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Abstract

In recent years, solar-driven steam materials and systems for water desalination and decontamination

have received increasing attention from the scientific community. Notwithstanding the fundamental

scientific achievements reached on this topic, numerous technological concerns still remain to be

addressed, including heat loss, radiation reflection, low degree of purification of condensed water,

biofouling, and salt accumulation on the surface. In this report, we critically reviewed the most recent

advances in the engineering of solar-driven steam materials and the main technology challenges

which may limit their large-scale application. First, different classes of materials, e.g., inorganic

semiconductors, carbonaceous materials, polymers, and surface plasmon resonance metals, are

compared in terms of the mechanistic pathways to generate steam vapor and condensed to freshwater

on their surface. Then, the main approaches to tackle the technology shortcomings of solar-driven

steam systems are discussed in depth. For instance, in terms of salt accumulation, several strategies

were proposed such as solar-driven surfaces with ion exchange or/and salt dissolving, an inversion

system to remove the salt from the active surface, and salt rejection surfaces. To enhance the

photothermal process and limit the reflection of light, thermal insulators, reflective layers, and

3D/pyramidal photoabsorbers were proved to be excellent strategies. The review addresses as well

the recent research regarding hybrid systems by incorporating photocatalysis effect in solar-driven

water evaporators. Photocatalyst addition endows the surface of evaporators with unique properties,

such as the radical oxidation of organic pollutants and microbial inactivation, resulting in reduced

fast biofouling and condensed waters with higher purity. Finally, the remaining challenges and

prospects for future developments are critically discussed.
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1. Introduction

Freshwater scarcity has become a serious threat due to the ever-increasing population and social
development [1]. Currently, 1.6 billion people, mostly living in remote areas, have no access to clean
potable water, and this situation will grow worse in the coming decades [2, 3]. To date, the most
common methods to generate pure freshwater include reverse osmosis (RO) and thermal desalination
processes [4-6]. However, these technologies are vulnerable due to some drawbacks such as high
energy consumption (5-8 kW/m?) and the required extensive infrastructure, which dramatically limit
their application particularly in remote areas [7]. Consequently, it is imperative to develop suitable
alternatives to overcome this trade-off between energy consumption and water desalination. From a
practical point of view, next-generation pure water production technologies are expected to be
characterized by low energy consumption, low cost, facile fabrication and implementation, durability,
portability, scalability, accessibility, and sustainability. In this regard, the scientific community has
been motivated to exploit solar energy for photothermal evaporation as a potential alternative to
existing technologies [8].

The concept of photothermal evaporation is similar, in most steps, to the natural hydrologic cycle,
wherein the solar light evaporates the seawater/surface water to vapor, and then the vapor is
transformed into clean water in the form of rain [9]. In a solar-driven steam system, the evaporation
of water is accelerated several times by the use of photothermal absorbers. Solar photothermal
desalination is further classified into two groups based on the energy supply i.e., passive and active
solar photothermal evaporators [10]. Passive solar still desalination is the conventional approach that
utilizes solar energy as the only source of thermal energy. Conversely, active solar still desalination
systems rely on extra thermal energy to enhance the evaporation rate. This extra energy can be
acquired from a solar collector or any other accessible waste thermal energy, e.g. from power plants.
To evaluate the efficiency of solar photothermal desalination, the specific water productivity (SWP)
metric can be used [2, 11-15]: SWP shows the produced water volume per solar radiation area at a

given time. In other words, SWP estimates how effectively solar light energy is converted into heat
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to desalinate water. Such a calculation involves numerous factors (as reported in Figure 1), including
the solar radiation intensity (E), the ability of the photothermal material to absorb solar light (o) and
convert it into heat, the efficiency of generated heat used for water evaporation (1)), and the gained

output ratio which represents how effectively the vapor is converted into water (GOR).
(a) (b)
Specific Water Productivity:
E
SWP = I an,GOR

E: Solarirradiance (kW m~2)
L: Latent heat of evaporation (kWh.L™")

Challenges Material Opportunities
design

—

Figure 1. a) Scheme of solar photothermal conversion for water desalination, with permission from
ref [9] and b) SWP metric, which evaluate the efficiency of the production of clean water by solar
steam technology.

As it can be figured out from the SWP metric, the photothermal material plays the main role at a
given solar irradiance. The sunlight-to-heat conversion and vapor generation steps crucially depend
on the material engineering in terms of light absorption percentage, heat generation/management, and
water pumping from bulk water to the top surface for evaporation. In recent years, numerous research
studies have reported innovative solar absorbers based on different materials, to maximize the
utilization and conversion of solar light [16-20]. In parallel, for better heat generation and water

evaporation, insulator materials have received a lot of attention from the scientific community to



improve the functioning of absorber materials by minimizing the heat loss in bulk water and
concentrating the heat on the top surface of the solar absorber.

To counter technology issues of solar-driven steam systems, a great deal of research has been devoted
to the development of smart multifunctional materials and systems [21-26]. Photocatalytic oxidation
technologies have recently been combined with solar photothermal absorbers: in such a combination,
cooperative and synergistic effects have been observed in the same platform [27-29]. The
photoproduction of reactive oxygen species on the top surface of the photoabsorber brings up a self-
cleaning option and the possibility to use simultaneously the solar photoabsorber system for
wastewater purification.

In this review, we address the state-of-the-art research on the development of solar photothermal
materials for enhanced solar-to-heat conversion. The main reported strategies to address common
technology issues, i.e., salt accumulation, biofouling, evaporation, and condensation of volatile
organic contaminants (VOCs) along with water, heat loss, and light refection, are critically discussed.
Additionally, we have emphasized the recent development and advancement of engineering of
combined photocatalytic-photothermal solar evaporators towards water desalination and purification.
The contributions of photocatalytic action to fight some common issues in classical evaporators were
stressed point by point. Eventually, the future opportunities and difficulties for developing high-
performance solar absorbers in both basic research and industrial-scale applications are taken into

account.

2. Floating solar-to-heat materials

The concept of solar photothermal water evaporators is based on the accelerated heating of the air-
water interface (excluding bulk water) using floating materials that can convert effectively the solar
light into heat. In this approach, the engineering of materials and systems are key determinants for
enhanced photothermal conversion and water evaporation under daily solar light [30, 31]. Recently,

the scientific community has devoted a lot of effort to enhancing water evaporation rates, and
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overcoming some technical issues facing this solar technology [21]. Many factors should be
controlled to fabricate effective water evaporators that meet the requirements for the transfer of this
technology to the real world, such as, in terms of materials engineering, broad solar light absorption,
high wettability, good transport velocity of water, structural durability, and lower thermal

conductivity of the bottom layer to heat loss into bulk water [32-34].

In general, two solar evaporator modes are recognized: direct contact and indirect contact modes. In
the direct contact mode system, the process of evaporation occurs at the original air-water interface,
implying that the height of the evaporating interface and water surface is at the same level. In such a
case, the photoabsorber is in direct contact with the bulk water (Figure 2a), or it could be supported
on porous floating materials to keep it on top of the water (Figure 2b). In the indirect contact mode,
the photoabsorber is supported on a thermal insulator to avoid heat transfer and promote the heat
localization at the evaporative surface (Figure 2¢). Unlike contact mode, the heat loss can be limited
in indirect contact mode, wherein the top evaporative surface is separated from bulk water using an
insulator [35, 36]. This system involves a water pumping process and hydrophilic solar light-
absorbing materials (photothermal material). In the evaporation process, bulk water is lifted to the
evaporative surface through capillary action or hydrophilic fibers, and the pumped water is efficiently

evaporated (Figure 2d).

Photothermal materials, as a primary constituent of light to heat converter, play a vital role in solar
energy harvesting. Other desired properties of photothermal materials include broadband and robust
light absorption, secure and scalable manufacturing methods, and affordable cost. Solar absorber
materials can be classified into different classes. In the next sections, the working principles and main

characteristics of each class of absorber materials will be reviewed.
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Figure 2. (a,d) Classification of the current photothermal evaporators: (a, b) Direct contact mode,
(c,d) indirect contact mode with hydrophobic fibers, reproduced with permission from ref [37]. (e-g)
Light-to-heat generation in different material systems: () photothermal excitation of narrow band
gap semiconductors, (f) photothermal excitation of nanostructured carbon conjugated system-based

materials, (g) photothermal heat generation in plasmonic NPs (e.g., Au).

2.1. Inorganic semiconductor-based absorbers

Semiconductors having narrow bandgap and intrinsic thermalization could be excited via
photothermal process to generate heat on the surface, as shown in Figure 2e. In such a process, narrow
gap semiconductors absorb high amounts of light with energy higher than their band gap, causing the
excitation of electrons from the valence band to the conduction band, to create electron/hole pairs,
followed by recombination. As a result of non-radiative recombination, heat is generated on the
surface of the semiconductor [38]. The main issue of heat generation in semiconductor systems is
heat emission which decreases the surface-localized heat. For enhanced surface heat generation,
doping and surface modification of semiconductors have been reported to improve the process
efficiency [39]. Cu,,S (0 < x < 1) semiconductors have received much attention as solar water

evaporators due to their high solar absorption, low cost and rapid light-to-heat conversion [40-43].



For enhanced performance, the construction of Cu,,S based catalysts in different structures and
shapes was the subject of many studies [41]. Many other semiconductor-based materials showed
excellent water evaporation efficiencies under 1 sun such as Bi,S;/Pd (97%) [44], 2D/2D Ti;C,/MoS,
(87.2%) [45], MoOs— (62.1%) [46], MoS,/LaF;/PDMS (91%) [47], MoS,@sponge (85%) [30],
MoS,/expandable polyethylene (80%) [48], MoS, nanosheets (~76% under 0.76 kW/m?) [49],
Fe;04/PVA/Wood (73%) [50]. PVDF/WS,; (94.2% under 3 sun) [51], MnO,-Deposited Wood

(81.4%) [52].

2.2. Carbonaceous materials

Carbonaceous materials, including activated carbon, graphene, monolithic carbon sponges, carbon
dots (CDs), hollow carbon, and carbon nanotubes (CNTs), are very effective and largely applied as
water evaporators due to their superior solar light absorption, excellent light-to-heat conversion, high
porosity, and physical and thermal stability [31, 53-61]. Since bare carbon materials exhibit low
emissivity, different structures/morphologies were investigated. The generation of heat on the surface
of carbon materials is due to the electronic transitions within the carbon conjugated units under light
(Figure 2.f). Hence, constructing a carbon platform with a long conjugation system could enhance
the solar light absorption response [31]. Qin et al. [62] fabricated a multifunctional bilayer structure
aerogel composed of hydrophilic ultralong hydroxyapatite nanowire on the top and hydrophobic
carbon nanotubes as photo-absorber (Figure 3a). This floatable bilayer aerogel exhibits a water
evaporation rate of 1.34 kg'm2-h-! under 1 kW-m solar light irradiation. Its photothermal activity is
high and the process showed efficiency in the removal of five major ions from real seawater samples
(Huanghai Sea) and as well as the oxidation of rhodamine B (RhB). Zhu and co-workers [57]
developed a floatable self-contained monolithic carbon sponge that can condensate water in outdoor
conditions.

Some studies showed that carbon-based water evaporators could also produce electricity [57, 63-66].

For instance, Xue et al. [67] showed that carbon-based materials can generate a sustained voltage
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during the water evaporation process, which was comparable to that of a standard AA battery. It was
reported that the interface interaction of H,O on the porous carbon surface and the evaporation
mechanism is the major keys behind the generation of electricity. Dao et al. [68] has recently reported
that electricity can be generated using an evaporator based on multi-walled carbon nanotubes in the
dark and under 1 sun. It was found that the highest P, levels using Zn wire electrodes were 94 and

min the dark and under 1 sun, respectively.

2.3. Organic polymers

Polymers with an extended n-conjugated system of sp?>-hybridized carbon can be excited by a low
energy input, similarly to carbon-based materials. The more extended the m-conjugated system is, the
longer is the wavelength of light absorption and photoexcitation [69, 70]. The light-to-heat conversion
is realized through the energy transfer from the photogenerated electron to vibrational modes over
the atomic lattices [71, 72]. In practice, polymers can play many roles in solar photothermal

evaporators: from light absorbers to immobilization and floating aids, to insulators.

Meng et al. [73] fabricated controlled porous poly(ethylene-co-octene) elastomers (pPOE); the
polymer-based evaporator showed excellent thermal localized heating, along with high porosity,
leading to excellent seawater desalination. Polypyrrole (PPy) is a conducting polymer that has been
widely used as a solar evaporator due to its extended solar absorption and high evaporation efficiency
[74-81]. Wu et al. [33] reported that doping of polypyrrole by butanetetracarboxylic acid (BTA)
improves the efficiency in terms of water evaporation. BTA-doped polypyrrole hydrogel showed an
evaporation rate 1.55 times higher than that of bare polypyrrole. The differential scanning calorimeter
patterns showed that the glassy transitions started at 71.6 and 80.5 °C for bare polypyrrole and doped
polypyrrole, respectively. The electrodeposition of nickel-modified polypyrrole as salt-resistant solar
absorber was recently reported by Wang et al. [80]; a conversion efficiency of 82.18% under 1 sun
was reported. In a water evaporator system consisting of porous carbon and polyaniline, Wang et al.

[82] found a water evaporation rate of 1.496 kg-m2-h-! and solar-to-steam efficiency of 87% under
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one sun without the use of a thermal insulator layer. Han et al. [83] fabricated a water evaporator
system composed of PEDOT:PSS/nanofibrillated cellulose (acting as a light-to-heat converter) and
expanded polyethylene (EPE) foam (as a thermal insulator). Poly(3,4-ethylene dioxythiophene)
polystyrene sulfonate (PEDOT:PSS) was largely used as a solar absorber due to its excellent solar
light absorption up to the NIR region. This evaporator showed excellent thermal localization and
superior water evaporation around 1.6 kg-m2-h-'under 1 sun. The effect of water content on the water
evaporation rate was studied and optimized water content was obtained. This floatable gel showed a

great potential to desalinate artificial and real seawaters.

Polymers can also be used to enhance the immobilization of solar absorbers due to their ability to
support powder materials and to improve their affinity with different supports. Song et al. [50]
reported the coating of wood with Fe;O,4/polyvinyl alcohol as a water evaporator to be used for water

desalination.

Polymers are commonly used to fabricate hydrogel-based materials as solar water evaporators. The
topic of hydrogel for water evaporation was reviewed recently by Guo et al. [84, 85]. Gels offer key
advantages for the optimization of water evaporation and heat management of floating material. In
this respect, Zhao et al. [86] fabricated a hierarchically nanostructured gel as a water evaporator
composed of polyvinyl alcohol and polypyrrole for solar water evaporation and remediation (Figure
3.b). They found that the structure of this floating gel induced a regulated water distribution and high-

water absorption.

Gas-foaming technology is a widely used technique to fabricate water evaporators (2D/3D foams)
with excellent porosity and mass transfer effectiveness [85, 87, 88]. As shown in Figure 3¢, closed-
cell polymer foam using bisphenol A (BPA) and polyacrylonitrile (PAN) was fabricated by

electrospinning followed by gas foaming [32].

2.3. Surface plasmon resonance metals
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Metals with localized surface plasmon resonance (LSPR) can absorb the solar light and convert it
into heat as a result of the transition of electrons from Fermi level to higher energy levels and electron-
phonon scattering processes [9, 89-91]. Figure 2g shows the mechanism of heat generation in
plasmonic metals. LSPR metals are mostly used to modify other solar absorbers for enhanced water
evaporation. Cui et al. [92] coated carbonized organosilica with a trace amount of Au nanoparticles
(NPs) for solar water purification. Very effective water evaporation was found with a conversion
efficiency of up to 94.6% under one sun. Au NPs supported carbonized organosilica was tested to
desalinate simulated seawater and towards the oxidation of dyes and recovery of heavy metals. Guo
et al. [93] fabricated a solar absorber based on silica gel modified with gold nanoflowers. The surface
area of the gel was 809 m?-g’!, while the pore size was around 3.5 nm. This combination allows using
lower Au amounts and boosts the water evaporation due to the heat confinement through gel pores.
Ag immobilized on the surface of carbonized melamine foam was reported by Shi et al. [69], which
showed a very high evaporation rate of 2.39 kg-m2-h-' along with a conversion efficiency of 119.46%
under 1 kW-m2 due to the excellent light-to-heat generation and enhanced water absorption. Chen et
al. [94] reported plasmonic Cu,_,Te nanowires (bpCu,—Te), which exhibited an evaporation rate of

4.3 kg'm2-h"! under 3 suns (Figure 3d).

Table 1 summarizes selected recent studies on the fabrication of solar evaporator floating materials
for water evaporation and/or water decontamination. It can be seen that the material plays an
important role in enhanced evaporation and water purification. Comparing results in Table 1, carbon
materials show high evaporation rates. Polymers also have good performance, e.g., polymeric
hierarchical gel showed an evaporation rate of 3.8 kg'm=-h"! under one sun. On top of that, hybrids
containing metals/metal oxides with carbon and/or polymer materials have great potential for solar

conversion due to synergistic effects.
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Figure 3. (a) Multifunctional bilayer structure aerogel composed of hydrophilic ultralong
hydroxyapatite nanowire on the top and hydrophobic carbon nanotubes as photo-absorber for the
removal of heavy metals and dyes from water under solar light, reproduced with permission from
reference [62] (). (b) Hierarchically nanostructured gel as a water evaporator composed of polyvinyl
alcohol and polypyrrole for solar water evaporator, reproduced with permission from [86]. (c)
Synthesis of closed-cell polymer foam using bisphenol A (BPA) and PAN polymer for water

evaporation, reproduced with permission from [32]. (d) Plasmon Cu,Te nanowires supported on

cellulose membrane, reproduced with permission from [94].
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Table 1. Recently reported solar evaporator floating materials for water purification and desalination.

System Sunlight (kW-m™2) Evaporation Evaporation rate Application Ref
efficiency (kg'm2-h!)

CNTs coated on 1 89.4% 1.34 Water desalination [62]

ultralong Recovery of heavy metals

hydroxyapatite Oxidation of dyes

nanowires

Cotton-Cs,WO; 1 86.8% 1.56 NaCl removal from water [95]

fabrics

Carbon foams with 1 80.1% / Water desalination [96]

interconnected

microchannels

CNTs supported on 1 82% 1.31 Water desalination [54]

macroporous silica Oxidation of dyes

Polymeric 1 94% 32 Water desalination [86]

hierarchical gel

Graphene/rice-straw- 1 88.9% 2.25 Water desalination [97]

fibers

Black phosphorous 1 64.63% 0.94 Seawater desalination [98]
Oxidation of MB dye

BPA/PAN foam 1 / 2.7 6.66 Water desalination [32]
Bacteria inactivation

Au NPs/paper 1 77.8% / Leawater desaliflon [99]

Hierarchical Cu,S 1 94.5% 1.96 Oil-water treatment [43]
Iron rejection
Bacteria inactivation
Dye oxidation

Cu,.Se-TiO, 2.5 83.06% Water desalination [100]
Dye oxidation

CusS4-MoS,-Au on 2.5 96.6% 3.82 Water desalination [87]

polydimethylsiloxane

(PDMS)

MoS/expandable 1 80% 1.27 Water evaporation [48]

polyethylene Oxidation of organic pollutants
(nitrobenzene, carbamazepine, and
naproxen).

Phenolic aldehyde 1 87.86% 1.49 Seawater desalination [101]

foam

BTA polyacid doped 1 89% 1.90 Seawater desalination [33]

polypyrrole Dye oxidation

Ni;Co; doped 1 109% 2.42 Seawater desalination [102]

polydopamine

MnO, 1 90.6% 1.78 Evaporation of industrial [103]

nanowires/chitosan wastewater and  oil-emulsified
water

Ag/polypyrrole 1 92.6% 1.55 Water desalination [104]
Bacteria inactivation

Sea urchin-like 1 91.5% 2.07 Seawater desalination [105]

carbon obtained from

Ni-MOFs.




3. Technology challenges in solar water evaporators

The transfer of solar water evaporators to real-world applications still faces several technology issues
[21, 106-108]. In this section, the most investigated strategies to overcome common issues of solar-

driven steam will be reviewed.
3.1. Salt accumulation and rejection

During the water evaporation process, the deposition of salts on the evaporator surface is considered
as one of the main issues to be solved for the large-scale use of solar water evaporators. Saline
deposition blocks the active surface and therefore cuts the light-to-heat operation. Several recent
studies have proposed smart materials or/and systems that can dissolve or reject continuously the
solid salt from the active surface [2, 109-119]. The fabrication of photoabsorbers with a morphology
able to dissolve or exchange the salt ions has been suggested to limit/reduce the salt accumulation of
the top surface (Figure 4a). Xiao et al. [120] designed a floatable water evaporator that prevents the
accumulation of salt on the top surface. The floating evaporator is composed of carbon black as a
solar evaporator, and a super hydrophilic melamine-formaldehyde foam as a salt ions exchanger,
wherein the deposited salt on the top surface can move down through the channel of foam to seawater.
The authors studied comparatively the water evaporation efficiency with and without ions exchanger
foam and it was found that the salt can be accumulated on the surface of carbon black in the system
without foam. The water evaporation rate was found to be 3.2 times higher in the salt-rejecting
floating system than that of the pristine system. In addition, the reflecting water evaporation system
showed the same efficiency after 20 days. For fast salt dissolving on the surface of the photo-
evaporator, Wang et al. [80] fabricated a bilayer photothermal evaporator with a top layer made by
electrodeposition of polypyrrole on nickel foam and polyurethane sponge as a lower layer. It was
found that such a morphology can dissolve quickly the accumulated salt compared to common solar
water evaporators. Inversion strategy was used to reject the salt accumulated on the surface of the
evaporator. Liu et al. [95] designed a floatable system to clean seawater, based on high sunlight
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absorbing Cotton-Cs,WOj; (Figure 4b). In this study, surface deactivation due to the high deposition
of NacCl salt was tackled by surface inversion strategy, wherein, the active surface can be inverted
periodically for further cycles. Wang and coworkers developed rational expandable polyethylene to
discharge salt from the evaporator [121]. In this study, the authors reported that this salt-rejecting
system improved the evaporation efficiency by 3.74 times compared to the pristine system, providing
enhanced reusability. Chen et al. [122] fabricated a Janus-structured organic evaporator system,
which includes a hydrophobic top and a hydrophilic bottom to fight the deactivation of the
photoactive surface of the evaporator as a result of salt deposition. Xia et al. [123] developed a novel
smart seawater evaporator disc able to continuously isolate and crystallize the salt (Figure 4c). The
top evaporating surface of the disc is based on CNTs. Seawater can be moved to the top surface of
the disc through a cotton thread, then the salt is formed by solar evaporation. The falling off of salt
crystallites from the top surface to the salt collector is driven by gravity. An evaporator with a lily-
inspired hierarchical structure for long-term use was reported by Xu et al. [124]; in this system, the

generated salt is continuality excreted by water passing from the top surface to bottom surface.

e

Surface deactivation by accumulated salt

(a) (b) (c)
lon-exchanger Inversion Salt rejection
or dissolving strategy surface
* The evaporator is * The evaporator is * The salt moves
able to dissolve periodically away from the
or absorb the salt inversed to throw top surface disc
and throw it down away the salt and collected by
in bulk water gravity

Figure 4. Most reported approaches to solve the deactivation of photoabsorber top surface by

accumulated salt: (a) Salt rejection on the surface of polypyrrole-coated nickel foam-based
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evaporator; the morphology of this evaporator allows a fast salt dissolution; the image was reproduced
with permission from [80]. (b) Self-cleaning evaporator based on floating cotton-Cs, WOj5; the system
can clean itself via inversion to remove the accumulated salt for further processing; the image was
reproduced with permission from [95]. (c) Spatially isolating salt crystallization over a novel water
evaporator design which allows a continuous steam generation for 600 h; reproduced with permission

from [123].
3.2. Heat and energy management

Several materials are very effective in solar-to-heat conversion. However, the generated heat could
be lost via its transfer to bulk water or emitted in the air due to reflection, thus limiting the water
evaporation. In general, surfaces with lower heat loss are able to promote higher water evaporation
rates [30, 125, 126]. Many research groups have spent a lot of effort to limit the heat loss via the
construction of materials able to localize and manage the generated heat in their active surface for
maximum use [127-130]. Herein, the nature of the insulating material is determinant to protect the
heat transfer to bulk water. Insulators with extremely low thermal conductivity are mostly used to
avoid the diffusion of heat from the top active surface to unheated bulk water. On top of that, the
wettability of the bottom insulators is a limiting factor in this system, wherein, the continuous transfer
of bulk water to the upper active evaporator surface is an important parameter to be controlled during
the fabrication of evaporating systems. Xu et al. [131] fabricated an integrated three-layer evaporator.
The top surface is based on polypyrrole particles with high thermal conductivity. The medium and
bottom layers exhibit a lower thermal conductivity to avoid the transfer of heat to bulk water, and
excellent hydrophilicity that enables the pumping of bulk water to the top surface of the evaporator

(Figure 5a). This system showed superior water evaporation rates, up to 2.41 kg-m=2-h!.

To limit the diffusion of solar energy, Fan et al. [132] suggested the use of a light-reflective layer
(Figure 5b) to concentrate the energy and heat, and therefore, the light-reflection system showed
high-water evaporation of 87.5% under one sun, which was 12% superior to conventional
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evaporators. 3D systems are able to manage the heat and light energy for enhanced water evaporation
as they can reduce the emission of heat energy. Shi et al. [133] designed a 3D cylindrical cup
evaporator, which ensures solar energy efficiency around 100% under one sun. The top active surface
was composed of 20 metal oxides as solar absorbers. The improvement of energy efficiency and heat
generation in this system is due to the recovery of diffused energy and heat by the cup wall (Figure
S5c). On top of that, unlike conventional open-air 2D systems, the reflection of energy and heat on the
cup wall led to a further increase in the heat generation and water evaporation rate (2.04 kg'm=2-h!).
Yang et al. [134] compared the efficiency of flat and pyramid polyurethane sponges for water
evaporation (Figure 5d); they found that the pyramid-shaped evaporator exhibits an evaporation
efficiency of 85.27% under one sun, which was 9.23% higher than that of the conventional flat system
due to the strong energy recovery and heat generation. The combination of solar absorbers may also
enhance heat generation and management. A recent study [135] reported that the addition of carbon
black to the top surface of an absorber composed of reduced graphene oxide and polystyrene
microspheres leads to improve evaporation rate from 1.06 to 1.86 kg-m2-h"!, while the efficiency was

increased from 69.58% to 124.14% under one sun.

Solving light reflection

(a) (b) (c) (d)

> 3D Pyramidal
photoabosrber photo-absorber

Vaporization

l Energy
recovery

Figure 5. Some of the strategies reported to overcome the issue of heat loss and light reflection: (a)

Three-layered evaporators including an active top surface, a middle layer for salt management and
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bacteria inactivation, and the third layer with excellent hydrophilicity and low thermal conductivity;
reproduced with permission from [131]. (b) Enhanced heat generation by using a light-reflecting
evaporator, reproduced with permission from [132]. (¢) Energy and heat diffusion and management
in 3D evaporator systems reproduced with permission from [133]. (d) Energy recovery in pyramid

sponge-based evaporators reproduced with permission from [134].
3.3. Biofouling and bacteria inactivation

In real-life applications, biofouling of evaporators is expected due to the growth of seawater
microorganisms. Biofouling can screen the surface of evaporators and block their active sites. Many
studies reported strategies to deal with the biofouling issue [131, 136-138]. One of the well-reported
approaches to fight biofouling of the top surface of evaporators is based on incorporating hydrophilic
polymers, which can limit the growth of microorganisms [124]. Qiao et al. [32] reported that the
incorporation of bisphenol A (BPA) epoxy resins on polyacrylonitrile (PAN) based evaporator
reduced the population of bacterial cells on the top surface by 3.7 fold compared to bare PAN. The
incorporation of MXene in cellulose-based solar evaporators leads to stress and damage of the
bacteria membranes, inhibiting the growth of bacteria and biofilm formation. Ag NPs have also been
used to prevent bacterial growth in polypyrrole-based evaporators [104]. A promising approach to
solve this issue is represented by the combination of photocatalytic materials in photothermal

evaporators, as will be discussed in the next Section.
4. Contribution of photocatalysis in floating photothermal evaporators

Multifunctional materials/systems often exhibit beneficial synergistic effects that can speed up the
whole process and solve common issues found in single systems. Recently, many research groups
have been interested in the fabrication of multifunctional floating materials involving both the thermal
catalytic and photocatalytic activities for scalable and sustainable water remediation/desalination. In
general, most of the properties required to fabricate photothermal catalysts fit with the requirements

of solar floating photocatalytic materials, which helps the combination of these two solar
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technologies. Visible light-responsive catalysts can initiate thermal activity on the surface of floating
materials for water evaporation. Similarly, visible light absorption is an important factor in solar
photocatalytic materials to generate effective reactive oxygen species (ROS). Therefore, the
combination of both processes on the same floating materials is very promising. In addition, the
thermal effect can boost positively the photocatalytic activity through the enhancement of mass
transfer and adsorption on the surface of the catalyst during the photocatalytic action. The engineering
of materials able to initiate simultaneously photothermal and photocatalytic performances could be
obtained through the use of compounds able to convert light-to-heat/ROS at once or the
immobilization of photocatalytic semiconductors on solar absorbers. In this section, the major
advantages obtained from the combination of photocatalysis and photothermal processes towards
water desalination and/or purification will be discussed, emphasizing radical oxidation of pollutants

and the inactivation of microbial species.

4.1. Radical oxidative inactivation of microbial species on water evaporators

Biofouling of water evaporator systems due to the ubiquitous presence of microbial species in
seawater or contaminated waters is a major barrier to the transfer of water evaporator technology to
real applications. As discussed in Section 3.3, some approaches have been suggested including the
coating of evaporators with antibacterial agents, i.e., Ag, or the tuning of the hydrophobicity of the
top active surface of evaporators. The radical oxidative inactivation of microbial species is a very
interesting alternative approach, based on the high efficiency of photoproduced ROS to damage the
nearby bacterial species. Xu et al. [139] studied the antibacterial activity of water evaporators based
on CuO mesh, PPy membrane, and carbon-spray paper by testing domestic sewage containing
multiple bacterial strains. The carbon-sprayed paper was notably degraded in the presence of
microbial species because of the high biocompatibility of cellulose. A biofilm layer was observed in
the PPy-based evaporator due to the attachment of bacterial species, which may limit water

evaporation in real conditions. However, CuO mesh-based evaporators showed a great antibacterial
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activity which is due to the photocatalytic bacteria inactivation on the surface of CuO. Noureen et al.
[140] reported that the incorporation of Ag;PO, into rGO coated textile water evaporator could help
to solve the issue of biofouling and simultaneously this evaporator showed great potential for the

oxidation of dyes within the source water, as will be discussed in Section 4.2.
4.2. Photocatalytic oxidation of organic pollutants in water evaporator systems

Unlike conventional evaporators, those having a photocatalytic ability can lead to the fast oxidation
of organic pollutants by the photoproduced ROS on the top surface, and as a result, these systems can
purify the contaminated water and produce cleaner water at once. During the evaporation of water in
photothermal systems, volatile organic compounds (VOCs) and odours can be evaporated and
condensed along with water, resulting in collected waters of low quality [48]. Many research groups
have reported several approaches to address the issue posed by VOCs and other organic pollutants.
Solar absorbers with a high surface area could be used to adsorb organic pollutants and generate
cleaner waters [141, 142], but the saturation or release of VOCs may limit the efficiency of this
approach. Zuo et al. [143] reported that a CuO/CN-based solar evaporator can limit the transfer of
VOC:s along with the condensed water, due to the photocatalytic radical oxidation of VOCs on the

surface of the evaporator.

In addition, in conventional evaporator systems, the over-deposition of water pollutants can block the
active sites of evaporators, requiring continuous regeneration/cleaning of the system. Currently,
numerous research groups are investigating strategies to endow water evaporators with photocatalytic
self-cleaning properties to fight organic pollution as a crucial approach to expand the application of
this technology. Liu et al. [141] reported that the incorporation of TiO, on the surface of Au
NPs/membrane-based evaporators led to producing highly pure freshwater due to the photocatalytic
oxidation at the surface of the evaporator. Zhang and co-workers [144] reported that the coating of
bi-layered bacterial cellulose (BC) biofoam with CuS resulted in simultaneous enhanced
photothermal water conversion and effective photocatalytic dye oxidation. The incorporation of CuS
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in BC biofoam enhanced the light absorption from 4.7%-74.6% to 97.9-100%. In addition, under
light, the evaporator showed excellent methylene blue oxidation due to the photocatalytic activity of
CuS. Zhang et al. [145] fabricated Bi,S;@Ag,S/carbon fiber cloth combining water evaporation and
photocatalytic activity under solar light. The authors reported effective oxidation of tetracycline,
while a localized heat of 51.9 °C was recorded at low temperature. Photoproduced superoxide radicals
*-0, were the main oxidizing species in this system. The photoproduced heat on the surface of
evaporators can further promote the oxidation of tetracycline, highlighting possible synergisms.
Among the different photocatalysts, CuO nanowires are particularly promising [ 139]. CuO nanowires
display superhydrophilicity and high solar light absorption (93%), which yield water evaporation of
84.4% under one sun. CuO can initiate also the photocatalytic oxidation of organic pollutants by
photogenerated redox species. In addition, the catalytic activation of peroxymonosulfate (PMS) was
recorded in dark and light conditions. Zhu et al. [ 146] have used also used CuO/dopamine/Prussian
blue as a photothermal-photocatalytic system, and they reported that material exhibits a
superhydrophilic top surface and can produce continuous water vapor under the solar spectrum (300-
2500 nm). It was found that the hydrophilicity of the evaporator has a significant effect on the
evaporation rate compared to the hydrophobic evaporator. This solar evaporator has been used for
the purification of dyeing, oily, and saline waters. The photogeneration of ‘O,~, SO4~ and "OH for
oxidation of organic pollutants on the surface of the evaporator was confirmed by EPR. The
combination of photothermal with photocatalysis enhances as well the photocatalytic ability due to
interfacial heat/charge management, Li et al. [147] reported that the photothermal excited carbon
spheres can transfer electrons to TiO, which results in a high yield of separated charges to activate
dissolved oxygen in the water. Similarly, Noureen et al. [148] reported that rGO synergistically
promotes the photocatalytic activity of BiVO, via the transfer of photothermal produced electrons to
BiVO,. Shi and co-workers [149] reported that in (TiO,/Au-CNT)-coated SiC ceramic plate system,

that CNTs play the role of electron mediator to improve the generation of a high yield of separated
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charges in the Z-scheme system. The photocatalytic oxidation of RhB and photoreduction of Cr(VI)

simultaneously were studied on the surface of this floating material.

To conclude, the introduction of photocatalysis to solar-driven stream systems can help to solve

several issues. The main cooperative effects as listed below and simplified in Figure 6.

- The lifetime of the evaporator can be enhanced due to the self-cleaning effect as a result of the
continuous photogeneration of ROS, which are able to oxidize the deposited organic pollutants and

prevent the formation of microbial films.

- Many semiconductors with excellent solar absorption may act simultaneously as photocatalytic
materials and water evaporators, therefore, their presence on the surface of the evaporator can
contribute directly to converting light into heat for water evaporation through the photo-excitation-

recombination process.

- In the case of water evaporation from contaminated waters, VOCs could be evaporated and
condensed along with water vapor, lowering the quality of the obtained purified water; the
photogenerated ROS on the surface of the evaporator can oxidize organics and generate better-

purified water.

- The heat produced on the surface of the evaporator can boost the photocatalytic activity by
increasing the mass transfer between the photocatalytic NPs and pollutants. The mass transfer and
slow photocatalytic reaction are known as technical issues in photocatalytic systems [150, 151].
Interestingly, the literature has proved an enhanced photocatalytic ability on the surface of floating
photocatalytic-photothermal evaporators as a result of the contribution of solar absorber materials

[152].

- Effective solar absorbers can enhance the photoexcitation of photocatalytic NPs because of the
promoted light harvesting. Li et al. [147] reported that the enhanced photocatalytic performance in

carbon-TiO, yolk-shell is due to the positive combination of photothermal excitation and
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photocatalytic activity. The heat accumulation on the surface of the catalyst as a result of the
photothermal excitation can initiate the activation of oxygen species in water. At the interface of
photocatalytic NPs and water evaporator, this latter may act both as electron emitter or receiver which

enhances the separation of charges and ROS yield generation.

- In general, the deposition of photocatalytic NPs on highly adsorbing materials leads to improve
photooxidation of pollutants due to the adsorption and pollutant-shuttle process [153], wherein the
sorbing domain enhances the concentration of pollutants for further ROS oxidative degradation by
the photoactive domain. In photocatalytic-photothermal systems, photothermal absorbers, e.g.,
carbon materials or polymers, can improve the adsorption of pollutants for further oxidation via the

so-called “adsorb & shuttle” process.

Enhanced photothermal . . A Enhanced photocatalytic

bacteria

+ Anti-biofouling and Q N + Enhanced solar light
self-cleaning e absorption

+ Enhanced water i) ROS » Trapping & shuttling
purification degree electrons

* The photocatalyst can . : * Enhanced adsorption
act as photo- @ : o of pollutants
evaporator _ Sentindous oxidation + Enhanced mass

a . . \
Enhance the lifetime “~and VOCs transfer

of evaporator
Photocatalytic-photothermal absorber

Figure 6. Synergistic effects in photocatalytic-photothermal absorbers.

5. Conclusions and perspectives

In this review, most advances in solar-driven stream systems were discussed from materials
engineering to the main approaches to tackle the shortcomings of this technology. The contribution
of photocatalysis to enhance and overcome some technical issues were addressed as well. In
photoabsorber engineering, the construction of systems with indirect contact mode has proved to be
more effective compared to direct mode. In this approach, the evaporating top surface is isolated from

the bulk water using a convenient insulating layer. Designing such insulators to prevent the transfer
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of heat from the top surface to bulk water and allowing the pumping of water from the bulk to the top

evaporating surface has recently been a hot research topic.

In the field of solar-driven steam generation materials, numerous light absorbers have been suggested
in the literature with varying evaporation rates. While it is hard to assume which type of materials
could be used successfully at a large scale, carbon-based materials could be considered as one of the
best solar evaporators due to their high solar absorption and reasonable stability in harsh conditions
for large-scale application. Aerogels and polymers have proved to be very effective, however, the
low-long term stability may limit their large-scale use. Hybrid-based photoabsorbers, i.e., metal
oxides or plasmonic metals with carbon materials or polymers, ensure very high evaporation rates
due to the synergistic photonic effects. It is important to point out that the insulator characteristics
have a direct impact on the evaporation rates, as they act directly to enhance the heat localization on
the top surface of the evaporator. Therefore, obtaining a good combination between photo-absorber

and a thermal insulator is a key factor to fabricate an efficient solar-driven steam system.

Many strategies have been put into solving widespread technology issues in solar-driven steam
systems by designing smart materials and systems. Slat accumulation can be solved by the use of (i)
periodically surface inversion strategy, (ii) surface with ion exchanging ability, and (ii1) salt-rejecting
disc which can remove the salt from the active top. For better heat generation and management, recent
solutions were suggested including the use of 3D system, pyramid surface, and a light-reflective layer.
The coating of evaporators with antibacterial agents, i.e., Ag or hydrophilic polymers, was suggested

to inhibit/decrease the growth/accumulation of microorganisms.
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Figure 7. Main parameters to control for better scale-up opportunities for solar water evaporation and

integrated applications.

The integration of photocatalysis with solar-driven steam can lead to an interesting combination that
deserves more attention from the scientific community. This integration solves several common
problems such as biofouling, VOCs contamination, organic pollutant accumulation, etc. In addition,
synergistic effects in terms of light absorption and heat production can take place. The photocatalytic-
photothermal solar-driven steam strategy may open new doors for further larger applications such as
simultaneous wastewater purification and evaporation in real conditions. Usually, classical materials
for photothermal solar-driven steam could face very fast surface deactivation in real wastewater due
to the presence of organic pollutants and microorganisms. Furthermore, to clearly elucidate the
photothermal mechanism of various processes as photocatalysis and solar to steam, both experimental
and computational should be conducted. Further advancements in the integration of photocatalysis

with solar-driven steam not only demand the synthesis of low-cost, well-controlled nanostructure but
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also those that are endowed with hybrid photonic, thermionic, and electronic functionalities that can

be spatially modulated.

From a practical point of view, following recent achievements of high conversion efficiencies of
photocatalytic-aided solar-driven steam process in laboratory studies, the evaluation of solar-driven
steam process should be carried under outdoor natural conditions with natural sunlight. Identifying
the main strength and weaknesses of the system may lead to better understanding and technology
transfer as an alternative to existing technologies. More effort is needed to further enhance the
efficiency of solar-driven steam applications through innovative process design and integration to
interlink water purification/desalination and energy generation in an eco-friendly and synergistic
approach (Figure 7). It is also recommended to investigate future systems that can operate efficiently

under natural conditions in a continuous mode daily.
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