIPAM hydrogel Mixed into gel

precursor then
gelation

H2: 1061.82 μmol g−1 h−1 (550%
enhancement)

Adaptively direct its light-receiving
area towards the light source

[190]

Pt/C3N4 nanosheets PNIPAM and alginate
hydrogel

Mixed into gel
precursor then

gelation

H2: 7437 μmol g−1 h−1

(130% enhancement)
Hydrogels act as a water reservoir [185]

Pt/TiO2 nanoparticles Polyurethane-
poly(propylene glycol)

hydrogel

Mixed into gel
precursor then

gelation

H2: 163 mmol h−1 m−2

(1.2 sun)
Floatable photocatalytic platform

and photoreform plastic waste
[191]

CO2 reduction ZIF-67 Electrospun PAN nanofiber
membranes

In situ growth CO: 39.25 mmol g−1 h−1 (400 nm
UV-cutoff filter)

Uniform distribution of
photocatalytic active centers

[192]

Co nanoparticles Anodic aluminum oxide
(AAO) membrane

Sputtering CO: 1352 mmol g−1 h−1

(25 suns)
Nanoarray structure exhibits
better light absorption, large

channel size of the AAO
facilitates gas diffusion

[193]

Clean water Carbonized Fe-MOF
nanoparticles

Konjac glucomannan
(KGM) and PVA hydrogel

network

Mixed into gel
precursor then

gelation

Evaporation: 3.2 kg m−2 h−1 Removal of heavy metal ions and
organic dyes

[200]

rGO and Ti3C2Tx

MXene nanosheets
PVA and chitosan (CS)

hydrogel
Mixed into gel
precursor then

gelation

Evaporation: 3.62 kg m−2 h−1 Pyramid-shaped surface
topography enhances water

evaporation rate

[180]

Polypyrrole (PPy) Cationic hydrogel ([2-
(methacryloyloxy)ethyl]
trimethylammonium
chloride (METAC))

Mixed into gel
precursor then

gelation

Evaporation: 1.59 kg m−2 h−1 Nearly 100% antibacterial
performance against Escherichia
coli (E. coli) and Staphylococcus

aureus (S. aureus)

[203]

Carbonized
carboxymethyl

chitosan (C-CMCS)

Alginate hydrogel Mixed into gel
precursor then

gelation

Evaporation: 2.24 kg m−2 h−1 Absorbs and photodegrades
VOCs (95.37% removal rate of

phenol)

[206]

Ti3C2 MXene and CdS
nanoparticles

PAM hydrogel Impregnation
into hydrogel

Evaporation: 1.80 kg m−2 h−1 Synergistic effects of
photothermal evaporation and

photocatalysis

[202]

Fuel and clean
water

RhCrOx–Al:SrTiO3 Carbon paper membrane Drop casting H2: 16.1 mmol m−2 h−1

Evaporation: 0.94 kg m−2 h−1

Use on a range of open-water
sources (e.g., river, sea, water
reservoir or industrial waste)

[207]

Ag/TiO2 nanofibers Chitosan hydrogel Mixed into gel
precursor then

gelation

H2: 5190 μmol m−2 Evaporation:
5 kg m−2

(5 hours illumination)

Vertically aligned pores afford high
solar absorption, effective heat
confinement, and rapid mass

transport

[23]

ZnIn2S4 nanoclusters
and PPy

nanoparticles

PAN nanofiber film
membrane

Electro-spinning
and in situ

growth

CO: 21.29 μmol g−1 h−1

Evaporation: 1.45 kg m−2 h−1

All-in-one membrane with high
porosity and an interconnected

fibrous structure promotes
localized photothermic

vaporization

[209]

or electrolyte matrices in water splitting processes. Their high-
water content and porous structure facilitate efficient transport
of reactants and products. Additionally, their structured environ-
ment improves the stability and dispersion of catalysts, leading
to more controlled and efficient reactions. Hydrogels also aid in
the recovery and recycling of catalysts by immobilizing catalysts
within their networks. Moreover, this immobilization prevents
aggregation or precipitation of the catalysts, eliminating the need
for continuous stirring. The use of hydrogel can pave the way

to a cleaner and more sustainable way of producing hydrogen
by minimizing catalyst waste and the energy input required for
stirring.[187]

Schlenkrich et al. demonstrated that a nanocrystal-based
hydrogel, containing CdSe quantum dots, CdS nanorods, or
CdSe/CdS dot-in-rod-shaped nanorods, exhibits a higher rate of
hydrogen production rate than its ligand-stabilized nanocrys-
tal solution counterpart.[188] This network of nanocrystals over-
comes the issue of colloidal instability in photocatalysis, and
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Figure 4. a) Schematic illustration for the synthesis of the defective D-HNb3O8/PAM aerogel. Reproduced with permission.[189] Copyright 2020, Wiley-
VCH. b) Schematic of the floatable photocatalytic platform made up of porous elastomer–hydrogel nanocomposites for photocatalytic hydrogen genera-
tion. Reproduced with permission.[191] Copyright 2023, Springer Nature. c) Schematics showing the utilization of photothermal membranes in different
water treatment systems. Reproduced with permission.[197] Copyright 2019, American Chemical Society. d) Digital photo and schematic diagram of the
set-up for outdoor testing of the integral PTC gel prototype for concurrent photocatalysis and desalination of seawater under natural sunlight. Reproduced
with permission.[23] Copyright 2020, Wiley-VCH.

facilitates photocatalytic hydrogen production without a co-
catalyst. Furthermore, by maintaining the catalysts in a dispersed
state, hydrogels and membranes aid in enhancing the accessi-
bility of catalytic sites and improve the efficiency of reactions.
Yang et al. produced a polyacrylamide (PAM) framework mono-
lith containing oxygen vacancy (Ov) defect-rich semiconductor
HNb3O8 (D-HNb3O8) nanosheets (Figure 4a) capable of full solar
energy conversion.[189] The photothermal gel composite exhib-
ited energy harnessing-conversion capability together with de-

sirable characteristics of capillary pumping, rapid mass diffu-
sion and reactant enrichment, resulting in highly efficient photo-
chemical activity. In some instances, hydrogels can be designed
to respond to their environment to enhance the photocatalytic
performance. Chen et al. developed a hydrogel from PNIPAM
and gold-decorated carbon nitride (Au/g-C3N4) nanoparticles.[190]

This photoactive hydrogel can adaptively direct its light-receiving
area towards the light source to maximize its energy harvesting
efficiency. This offers a new possibility for large scale deployment
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of photocatalytic devices on water bodies or even sub-water sur-
face where the device can track the sun’s position for optimal
hydrogen production.

Another advantage of hydrogels is their ability to act as a wa-
ter reservoir, allowing them to function without an external wa-
ter environment. Lei et al. combined Pt atoms loaded g-C3N4
nanosheets with a 3D hydrogel network which enhances light
absorption and charge carrier separation, yielding a hydrogen
evolution performance 130% higher than that of the bare pow-
der suspended in water.[185] Moreover, the water stored in the
hydrogel can serve as a water reservoir for photocatalytic water
splitting, demonstrating the possibility for the photocatalyst to
operate efficiently without an external water environment. On the
same note, Lee et al. demonstrated large scale hydrogen genera-
tion by designing a floatable photocatalytic platform made up of
porous elastomer–hydrogel nanocomposites (Figure 4b).[191] The
composite gel was able to generate hydrogen in seawater and pho-
toreform plastic waste, and remained stable even after 14 days. A
1 m2 prototype of the platform containing single-atom Cu/TiO2
photocatalysts was able to produce 79.2 ml of hydrogen in a day
under natural sunlight.

Besides hydrogen generation, photothermal membranes can
be used in CO2 reduction to mitigate the environmental issue re-
lated to greenhouse gas emissions. Moreover, they can facilitate
the production of useful products such as CO, HCOOH, among
others. Lin et al. deposited ZIF-67 on polyacrylonitrile (PAN)
nanofiber membranes (NFMs) using an in situ growth technique
for photocatalytic reduction of CO2.[192] Compared to ZIF-67 pow-
der, the deposition of ZIF-67 nanocrystals on the nanofiber mem-
brane produced a more uniform distribution of photocatalytic
active centers, resulting in better CO2 reduction performance.
Moreover, the improved broad-spectrum light absorption of the
composite membrane resulted in an enhanced photothermal ef-
fect which elevated the CO production rate to about 39,250 μmol
g−1 h−1. Lou et al. also created a membrane for photothermal CO2
hydrogenation by sputtering Co nanoparticles onto an anodic alu-
minum oxide (AAO) membrane.[193] Compared to powder cata-
lysts, such a nanoarray structure exhibits better light absorption
and can be easily recycled. Moreover, the large channel size of the
AAO facilitates gas diffusion and boosts the photothermal cat-
alytic performance. As a result, a record Co-based photothermal
CO production rate of 1352 mmol gCo

−1 h−1 was achieved.

4.1.2. Clean Water

Clean water production is essential to the survival of all ecosys-
tems, making it urgent to develop efficient, low cost, sustainable
and scalable technologies to generate freshwater from bulk wa-
ter, seawater or waste water.[194,195] Photothermal hydrogels and
membranes have been demonstrated as a promising strategy for
clean water production via sustainable solar energy.[196,197] The
porous networks and tunable chemical composition of photother-
mal hydrogels provide a platform to incorporate photothermal ab-
sorbers, and the hydrophilic property of the cross-linked network
further endows the photothermal hydrogel with superior water
uptake capacities, ensuring an adequate water supply in the pho-
tothermal steam generation process.[180] Similarly, the introduc-
tion of solar energy in photothermal membranes can improve the

membrane efficiency during water purification.[21,198] Photother-
mal membranes have been widely used for four water purifica-
tion applications (Figure 4c), namely reverse osmosis (RO), ultra-
filtration (UF), solar steam generation (SSG) and membrane dis-
tillation (MD).[197] The localized photoheating of photothermal
membranes deactivates microorganisms, improving the mem-
brane’s resistance to fouling during RO and UF, while SSG and
MD membranes are able to treat highly saline water, industrial
and municipal wastewater.[199]

The key components of photothermal hydrogels and mem-
branes for clean water are the photothermal conversion materi-
als and the hydrogel or membrane support. A promising pho-
tothermal conversion material should possess excellent absorp-
tion capacity for solar energy across the full wavelength range,
good thermal insulation, and anti-corrosion properties in pol-
luted water. Metals, semiconductors, carbon materials and poly-
mer materials are generally good candidates for efficient pho-
tothermal conversion. For example, iron-based metal-organic
framework (Fe-MOF)-derived photothermal nanoparticles,[200]

MoS2,[201] rGO,[180] MXene,[202] and polypyrrole (PPy)[203] have
been chosen as photothermal absorbers for various photother-
mal clean water production methods. Hydrogels and mem-
branes serve as stable and versatile platforms that can accom-
modate photothermal absorbers, but more importantly, pho-
tothermal hydrogels have been reported to be able to lower
the vaporization enthalpy due to the interaction between wa-
ter molecules and polymer chains, thus achieving a more ef-
ficient water evaporation rate.[204] Guo et al. introduced kon-
jac glucomannan (KGM) with Fe-MOF derived photothermal
nanoparticles into PVA networks to form the photothermal hy-
drogel evaporator.[200] Due to the hydroxyl groups of KGM, the
designed photothermal hydrogel has a high water evaporation
rate and removal efficiency of heavy metal ions and organic dyes.
Furthermore, different synthesis and post-modifications of pho-
tothermal hydrogels and membranes can be applied to enhance
the solar-driven steam generation performance (Figure 4d).[205]

Lu et al. designed a 2D nanostructure-embedded hybrid hy-
drogel by incorporating rGO and MXene nanosheets into PVA
and chitosan (CS).[180] The surface topography of the photother-
mal hydrogel was designed with pyramid-shaped surface pat-
terns, which aided in achieving a superior water evaporation
rate of 3.62 kg m−2 h−1. Besides solar evaporation, clean water
can also be obtained through atmospheric water harvesting us-
ing photothermal hydrogels. Yilmaz et al. synthesized a thermo-
responsive PNIPAM hydrogel consisting of MIL-101(Cr) loaded
with Au nanoparticles. The hydrophilic PNIPAM with MIL-
101(Cr) absorbs moisture from the air which is subsequently re-
leased as liquid water via the photothermal effect. When light
is irradiated onto the photothermal Au nanoparticles, the light
is converted into heat, raising the temperature of PNIPAM
above the lower critical transition temperature (LCST ∼ 32 °C),
initiating a hydrophilic to hydrophobic phase transition in PNI-
PAM. This results in the expulsion of water from the PNIPAM
matrix, demonstrating an autonomous water release and stand-
alone airborne water supply system that has no moving parts.[143]

However, the accumulation of microorganisms from wastew-
ater on photothermal hydrogels and membranes can lead to
the deterioration of water transportation, resulting in pro-
duced freshwater of inferior quality and unsuitable for practical
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applications. Peng et al. developed cationic photothermal hydro-
gels that not only produce freshwater but also inhibit bacteria
growth.[203] These floating photothermal hydrogels can achieve a
rapid water evaporation rate of 1.592 kg m−2 h−1 and nearly 100%
antibacterial performance against Escherichia coli (E. coli) and
Staphylococcus aureus (S. aureus) (Figure 4e). Besides microor-
ganisms, some organic contaminants in the wastewater such as
volatile organic compounds (VOCs), might also be present in the
collected freshwater. This is because the temperature at the water-
gas interface of photothermal hydrogels and membranes is typi-
cally higher than 60 °C, causing VOCs to evaporate together with
water, leading to the existence of VOCs in the collected water.[206]

Recently, freshwater production and simultaneous removal of
VOCs during photothermal water evaporation have attracted
much attention. An et al. developed a carbonized carboxymethyl
chitosan (C-CMCS)/sodium alginate (SA) hydrogel solar evapo-
rator (CSE) to realize simultaneous clean water production and
removal of VOCs from wastewater.[206] The CSE not only serves
as the photothermal absorber, it also absorbs and photodegrades
VOCs to realize evaporation–absorption–degradation processes
(Figure 4f). Wang et al. reported a MXene/CdS photothermal–
photocatalytic hydrogel with a water evaporation rate of 1.80 kg
m−2 h−1 and a typical VOC (phenol) photodegradation rate of
85.12%.[202] These applications further broaden the scope of pho-
tothermal hydrogels and membranes for clean water generation
from various water sources.

4.1.3. Simultaneous Fuel and Clean Water Production

Although photocatalytic water splitting and CO2 reduction can
directly convert solar energy into chemical energy in the form
of hydrogen and hydrocarbon fuels, small amounts of contam-
inants in the water supply can severely deteriorate the perfor-
mance and lifetime of the photocatalysis system. The water pu-
rification and transportation of clean water supply will further
increase the operating cost of photocatalysis technology. Alterna-
tively, coupling photocatalysis and water purification may address
the issue of photocatalysts poisoning by contaminants in the wa-
ter and also eliminate the condensation process,[207] necessary to
produce clean water. More importantly, photothermal absorbers
used for freshwater production can also promote photocatalytic
activity by extending the light absorption range of the photocata-
lyst, boosting solar-to-chemical conversion efficiency.[17,208] Porn-
rungroj et al. designed a hybrid system consisting of a photo-
catalyst RhCrOx–Al:SrTiO3 and a solar vapor generator (SVG)
for water purification and simultaneous water splitting to pro-
duce green hydrogen (Figure 4g).[207] Similarly, Gao et al. for-
mulated a photothermal catalytic (PTC) gel from chitosan via an
ice-templating method to create vertically aligned pores for par-
allel clean water and hydrogen production.[23] The gel contain-
ing Ag-decorated TiO2 nanofibers exhibited both interfacial so-
lar heating for heat confinement and localized plasmonic heat-
ing at the catalyst active sites, leading to enhanced hydrogen
production performance. An integral prototype for simultane-
ous hydrogen production and desalination of seawater under
natural sunlight was also demonstrated (Figure 4h). Han et al.
developed a compact double-stage solar-driven catalytic mem-
brane distillation (DSCMD) system for simultaneous clean wa-

ter and CO2 conversion.[209] The photothermal catalytic nanofiber
membrane is prepared by electrospinning of PAN polymer with
ZnIn2S4 photocatalyst and in situ growth of PPy nanoparti-
cles as the solar absorber. This all-in-one membrane with high
porosity and an interconnected fibrous structure promotes lo-
calized photothermic vaporization, and at the same time, the
photothermal effect also acts on the catalytically active sites of
adjacent ZnIn2S4 to enhance CO2 photoreduction to produce
CO.

In essence, photothermal hydrogels and membranes can pro-
duce clean water via solar evaporation and atmospheric water har-
vesting. Moreover, they serve as efficient catalyst carriers and elec-
trolyte matrices in water-splitting and CO2 reduction processes,
leveraging their high-water content and porous structure for im-
proved reactant/product transport and catalyst stability. The in-
clusion of photothermal effect also enhances the efficiency of the
catalytic reaction. Ideally, both the fuel and clean water produc-
tion functions can be combined into a single system to achieve
higher energy efficiency.

4.2. Electricity Generation

Integrating photothermal materials into hydrogels or mem-
branes offers an effective approach for harnessing solar energy.
The heat generated by these photothermal hydrogels or mem-
branes can be converted into electricity through various mecha-
nisms. These include combinations with thermoelectric, thermo-
galvanic, hydrovoltaic, salt gradient energy harvesting and others
(Table 2 and Figure 5).

4.2.1. Thermoelectric

Thermoelectric (TE) technology operating on the “Seebeck ef-
fect” (the generation of a voltage across a material when sub-
jected to a temperature gradient), offers a simple solution for di-
rect heat-to-electricity conversion.[210,211] Light illumination can
create a temperature gradient between the photothermal hydro-
gel or membrane (high temperature) and its surroundings (low
temperature). By integrating TE technology, this temperature dif-
ference can be utilized to generate electricity (Figure 5a). Ho’s
group reported a solar-driven steam-and-electricity co-generator
consisting of a 3D polydimethylsiloxane (PDMS) gel coated
with carbon nanotube/cellulose nanocrystal (CNT/CNC) (or PCC
sponge) placed atop a TE module. As shown in Figure 5b, pho-
tothermal heating causes the PCC sponge to increase in tem-
perature and the absorbed water to turn into steam. At the
same time, the temperature at the top side of the TE module
(near the PCC sponge) becomes higher than the bottom side
(in the bulk water), and this temperature difference results in
an electric output from the TE module.[212] Similar work of in-
tegrating TE for electricity generation can also be found in hy-
drogels of carbon nanotube/polyacrylamide (CNT/PAM)[56] and
carbon black/ polyvinyl alcohol (CB/PVA),[213] and membranes
of poly(N-phenylglycine) (PNPG)/MoS2,[214] carbon nanoparti-
cles/polyvinyl alcohol (CN/PVA)-coated cotton fabric,[215] and
graphene oxide–melanin (GOM) composite.[216]

Adv. Mater. Technol. 2025, 10, 2401110 © 2024 Wiley-VCH GmbH2401110 (14 of 27)

 2365709x, 2025, 6, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

t.202401110 by N
ational U

niversity O
f Singapore N

us L
ibraries, W

iley O
nline L

ibrary on [03/04/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advmattechnol.de


www.advancedsciencenews.com www.advmattechnol.de
Ta

bl
e

2.
Su

m
m

ar
y

of
pe

rf
or

m
an

ce
m

et
ri

cs
fo

r
el

ec
tr

ic
ity

ge
ne

ra
tio

n
(l

ig
ht

so
ur

ce
is

1
kW

m
−

2
Xe

no
n

la
m

p
(1

su
n)

un
le

ss
st

at
ed

ot
he

rw
is

e)
.

A
pp

lic
at

io
n

Ph
ot

ot
he

rm
al

m
at

er
ia

l
H

yd
ro

ge
l/

m
em

br
an

e
m

at
er

ia
l

Sy
nt

he
si

s
of

co
m

po
si

te
∆

T
(K

)
Po

w
er

ou
tp

ut
Ev

ap
or

at
io

n
R

ef
s.

Th
er

m
oe

le
ct

ric
w

ith
so

la
r

ev
ap

or
at

io
n

(c
om

m
er

ci
al

TE
m

od
ul

e)

C
N

T/
ce

llu
lo

se
na

no
cr

ys
ta

l
(C

N
T/

C
N

C
)

PD
M

S
hy

dr
og

el
D

ip
-c

oa
tin

g
4.

6
V o

c:
60

m
V,

I s
c:

26
m

A
Po

w
er

de
ns

ity
:0

.4
W

m
−

2

1.
36

kg
m

−
2

h−
1

[2
12

]

C
N

T
PA

M
hy

dr
og

el
M

ix
ed

in
to

ge
lp

re
cu

rs
or

th
en

ge
la

tio
n

55
V o

c:
2.

8
V,

I s
c:

65
.8

m
A

Po
w

er
de

ns
ity

:4
.8

W
m

−
2

(A
rr

ay
of

8
ho

m
e-

m
ad

e
4

cm
x

4
cm

TE
m

od
ul

es
)

1.
42

kg
m

−
2

h−
1

[5
6]

Ca
rb

on
bl

ac
k

PV
A

hy
dr

og
el

M
ix

ed
in

to
ge

lp
re

cu
rs

or
th

en
ge

la
tio

n
15

.9
V o

c:
14

0
m

V,
I s

c:
5.

4
m

A
Po

w
er

de
ns

ity
:0

.6
3

W
m

−
2

2.
33

kg
m

−
2

h−
1

[2
13

]

Po
ly

(N
-p

he
ny

lg
ly

ci
ne

)
(P

N
PG

)/
M

oS
2

M
em

br
an

e
El

ec
tr

os
ta

tic
se

lf-
as

se
m

bl
y

an
d

va
cu

um
fil

tr
at

io
n

6
V o

c:
11

0
m

V,
I s

c:
12

m
A

Po
w

er
de

ns
ity

:0
.2

3
W

m
−

2

1.
70

kg
m

−
2

h−
1

[2
14

]

Ca
rb

on
na

no
pa

rt
ic

le
s/

PV
A

(C
N

/P
VA

)

Co
tt

on
fa

br
ic

m
em

br
an

e
Va

cu
um

fil
tr

at
io

n
9

V o
c:

16
0

m
V,

J s
c:

33
A

m
−

2

Po
w

er
de

ns
ity

:1
.2

W
m

−
2

(4
su

ns
)

4.
51

kg
m

−
2

h−
1

(4
su

ns
)

[2
15

]

G
ra

ph
en

e
ox

id
e

(G
O

)
M

el
an

in
m

em
br

an
e

D
ro

p
ca

st
in

g
8

V o
c:

50
m

V,
I s

c:
14

m
A

Po
w

er
de

ns
ity

:0
.9

W
m

−
2

1.
35

kg
m

−
2

h−
1

[2
16

]

Th
er

m
o-

ga
lv

an
ic

PD
M

S-
C

uO
/C

u
fo

il
fil

m
PA

M
hy

dr
og

el
(C

u0
/C

u2+
re

do
x

co
up

le
)

La
ye

r
by

la
ye

r
as

se
m

bl
y

8.
7

V o
c:

10
.3

m
V,

J s
c:

0.
8

A
m

−
2

Po
w

er
de

ns
ity

:1
.6

m
W

m
−

2

Se
eb

ec
k

co
effi

ci
en

t:
1.

20
m

V
K−

1

1.
33

kg
m

−
2

h−
1

[5
7]

Py
ro

ga
lli

c
ac

id
(P

A
)

an
d

po
ly

et
hy

le
ne

im
in

e
(P

EI
)

Po
ly

ac
ry

la
m

id
e

an
d

ca
rb

ox
ym

et
hy

lc
el

lu
lo

se
(P

A
M

-C
M

C
)

hy
dr

og
el

(F
e(

C
N

) 6
3−

/
Fe

(C
N

) 6
4−

re
do

x
co

up
le

)

D
ip

-c
oa

tin
g

1.
9

V o
c:

6.
92

m
V,

J s
c:

0.
75

A
m

−
2

Po
w

er
de

ns
ity

:1
.4

7
m

W
m

−
2

Se
eb

ec
k

co
effi

ci
en

t:
–1

.4
0

m
V

K−
1

N
il

[2
18

]

H
yd

ro
vo

lta
ic

M
W

N
Ts

,M
Xe

ne
,

C
sP

bB
r 3

Ce
llu

lo
se

hy
dr

og
el

w
ith

io
ni

c
liq

ui
d

of
1-

n-
bu

ty
l-3

-
m

et
hy

lim
id

az
ol

iu
m

ch
lo

ri
de

(B
M

IM
C

l)

M
ix

ed
in

to
ge

lp
re

cu
rs

or
th

en
ge

la
tio

n
N

il
V o

c:
0.

54
3

V,
I s

c:
12

1.
4

μ
A

Po
w

er
de

ns
ity

:1
1.

8
μ
W

cm
−

2

(2
su

ns
)

2.
78

kg
m

−
2

h−
1

[2
19

]

Ca
rb

on
na

no
pa

rt
ic

le
s

A
l 2

O
3

pl
at

e
m

em
br

an
e

D
oc

to
r

bl
ad

in
g

N
il

V o
c:

1
V,

I s
c:

0.
75

μ
A

Po
w

er
de

ns
ity

:8
.1

μ
W

cm
−

2

N
il

[2
20

]

Ca
rb

on
bl

ac
k

Q
ua

rt
z

m
em

br
an

e
Et

ha
no

lfl
am

e
N

il
V o

c:
1

V,
I s

c:
0.

15
μ
A

Po
w

er
de

ns
ity

:5
3

nW
N

il
[2

21
]

A
l 2

O
3

an
d

ca
rb

on
bl

ac
k

pa
rt

ic
le

s
Po

ly
et

hy
le

ne
te

re
ph

th
al

at
e

(P
ET

)
m

em
br

an
e

D
oc

to
r

bl
ad

in
g

N
il

V o
c:

5.
86

V,
I s

c:
16

.1
μ
A

m
−

1

Po
w

er
de

ns
ity

:2
4.

4
μ
W

m
−

1

N
il

[2
22

]

O
sm

ot
ic

or
R

ev
er

se
el

ec
tr

od
ia

ly
si

s
C

N
T

Fi
lte

r
pa

pe
r

D
ip

-c
oa

tin
g

N
il

V o
c:

60
m

V,
I s

c:
3

m
A

cm
−

2

Po
w

er
de

ns
ity

:0
.5

W
m

−
2

(≈
10

-fo
ld

N
aC

lg
ra

di
en

t)

1.
1

kg
m

−
2

h−
1

[2
25

]

B
la

ck
co

tt
on

G
ra

ph
en

e
ox

id
e

m
em

br
an

es
N

il
N

il
Po

w
er

de
ns

ity
:4

.5
W

m
−

2

(5
0-

fo
ld

N
aC

lg
ra

di
en

t)
0.

88
kg

m
−

2
h−

1
[2

26
]

(C
on

tin
ue

d)

Adv. Mater. Technol. 2025, 10, 2401110 © 2024 Wiley-VCH GmbH2401110 (15 of 27)

 2365709x, 2025, 6, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

t.202401110 by N
ational U

niversity O
f Singapore N

us L
ibraries, W

iley O
nline L

ibrary on [03/04/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advmattechnol.de


www.advancedsciencenews.com www.advmattechnol.de

Ta
bl

e
2.

(C
on

tin
ue

d)

A
pp

lic
at

io
n

Ph
ot

ot
he

rm
al

m
at

er
ia

l
H

yd
ro

ge
l/

m
em

br
an

e
m

at
er

ia
l

Sy
nt

he
si

s
of

co
m

po
si

te
∆

T
(K

)
Po

w
er

ou
tp

ut
Ev

ap
or

at
io

n
R

ef
s.

Ca
rb

on
(C

hi
ne

se
in

k)
Co

tt
on

fa
br

ic
D

ip
-c

oa
tin

g
N

il
V o

c:
52

m
V,

I s
c:

7.
93

μ
A

Po
w

er
de

ns
ity

:1
16

.5
2

m
W

m
−

2

1.
94

kg
m

−
2

h−
1

[2
27

]

Ca
rb

on
bl

ac
k

A
lg

in
at

e
hy

dr
og

el
an

d
N

if
oa

m
M

ix
ed

in
to

ge
lp

re
cu

rs
or

th
en

ge
la

tio
n

N
il

V o
c:

0.
9

V,
I s

c:
20

.3
m

A
m

−
2

Po
w

er
de

ns
ity

:5
.3

m
W

m
−

2

2.
1

kg
m

−
2

h−
1

[2
28

]

A
u

N
Ps

w
ith

po
ly

ox
om

et
al

at
es

A
no

di
c

al
um

in
um

ox
id

e
(A

A
O

)
m

em
br

an
e

D
ep

os
iti

on
N

il
Po

w
er

de
ns

ity
:7

0.
4

W
m

−
2

(5
00

-fo
ld

N
aC

lg
ra

di
en

t)
(5

32
nm

la
se

r,
2

kW
m

−
2
)

N
il

[2
29

]

O
th

er
s

Ca
rb

on
sp

on
ge

N
il

Ca
rb

on
iz

at
io

n
of

m
el

am
in

e
fo

am
N

il
V o

c:
–2

0
V,

I s
c:

–8
0

nA
Po

w
er

de
ns

ity
:2

40
.7

μ
W

m
−

2

(P
yr

o-
an

d
Pi

ez
oe

le
ct

ric
ity

:)

1.
39

kg
m

−
2

h−
1

[2
31

]

A
u

na
no

flo
w

er
s

Si
lic

a
hy

dr
og

el
M

ix
ed

in
to

ge
lp

re
cu

rs
or

th
en

ge
la

tio
n

N
il

V o
c:

≈
10

V,
I s

c:
0.

35
μ
A

Po
w

er
:0

.6
3

μ
W

(T
rib

oe
le

ct
ric

ity
)

1.
35

6
kg

m
−

2
h−

1
[2

32
]

A
l 2

O
3

na
no

pa
rt

ic
le

s
(h

yd
ro

vo
lta

ic
)

G
el

at
in

(t
he

rm
oe

le
ct

ric
)

(F
e(

C
N

) 6
3−

/
Fe

(C
N

) 6
4−

re
do

x
co

up
le

)

N
il

4
V o

c:
6.

4
V,

I s
c:

70
0

nA
(H

yd
ro

vo
lta

ic
)

V o
c:

4
m

V,
I s

c:
30

μ
A

cm
−

2

(T
he

rm
oe

le
ct

ri
c)

N
il

[2
33

]

Ca
rb

on
cl

ot
h

N
afi

on
m

em
br

an
e

(K
I/

KI
3

re
do

x
co

up
le

)
N

il
15

V o
c:

80
m

V,
J s

c:
42

.2
A

m
−

2

Po
w

er
de

ns
ity

:0
.6

5
W

m
−

2

(T
he

rm
og

al
va

ni
c)

V o
c:

14
2

m
V,

J s
c:

41
.0

A
m

−
2

Po
w

er
de

ns
ity

:1
.4

5
W

m
−

2

(R
ev

er
se

el
ec

tr
od

ia
ly

si
s)

1.
4

kg
m

−
2

h−
1

[2
34

]

B
is

m
ut

h
ox

yc
hl

or
id

e
(B

iO
C

l)
/c

ar
bo

n
bl

ac
k

(H
B

iC
)

A
lg

in
at

e
hy

dr
og

el
M

ix
ed

in
to

ge
lp

re
cu

rs
or

th
en

ge
la

tio
n

N
il

C
ur

re
nt

de
ns

ity
:1

5
μ
A

cm
−

2

(E
le

ct
ro

ch
em

ic
al

ox
id

at
io

n
of

B
it

o
B

i3+
:b

at
te

ry
re

ac
tio

n)

2.
51

kg
m

−
2

h−
1

[2
35

]

Adv. Mater. Technol. 2025, 10, 2401110 © 2024 Wiley-VCH GmbH2401110 (16 of 27)

 2365709x, 2025, 6, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

t.202401110 by N
ational U

niversity O
f Singapore N

us L
ibraries, W

iley O
nline L

ibrary on [03/04/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advmattechnol.de


www.advancedsciencenews.com www.advmattechnol.de

Figure 5. a) Schematic of a thermoelectric cell. b) Schematic of the PCC sponge on top of a TE module under solar irradiation. Reproduced
with permission.[212] Copyright 2019, Wiley-VCH. c) Schematic of a thermogalvanic cell. d) Schematic of the integrated photothermal evapora-
tor/thermogalvanic cell. Reproduced with permission.[57] Copyright 2020, Wiley-VCH. e) Schematic of a hydrovoltaic cell. f) Power generation principle
for the IENG induced by water evaporation and the subsequent ion movement within the channel, and a schematic diagram of the composition of a
fabricated IENG. Reproduced with permission.[219] Copyright 2022, Springer Nature. g) Schematic of a RED cell. h) Osmotic energy conversion using
the prepared PESM. Reproduced with permission.[229] Copyright 2024, Springer Nature.
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4.2.2. Thermogalvanic

In addition to thermoelectric technology, thermogalvanic tech-
nology can also harness the temperature difference between the
photothermal hydrogel/membrane and its surroundings to gen-
erate electricity. Thermogalvanic technology refers to the thermal
voltage generation through temperature-dependent redox reac-
tions at the cold and hot electrodes (Figure 5c).[217] Figure 5d il-
lustrates a steam–electricity cogeneration system where a pho-
tothermal evaporator is integrated with a thermogalvanic cell.
The photothermal evaporator consists of a PDMS-coated cop-
per oxide/copper foil (PDMS-CuO/Cu foil) film as the light ab-
sorber and a PAM hydrogel as the water reservoir. The thermo-
galvanic cell includes an electrolyte-infused PAM hydrogel sand-
wiched between two CuO/Cu foil electrodes. When exposed to
light, the PDMS-CuO/Cu foil absorbs light, inducing photother-
mal conversion for dual purposes. One is evaporating water in
the upper PAM hydrogel to generate steam, and the other is
establishing a temperature gradient across the thermogalvanic
cell, which triggers the temperature-dependent redox reaction
of copper/cupric sulfate at two electrodes, resulting in a volt-
age output from the thermogalvanic cell.[57] Another example
is the coating of a mixture solution of pyrogallic acid (PA) and
polyethyleneimine (PEI) as an interlocking photothermal layer
on the surface of a polyacrylamide and carboxymethylcellulose
(PAM-CMC) hydrogel infused with an Fe(CN)6

3−/ Fe(CN)6
4− re-

dox couple electrolyte. This converts the hydrogel into a solar-
driven thermoelectrochemical cell, enabling the photo-thermo-
electric conversion in this hydrogel to power sensors in a “smart
home”.[218]

4.2.3. Hydrovoltaic

Hydrovoltaic technology refers to electricity generation through
the interaction between nanostructured materials with water in
its diverse forms, including flowing liquids, moving droplets,
fluctuating waves, as well as floating moisture.[118] Among them,
flowing liquid and steam are commonly presented in applica-
tions of photothermal hydrogels or membranes, such as solar-
driven evaporation. Additionally, most photothermal hydrogels
or membranes have a micro-to-nanoscale porous structure,
which significantly enhances the double electronic layer (EDL)
at the liquid/material interface and thus facilitates selective ionic
transport within these porous channels, ultimately translating
into improved electricity generation. Therefore, combining hy-
drovoltaic technology with photothermal hydrogel or membrane
can offer another effective method for achieving photo-thermo-
electric conversion. As illustrated in Figure 5e, under light illumi-
nation, the evaporation (or transpiration force) and capillary force
cause unidirectional water flow within the porous photothermal
hydrogel or membrane, resulting in streaming potential along
with steam generation.[116]

Figure 5f (bottom) shows a bioinspired multilayered interfa-
cial evaporation-driven nanogenerator (IENG). The top layer is
covered by nanofibers composed of multiwalled carbon nanotube
(MWNTs). The middle layer is engineered with a mixture of hy-
drogel, MWNTs, MXene, and CsPbBr3, structured like a moth-
eye to maximize light absorption, while the bottom hydrogel layer

serves as the water supply. Under light irradiation, the moth-
eye-structured middle layer significantly enhances light-to-heat
conversion, increasing the water evaporation rate at the middle
layer. The evaporation maintains the transpiration force and os-
motic force that draw water rapidly from the bottom hydrogel to
the top layer. When water contacts the MWNTs, electronic dou-
ble layers are established at the water/MWNTs interface, facilitat-
ing cation transport. With solar-driven water escape from the top
layer, a streaming potential is generated (top of Figure 5f).[219]

Evaporation-induced electricity generation is also observed in
membranes made from photothermal materials such as carbon
nanoparticles.[220–222]

4.2.4. Osmotic Energy Conversion

In addition to the temperature gradient, continuous evaporation
can also create a salt gradient between the photothermal hydrogel
or membrane and bulk water. This salt gradient can be utilized
to generate electricity by osmotic energy conversion technology,
or reverse electrodialysis (RED).[223,224] Figure 5g shows a RED
cell consisting of two solution with different concentrations sep-
arated by a semipermeable membrane. With the selective ionic
transport across the membrane, electrical output is generated be-
tween the two electrodes. Integrating osmotic energy conversion
technology with photothermal hydrogels and membranes makes
it possible to convert light energy into electricity. Covering a pho-
tothermal membrane on top of a RED cell,[225–227] or using a pho-
tothermal hydrogel as the RED cell,[228] generates electricity as
solar-driven evaporation increases the salt concentration in the
light-exposed cell. Moreover, the interaction of the photothermal
membrane with light can be directly utilized to enhance elec-
tricity generation. For example, as illustrated in Figure 5h, when
light is projected onto a polyoxometalates (POMs)-based nanoflu-
idic plasmonic electron sponge membrane (PESM), hot electrons
are generated on the surface of Au NPs and then transferred to
and stored in POMs electron sponges. The stored hot electrons in
POMs increase the charge density and hydrophilicity of PESM,
significantly improving selectivity and thus the osmotic energy
conversion performance.[229] Lao et al. demonstrated nanofluidic
photothermal electricity generation through the use of Ti3C2Tx
nanosheets. When the Ti3C2Tx nanosheets membrane is placed
on an ionic solution and partially illuminated, the asymmetric
light irradiation results in differential heating of the photother-
mal nanosheets, producing a water evaporation gradient. This in
turn generates water flow from the slow evaporation region to the
fast evaporation region through the nanofluidic channels in the
membrane, which transports the cations and results in an ionic
current.[230]

4.2.5. Others

Apart from the four mechanisms discussed above, other strate-
gies exist for achieving light-heat-electricity conversion. For ex-
ample, Zhu et al. combined a PVDF film with a solar-driven evap-
oration gel system to harvest electricity from steam generation.
Due to the pyroelectric property of PVDF, the steam-induced
temperature fluctuations on the PVDF film are converted into
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its oscillating electric output to harvest the thermomechani-
cal responses from the carbon sponge (CS) solar-vaporization
(Figure 6a).[231] In a system combing a triboelectric generator
with a 3D plasmonic solar absorber gel, freshwater and elec-
tricity can be concurrently obtained when the solar-generated
steam condenses and slides over the triboelectric generator
(Figure 6b).[232]

Although these mechanisms have been discussed separately,
they do not necessarily have to function individually. In fact,
these mechanisms can work in combination to synergize solar-
driven electricity generation mediated by photothermal hydro-
gels or membranes. Figure 6c shows such a multi-integrated sys-
tem, where a flexible ionic thermoelectric gelatine gel was inte-
grated with a porous Al2O3-based hydrovoltaic generator. When
exposed to light, the thermoelectric gel produces electricity due
to the solar-induced temperature gradient across it. Simultane-
ously, the thermoelectric cell enhances heat conduction between
the hydrovoltaic generator and its environment, increasing the
water evaporation rate and thereby boosting the output voltage
of the hydrovoltaic generator. In turn, continuous water evapora-
tion at the hydrovoltaic generator helps maintain a constant tem-
perature difference for the thermoelectric generator. Synergisti-
cally, this multi-integrated system has achieved a stable voltage
of up to 6.4 V.[233] Combining a thermogalvanic cell and reverse
electrodialysis with solar-driven interfacial evaporation was also
proposed to simultaneously extract energy from the temperature
and salinity gradients created during evaporation, as illustrated
in Figure 6d. This coupling can be engineered to enable mu-
tual power enhancement, resulting in a steam-electricity cogen-
eration system that can yield evaporation rate of 1.4 kg m−2 h−1

and electricity output of 1.11 W m−2 concurrently under one sun
illumination.[234] Synergistic solar-driven desalination and pho-
toelectrochemistry energy generation can also be achieved with
a calcium alginate hydrogel embedded with bismuth oxychloride
(BiOCl) and carbon black.[235] Under solar irradiation, BiOCl un-
dergoes a photocorrosion process to produce Bi nanoparticles
and chemical energy. The Bi nanoparticles generates photother-
mal heat to aid in the evaporation of water at a rate of 2.51 kg
m−2 h−1. At night, Bi is converted back to BiOCl by a unique au-
toxidation process where the stored chemical energy is converted
into electrical energy by a Bi-air battery with a maximum current
density of 15 μA cm−2.

In summary, photothermal hydrogels and membranes offer an
effective approach towards harnessing solar energy and convert-
ing the photothermal heat into electricity. The availability of var-
ious routes such as thermoelectric, thermogalvanic, hydrovoltaic
and salt gradient energy harvesting means that solar energy can
be captured in various real-world scenarios, making it a highly
effective technology.

4.3. Mechanical Actuator and Robotics

Light can also be used to drive mechanical actuation by infusing
photothermal materials into hydrogels and membranes. The use
of light as an energy source is advantageous because it is sustain-
able, and it allows for easy switching and precise manipulation.
This is highly applicable for remote actuation and soft robotics,
where light instead of electricity can be used to drive movement

in a remote, noncontact and controlled manner.[236,237] The prin-
ciples of actuation can be broadly classified into asymmetric ther-
mal expansion and light-induced Marangoni propulsion effect.

4.3.1. Asymmetric Thermal Expansion

In asymmetric thermal expansion, the photothermal actuator
experiences different degrees of expansion across the actuator
when illuminated with light, causing it to be bent or distorted
into different shapes, resulting in actuation motion. This asym-
metry can be attributed to selective illumination on certain areas
of the actuator, or it can also be achieved by combining materials
with different coefficient of thermal expansion in the fabrication
of the actuator.

A photothermal membrane actuator can be fabricated sim-
ply by coating polydopamine-modified reduced graphene oxide-
carbon nanotube (PDG-CNT) onto 3D-aligned ferroelectric
PVDF film as shown in Figure 7a.[238] Graphene has a negative
coefficient of thermal expansion (CTE), while PVDF has a pos-
itive CTE. Hence, when exposed to light, the actuator will in-
crease in temperature due to the photothermal effect, and the
mismatch in CTE will cause the actuator to produce motion in
various axes of movement such as translational oscillation, direc-
tional rolling, and rotation. The bimorph structure was cleverly
designed with a self-generated cyclic shifting of center of grav-
ity to create an in-built thermo-mechanical feedback system en-
abling perpetual locomotion. On top of mechanical actuation, the
ferroelectric PVDF layer in the actuator can also produce electric-
ity by harvesting the mechanical stress and temperature gradi-
ent simultaneously through piezoelectricity and pyroelectricity,
respectively. Actuators like these demonstrate the potential for
all-in-one thermo-mechano-electrical transduction, multigait soft
energy robots and waste heat harvesting technologies. Employ-
ing a similar material composite concept, Wang et al. designed a
light-driven thin-film actuator with self-powered somatosensory
abilities, capable of detecting its body temperature and actuation
deformation states (Figure 7b).[239] The active materials graphite-
CNT composite and the ferroelectric PVDF enable perception of
the deformation state and temperature utilizing piezoresistive
and pyroelectric effects respectively. Furthermore, the compos-
ite material can be shaped and patterned into low-profile struc-
tures through the Japanese traditional art of kirigami for mor-
phable, mobile, and multiple robotic functionalities. This soft
robot with integrated perception and motility capabilities, offers
new opportunities for developing diverse intelligent behaviors in
soft robots.

Besides membranes, photothermal materials can also be in-
tegrated into hydrogels, especially thermo-responsive polymer
materials such as PNIPAM which exhibits a reversible vol-
ume change due to a coil-to-globule transition above its LCST
of ∼32 °C.[240–242] Cheng et al. developed a PNIPAM-based
photo-responsive ink for direct-ink-write (DIW) printing onto
polydimethylsiloxane (PDMS) substrate (Figure 7c).[68] In this
ink, multiwalled carbon nanotube (MWNT) serves as the pho-
tothermal component, and the silane coupling agent ensures
strong interfacial bonding between the printed PNIPAM hydro-
gel and PDMS substrate. When the actuator is heated beyond its
LCST via the light-induced photothermal effect of MWNTs, the
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Figure 6. a) Schematic diagram of steam generation-induced electric potential of PVDF film with the corresponding temperature fluctuations, piezo-
pyroelectric output currents and voltages. Reproduced with permission.[231] Copyright 2018, Wiley-VCH. b) Schematic diagram of the integral pro-
totype for condensate collection and triboelectric energy generation of water flowing down the wall and water swinging in the round bottom vessel.
Reproduced with permission.[232] Copyright 2018, Wiley-VCH. c) Schematic diagram and mechanism of the porous Al2O3-based hydrovoltaic generator
integrated with flexible ionic thermoelectric gelatine gel for sustained evaporation electricity output and thermoelectric conversion. Reproduced with
permission.[233] Copyright 2022, Springer Nature. d) A combination of thermogalvanic cell (TGC) and reverse electrodialysis (RED) technologies to
generate electricity from temperature and salinity gradient during the solar-driven interfacial evaporation process. Reproduced with permission.[234]

Copyright 2021, Wiley-VCH.
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Figure 7. a) Design and concept of a PDG-CNT coated 3D-aligned ferroelectric PVDF film. Reproduced with permission.[238] Copyright 2018, Springer
Nature. b) Materials system and working mechanism of light-driven actuator with self-powered temperature and strain sensing abilities. Reproduced
with permission.[239] Copyright 2020, Wiley-VCH. c) Printing of NIPAM-based DIW ink (schematic), artificial tendril demonstrating search behavior, and
approach and anchor behavior. Reproduced with permission.[68] Copyright 2019, American Chemical Society. d) Schematic illustration of directional
motions of LTMA induced by the Marangoni effect driven by NIR laser beam. Reproduced with permission.[244] Copyright 2021, Wiley-VCH. e) Three-
bladed hydrogel propeller with Nd2O3 and Yb2O3 nanoparticles under 808 and 980 nm irradiation. Reproduced with permission.[249] Copyright 2021,
American Chemical Society.

asymmetric thermal response of the PNIPAM−PDMS bilayer
structure results in a bending deformation of the actuator. Arti-
ficial tendrils were then fabricated, and light was used to control
and drive their bending motion, similar to the circumnutating
motion of plant tendrils, demonstrating remote manipulation for
tendril mimicry functions.

4.3.2. Marangoni Propulsion

The Marangoni propulsion effect is a mass transport phe-
nomenon commonly found in nature and is induced by the
surface tension gradient on water. The gradient can be formed
by photothermal heating where the surface tension of the irra-
diated area is lower than that of the nonirradiated area. With

this gradient, the liquid with high surface tension will exert a
pulling force on the surrounding low surface tension liquid, and
as long as a surface tension gradient is maintained by photother-
mal heating, there will be a continuous driving force for the
actuators.[243]

A transparent light-driven 3D movable actuator (LTMA) was
developed by embedding photothermal CuS nanoparticles in a
PNIPAM hydrogel.[244] The CuS nanoparticles convert the ab-
sorbed light into heat which changes the surface energy of PNI-
PAM, leading to self-propulsion of the LTMA based on the
Marangoni effect (Figure 7d). Moreover, the porous hydrogel
can be engineered to sink/float by absorbing liquid molecules
(sinking) and subsequently float by using a NIR laser beam to
heat up the LTMA and generate a buoyant flow around it. Light-
driven actuators using candle soot (CS) as the photothermal
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material together with PDMS were also demonstrated. CS is a
cheap and easily obtainable carbon material with a good pho-
tothermal conversion efficiency up to 57.5%, which is higher
than some other photothermal materials such as gold nanorods
(21%),[245] SnS nanosheets (36.1%)[246] and black phosphorus
quantum dots (28.4%).[247] The use of a SU-8 mold enables the
creation of actuators of various shapes and sizes, and the high
transparency of PDMS allows the CS to receive light even if it
is illuminated from the back side of the actuator. These actua-
tors can perform linear, curvilinear and rotational movements
via the Marangoni effect.[248] Besides this, an interesting concept
of multimode motion of Marangoni propulsion ships on a wa-
ter surface was also developed.[249] The direction of motion can
be controlled by shining light of different wavelengths (808 or
980 nm) because two different types of photothermal materials
(Nd2O3 and Yb2O3) were incorporated into the polyacrylamide
or siloxane resin-based hydrogels at spatially separated locations
(Figure 7e). The different photothermal responses of the materi-
als to the specific light source enable selective localized heating
of the gels without the need for deliberate positioning of the illu-
mination. The temperature gradient of the ships generated by lo-
calized photothermal heating produces a Marangoni propulsion
force in the desired direction.

In summary, photothermal hydrogels and membranes can
be deployed as light-driven actuators with precise and remote
control. PNIPAM hydrogel is a common choice because of its
thermo-responsiveness, while inexpensive materials such as car-
bon can be used as the photothermal material. With continued
development and improvements, these actuators have the poten-
tial to be used in future autonomous systems, further enhancing
their utility and impact in various fields.

5. Challenges and Future Directions

In this review, the concept of photothermal effect has been in-
troduced and the advantages and potential of photothermal hy-
drogels and membranes have been highlighted. The synthetic
routes and considerations in materials design and engineering
were summarized, and the application of hydrogels and mem-
branes in clean water, fuel production, electricity generation, and
mechanical actuator has also been discussed. Through these ex-
amples and discussions, it is evident that photothermal hydro-
gels and membranes exhibit more capabilities and can outper-
form their traditional counterparts in many of these applications.
The achievements to date in this field have been significant, and
much more exciting advancement is expected in coming years.
However, there are some key challenges in the next phase of de-
velopment, especially in the area of real-world deployment. To
accelerate future progress, the following issues need to be ad-
dressed.

5.1. Artificial Intelligence Assisted Materials Exploration and
Mechanism Understanding

Many materials have yet to be explored for use in photothermal
hydrogels and membranes. Expanding the library of materials
will enable the creation of hydrogels and membranes with new

functions or improved performance, serving a wider array of ap-
plications in various disciplines. Furthermore, the charge trans-
port mechanism in hydrogels and membranes is still not fully
understood. Hence, more in-depth investigations should be car-
ried out in this area to facilitate design improvements that can
further enhance energy conversion performance. Advanced or in
situ characterizations, simulation and modeling can aid in un-
derstanding of these mechanisms. Artificial intelligence and ma-
chine learning can also be employed to run simulations to inves-
tigate and better understand the mechanisms behind the inclu-
sion of the new materials. In this manner, it will be possible to
find novel and optimal material compositions and improve the
structural design of hydrogels and membranes.

5.2. Advanced Manufacturing

Additive manufacturing techniques such as 3D printing can be
adopted to allow full customization and precise fabrication of
photothermal specialized hydrogels and membranes with high
throughput. In this way, complex shapes and nano/micro-sized
structures can be created on the hydrogels and membranes for
the enhancement of photothermal performance. The use of ad-
vanced manufacturing techniques also enables rapid fabrication
and testing of photothermal samples, speeding up research ef-
forts and output.

5.3. Large Scale Preparation for Practical Application

Despite showing better performance than their traditional coun-
terparts, these photothermal hydrogels and membranes are
mostly synthesized and tested in the lab. It is necessary to de-
velop industrial scale production (e.g., roll-to-roll manufacturing)
of these materials to realize commercial use and eventual indus-
trial applications in our daily lives. Moreover, there is a signif-
icant gap between the current state-of-art and practical applica-
tions in various aspects of the technology development, includ-
ing actual performance and long-term durability in the real-world
environment. Therefore, more effort has to be made in designing
systems suitable for actual deployment and long-term testing to
demonstrate their true performance and capability.

5.4. Biodegradable Hydrogels and Membranes

In an effort to reduce waste, it might be possible to synthesize
hydrogels and membranes from naturally abundant materials
and sustainable materials such as cellulose, chitosan and algi-
nate. Not only are these materials environmentally and biologi-
cally friendly, but they can also be recycled or biodegraded leaving
little or no waste behind when it reaches the end of their useful
life.

With these challenges well addressed, it can be expected that
photothermal hydrogels and membranes of the future will bring
about new scientific perspectives and new directions for practi-
cal applications, driving the evolution of photothermal materials
and playing a critical role in achieving energy and environmental
sustainability goals.
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