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[11_TD$DIFF]A B S T R A C T

Access to safe drinking water has become an extremely urgent research topic worldwide. In recent years,
the technology of solar vapor generation has been extensively explored as a potential and effective
strategy of transforming elements content in seawater. In this review, the basic concepts and theories of
metal-based photothermal vapor generation device (PVGD) with excellent optical and thermal
regulatory are introduced. In the view of optical regulation, how to achieve high-efficiency localized
evaporation in different evaporation system (i.e., volumetric solar heating and interface solar heating) is
discussed; from the aspect of thermal regulation, the importance of selective absorption surface for
interfacial PVGD is analyzed. Based on the above discussion and analysis, we summarize the challenges of
metal-based desalination device.
© 2019 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
1. Introduction

With the rapid development for the economics of human
society, many organizations worldwide have an insistent demand
for safe drinking water [1–4]. There is a huge population
worldwide using improved drinking water, this task requires huge
expenses each year to collect enough drinking water due to
traditional application of water treatment technology (i.e.,
membrane filtration and thermal distillation) has high cost and
low efficiency [5,6]. Unfortunately, some regions of Asia and Africa
are unable to obtain adequate safe drinking water for regional
economy and technology.

Along with the rapid development of nanomaterials and
nanotechnology, photothermal conversion was applied to many
fields, including the production of safe drinking water [7–12], high
temperature steam sterilization [13], solar water heaters [14–17],
recycling of precious metals [18], oil and water separation [19,20],
CO2 capture [21], etc. Therein, solar-driven safe drinking water
production technology via a simple photothermal conversion
process shows superior features: green, sustainable, convenient
and low-cost solar energy; no other contaminating byproducts
[22]. Although water resources on the earth are abundant
currently, most of them are seawater with high salt concentration,
itute of Materia Medica, Chinese
which is not suitable for human direct drinking. About 71% of the
Earth’s surface area is covered by seawater, it is considered as
the excellent candidate for safe drinking water [23,24]. Seawater
contains a lot of Na+, Cl� and other numerous elements, a mass of
which are required by the human body. However, the concentra-
tion of various elements in seawater is too high, far exceeding the
hygienic standard of drinking water. If it is consumed in large
quantities, it will cause some elements to enter the human body in
excess, affecting the normal physiological functions of the human
body, and serious poisoning [25]. People who drink seawater not
only cannot supplement thewater that the human body needs, but
the dehydration accelerates and eventually causes death. Treating
seawater in an inexpensive and efficient way to access safe
drinking water is an important means of solving this series of
problems.

Fortunately, photothermal vapor generation device (PVGD)
gains the enough attention of researchers and merchant in
recent years. The significant highlights of PVGD are that can still
maintain high optical-thermal evaporation efficiency without
optical focusing (i.e., the absorber under the radiation of one sun,
1 kW/m2). Solar evaporation captures clean solar and zero
greenhouse gas emissions, an attractive advantage in addressing
clean energy demand, water scarcity and global warming issues.
However, in solar-powered evaporation systems without optical
focusing, many challenges are still encountered. Some typical
problems are including but not limited to low energy conversion
efficiency normally being explored by researchers.
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 1. Two types of plasmonic models of metal-based materials in solar vapor
generation: surface plasmonic polaritons (left); localized surface plasmonic
(right) [5].

2160 Z. Li, C. Wang / Chinese Chemical Letters 31 (2020) 2159–2166
In the process of exploring the preparation of solar absorber
materials, metal elements are an important component of the
composition of matter [26]. According the latest periodic table of
elements, it is found that among the 118 elements, 24 non-metallic
elements are removed, and the rest are metal elements. This is
enough to illustrate the proportion of metal elements that are
important in scientific research and daily life. Meantime, metal
elements have also played an active role in the development of the
PVGD system. Here, the metal-based materials mainly refer to
PVGD contains plasmonic metal nano materials (Au, Ag, Pt, Al, Pd,
Ge nanoparticles, etc.) [27–40] or porous metal/alloy materials
(porous Al, foamed Ni, foamed Cu, foamed Ti, etc.) [28,41–54] or
metal element composite (CuFeMnO4, TiAlOx, Cu2SnSe3, CuFeSe2,
etc.) [25,55–66]. Compared with other photothermal conversion
materials (such as carbon-based materials, organic polymer
materials), metal-based materials possess following advantages:
(i) Nanoscale metal materials are easy to control their optical
properties (can achieve near-perfect optical absorption). Ordinary
carbon-based materials such as biomass carbon materials tend to
have 5%–10% reflection [2]. (ii) Metal-based materials through
structural regulation were used to achieve some specific functions
of PVGD (multifunctional implementation, rapid thermal re-
sponse, corrosion resistance, recyclability, etc.[12_TD$DIFF]). (iii) Through the
doping of metal-based materials, heat loss (especially thermal
radiation loss) can be effectively reduced [17]. Carbon-based
materials and organic polymer materials are difficult to effectively
regulate heat radiation loss. (iv) Metal-based materials tend to
have good mechanical properties and protect the entire device.
This is more conducive to long-term preservation of equipment in
the marine environment.

In this review, we introduce the basic mechanism of photo-
thermal conversion for metal-based materials in the section 2. We
analyze the influencing factors of PVGD from the perspectives of
environment, materials and systems, and the appropriate criteria
for evaluating its performance. This discussion plays an important
role about the analyzing of energy balance in entire photothermal
conversion process. For desalination technology, system design
(volumetric or interface), module configuration (powder or bulk),
and energy recovery (freshwater recycling process) are all issues
that should be considered. Then we explore state-of-the-art
developments in metal-based materials to efficiency localized
evaporation in volumetric solar distillation system and interfacial
solar distillation system which is achieved by optical adjustment.
And next section, the importance of thermal adjustment in
interfacial systemwas introduced emphasized, especially the heat
radiation loss suppressed by the application of selective absorber
surface. These two sections are the core of the entire review and
are also characterized by the intrinsic of metal-based materials. In
the end, we make a conclusion of the entire review, as well as a
detailed statement of the challenges of metal-based materials in
future.

2. The basic concept and theory of PVGD equipment

2.1. The photothermal conversion mechanism of metal-based
materials

Here we will separately discuss the photothermal conversion
mechanism of three types of metal-based absorbers (plasmonic
metal nanomaterials, porous metal/alloy materials, metal element
composite). Three different metal-based photothermal conversion
materials have many differences in optical absorption and heat
transfer.

The photothermal conversion mechanism of plasmonic metal
nanomaterials is plasmonic effect. The plasmonic noble metal can
achieve precise absorption spectrum cutting by utilizing the
current diversified structural control means (i.e., nanotechnology).
The plasmonic effect of metal nanomaterials is divided into two
modes: [13_TD$DIFF]Surface plasmonic polaritons effect and localized surface
plasmonic resonance effect. As a structure-driven light absorption
mode, plasmonic has a large difference from the absorption
properties of the bulk material. Changes in size, configuration, and
background dielectric will cause the formants to move in a
directional manner, and the particle configuration will also affect
the absorption cross section. The plasmonic effect of metal
nanomaterials also greatly expands the types and applications
of materials, such as negative refractive index materials, optical
stealth cloaks and photothermal conversion devices [67]. Here we
mainly introduce two types of plasmonic models for the
application of metal-based solar absorbers in interface desalina-
tion systems (i.e., the absorber is located at the gas-liquid interface)
(Fig. 1). The physical character of the plasmonic on the metal
surface is a collective oscillating electromagnetic mode in which
the free electrons on the conduction band near the Fermi level are
excited by the external electromagnetic field, which is usually
regarded as a surface element excitation. When the metal film is
irradiated by sunlight, the free electrons on the surface of the film
are excited by the electromagnetic field to form a resonance,
thereby realizing efficient energy transfer. The metal film transfers
the light energy to the heat energy, and the heat energy is applied
to the process of seawater evaporation. Similar to the surface
plasmonic polaritons phenomenon, localized surface plasmonic is
derived from the coupling of the collective oscillation of free
electrons on the surface of metal and sunlight. Localized surface
plasmonic significantly increase the absorption cross section of the
material. Takingmetal silver nanoparticles as an example, the light
field enhancement on the surface of a single nanoparticle can be up
to 103 times, thereby achieving photo-thermal steam generation.
The calculating extinction cross-section formula of metal nano-
spheres in Mie theory can describe localized surface plasmonic
effectively.[14_TD$DIFF][15_TD$DIFF][16_TD$DIFF][17_TD$DIFF]

Cext ¼ 24p2R3em3=2

l
ei

ðer þ 2emÞ2 þ ei2

" #
ð1Þ

where Cext is the extinction cross section, R is the radius of the
metal nanospheres, and em is the relative dielectric constant of
the medium surrounding the metal nanosphere. So the interaction
between a metal nanoparticle and light depends largely on its
dielectric properties (er and ei) while keeping these two values (R
and em) unchanged.
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Fig. 2. Different solar-heating forms of metal-based PVGD. (a) From left to right:
bottom solar heating ofmetal-based PVGD; volumetric solar heating ofmetal-based
PVGD; interface solar heating of metal-based PVGD. Red area for high temperature
water and blue area for low temperature water. (b) Comparison of relative distance
between light motion trajectory and steam motion trajectory corresponding to
threemodels. Yellow arrow for the trajectory of light and blue arrow represents the
trajectory of water vapor.
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From an engineering perspective, when some other factors
(temperature, humidity, pressure, excitation wavelength, etc.) are
fixed values, thematerial properties of the plasma structure are the
key factors affecting optical absorption.

In other words, when the value outside the square brackets on
the right side of the formula is a constant value, the value of the
denominator of the formula in square brackets tends to zero, and
Cext is oriented to infinity. The condition of plasmonic resonance is
that when the extinction cross section is infinite, the optical
absorption and scattering at this particular frequency is very
powerful.

In order to achieve a strong photothermal conversion, that is,
localized surface plasmonic polarization, the value of (er-2em)must
be close to zero. This condition is difficult to achieve for standard
dielectric and non-metallic that typically have er values ranging
from 1 to 50, which further demonstrates the superiority of optical
adjustment of metal-based absorbers.

In [18_TD$DIFF]Eq. (1), it can be seen that when ei is close to zero, it is easy to
achieve strong resonance between the incident electromagnetic
wave and themetal surface, and this condition can only be satisfied
by the metal material. Metal nanoparticles achieve efficient
photothermal conversion because of strong ohmic losses during
their electronic resonance. Nanoparticles can completely contact
the working fluid, which is more conducive to heat transfer.

As for the role and effect of the porous metal template in solar
steam generation system, see section 3.2. And the photothermal
conversion mechanism of metal element composite is diverse,
which is also the charm of metal-based absorbing materials. Metal
element complexes often represent that they are not limited to one
metal element, and involve some inorganic semiconductor
materials, general metal compound materials, etc. In view of the
fact that it is not limited to the participation of one metal element,
the recombination and separation of electrons and holes can be
achieved simultaneously in the entire system. Based on the
characteristics of this rich metal composite material [68],
the geometrical operation, compositional complexity and structur-
al diversity of this material can be used to improve its efficiency
from multiple angles [69]. (For example, directly improve
the efficiency of solar energy utilization, and indirectly realize
theefficientuseof thesystemthroughmulti-functional composite).
Wecanusenanotechnology tochange thematerial structuredesign
to improve its photothermal conversion capability. The photo-
thermal conversionmechanismof thesematerials oftenneeds tobe
analyzed according to the actual doping conditions [66,70,71].

2.2. Different positions of the absorber have different evaporation
capability

As shown in Fig. 2a, the metal-based system structure of solar-
driven steam generation having three modes which is mainly and
widely recognized currently [3]. In general, the major difference
between the three models is that the location where the
photothermal conversionprocess occurs is differentiated, resulting
in different efficiency of photothermal conversion. Therefore, the
position of the solar absorber is in most cases the position of
photothermal conversion in the solar-driven steam generation
system. The most straightforward way we can adjust the three
heating methods by adjusting the position of the solar absorber.
For the position of the absorber, we can fix the position by
adjusting the surface wettability, buoyancy, density or direct
mechanical action (such as the absorber material is fixed on a
polypropylene foam) of the material [2,72].

The bottom solar heating of metal-based PVGD is similar to the
way in which the heat energy generated by the direct combustion
of coal, natural gas, and biomass materials in the factory to boil the
bulkwater to produce steam. Thismethod has a lowutilization rate
of heat energy, and most of the energy consumption is in the
sensible heat of evaporation. Usually thismethod uses a high-value
lens to focus the sun to generate steam, so this traditional solar
heating method does not receive enough attention [5,73]. For the
bottom-solar heating method, in addition to the low efficiency of
solar energy utilization, material recovery, long-term service is
also a huge problem compared with volumetric solar heating and
interface solar heating of metal-based PVGD.

With the rapid development of nanomaterials and nano-
technology, nanoparticles are dispersed in bulk water (called
nanofluid) [74], and under the irradiation of sunlight, the
seawater desalination can be produced more efficiently.
Compared to suspensions with micron or millimeter-sized
particles, nanofluids exhibit better stability, rheology, thermal
and optical properties and therefore have broader practical
application potentials such as desalination, heating and cooling,
hyperthermia, etc. The heat energy is generated by the resonance
between sunlight frequency and frequency of electron in noble
metal nanoparticles. Currently, nanofluids improve solar-thermal
evaporation efficiency by controlling the shape, aggregation, size,
structure and dopant of plasmonic nanoparticles. However, the
collection safe-drinking water efficiency in volumetric solar
heating of metal-based PVGD is still relatively low. There is a
large amount of heat energy that is transmitted to the surround-
ings by heat conduction. And the resulting steammotion process is
also complex and controversial.

Immediately, people quickly realized that the heat transfer loss
should be minimized, and reducing the heating of undesired water
can improve the evaporation efficiency. In 2011, Wang’s group
proposed a new strategy to improve solar-driven steam generation
efficiency by used floating magnetic nanoparticles Fe3O4/C [74],
and the biggest advantage of this method is to shorten the
trajectory of light running and steam trajectory, and also increase
the convenience of material recycling. As show in Fig. 2b, the
relative distance for the trajectory of sunlight (yellow arrow in
Fig. 2b) and the trajectory of the steam motion (blue arrow
in Fig. 2b) is quite different in the three modes.
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In the process of solar steam generation, three heat energy
transfer channels are heat conduction, heat convection, and heat
radiation. The relative distance of the sunlight and the vapor
trajectory has an important effect on the light absorption and the
change in the magnitude of the three heat losses. The interface
system can be directly contacted with the metal nanoparticles
more effectively with the medium of sunlight only through the
air, which greatly reduces the energy loss, and the steam can also
be directly released into the air, avoiding movement of the steam
in bulk water. Thus, avoids in-situ cooling of steam and increases
the amount of condensate that can be collected. Further, Deng’s
team, inspired by skin sweating and plant transpiration, achieved
localized evaporation of the gold nanofilm at the gas-liquid
interface, further reducing heat transfer losses [77]. Water is
transported to the surface by the capillary action generated by the
porous structure of the film, and the surface water then absorbs
the intense local heat generated by the gold nanofilm to form
effective seawater desalination. Then, a low thermal conductivity
capillary material such as dust-free paper is used as a thermal
insulation layer to support the plasmonic metal nanomaterial to
form a more efficient evaporation. Gold films (non-discrete metal
particles) deposited on dust-free paper have relatively high
absorption efficiencies over flat gold or gold particle nanofluids
because of the high roughness of the surface of the dust-free paper.
This research provides a great reference for the application route
of PVGD.

2.3. The evaluation criteria for photothermal evaporation capability of
metal PVGD

The current research on interfacial solar-driven seawater
desalination is hot. However, the reported evaporation efficiency
is not directly comparable owing to the lack of standardized
measurements and some tiny important factors are easy to ignore.
Therefore, here we summarize some factors that have an
important impact on the evaporation efficiency of PVGD from
the environment, materials, and systems (Fig. 3).

In the case where all experimental operating conditions are
accurately determined (including temperature of solar absorber
surface, vapor temperature and power density of solar illumina-
tion), the expression of evaporation capability of PVGD can also be
qualitatively analyzed as follows:

E:C: ¼ Ksishsw ð2Þ
Notably, this formula is only an empirical formula that

qualitatively considers the factors affecting the evaporation
capability of the entire PVGD. It does not mean that each factor
is numerically related. Here, [19_TD$DIFF]E.C. refers to the evaporation
[(Fig._3)TD$FIG]

Fig. 3. The important influence factor of environment, materials, system for metal-
based PVGD.
capability of this metal-based PVGD; K is a environment constant,
determined by the temperature, humidity, wind, pressure of the
environment. According to previous articles, different work
environments often have a significant impact on evaporation
efficiency, so these parameters remain constant for a unified PVGD
[1–4]; si is an intrinsic factor determined by the nature ofmaterial,
including wettability, porosity, thermal conductivity, optical
absorptivity, and thermal emissivity, etc. These characteristics
are critical to the energy analysis and simulation of the entire
metal-based PVGD; sh is a heat utilization factor, which is mainly
determined by the photothermal conversion capability of the
material and the total thermal resistance of the system. sW is
the water transport factor, which is determined by the capillary
force of the material and the way the material in the system is in
contact with water. This reminds us that we cannot directly judge
thewater transport capacity (or capillary driving force) of PVGD by
the materials surface wettability and porosity of the material.
Understanding completely the transport process behavior of water
molecules in confined spaces is related to material structure and
properties typically used for structural characterizations such as
pore dimension, surface texture, and tortuosity.

In our previous research, we have explored different ways of
stacking uniform materials from system heat utilization and
system water transport [2,85].

After reasonable testing and a statement of some important
factors, we should first perform an energy analysis based on the
formula:

_mhfg ¼ Aaqsolar � Aes T4 � Tamb

� �
� Ah T � Tambð Þ � Aqwater ð3Þ

Among them, _m is the net evaporation, hfg is the latent heat of
vaporization, A is the light receiving area of the meatal-based
PVGD; α is the light absorption rate; [20_TD$DIFF]qsolar is the solar radiation
energy; e is the surface emissivity of themetal-based absorber;s is
the Boltzmann constant; h is the thermal convection coefficient;
qwater is the equivalent heat flux density of the heat transfer and
heat radiation of the absorber to the bulk water;[21_TD$DIFF] T is the surface
temperature of the absorber; and Tamb is the ambient temperature.
It can be seen from Eq. (3) that under the condition that the solar
radiation energy is constant, the light absorption rate of the
absorber first determines the total energy flow density input to
the system; secondly, in the energy conversion and conduction
process, due to the absorption body the temperature is higher than
the ambient temperature, the heat energy absorbed by solar
energy will be lost by conduction, radiation and convection, which
is one of the key factors limiting the amount of evaporation (i.e.,
conversion efficiency). During the evaporation process, continu-
ously supplying an appropriate amount of water to the surface of
the absorber is also a necessary point to ensure efficient
evaporation.

Its energy conversion efficiency (h) is defined as: [22_TD$DIFF]

h ¼
_mhfg

Qsolar
ð4Þ

Here, _m means net evaporation efficiency (E.R.) (i.e., does not
include evaporation efficiency in a dark environment). In general,
this value is a function value that is positively correlated with
time. During the operation of the PVGD, the evaporation includes
two processes of response state (E.R. values continue to increase
with time) and steady state (E.R. value is in a steady state with
increasing time), And the total energy input in the system and the
transport capacity of water will affect the response time, which is
very important for practical research (such as cloudy weather,
and different sun strengths at different times); hfg refers to gas-
liquid phase change enthalpy; Qsolar indicates the total energy of
sunlight radiated onto the surface of the metal-based absorber.
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After considering the factors of the experiment and the energy
analysis during the evaporation process, it is very convenient for
comparing different research experiments.

3. Different conjugate of the absorber have different optical
adjustment

The localized evaporation achieved by efficient absorption of
sunlight and less heat energy loss has been the goal of solar
desalination (detailed in section 2.2). Below we will introduce the
localized evaporation achieved by adjusting the absorption
material (or combining some other materials) in volumetric solar
heating and interface solar heating respectively.

3.1. Optical adjustment of metal-based PVGD in the bulk water

As shown in Fig. 4a, the volumetric solar heating ofmetal-based
PVGD has a significant improvement in energy utilization
efficiency compared with bottom-solar heating. A liquid-air phase
change localized around the individual nanoparticles (i.e., a
localized evaporation formed around this absorber) can be used
to explain this process. However, this explanation does not match
the experimental results of individual particles. Halas’s group
found that simultaneous absorption and scattering of sunlight by
particles in solution can form a highly localized evaporation.
Localized light absorption and heat transfer, resulting in a
temperature difference of �25 �C at the top and bottom of the
water body, the photothermal conversion is highly limited to
�0.5mm deep water surface [75].

Base on high concentration of metal nanoparticles, with natural
thermal locality, spontaneously inhibits heating of the entirewater
body. The high extinction coefficient of metal leads to a smaller
skin depth, while the high particle concentration of metal
nanoparticles further increases the thermal locality and achieves
a stronger, more concentrated hot spot. Further research, Deng’s
group use mixture (purely light absorptive plasmonic nano-
particles and purely scattering particles) to confine the incident
light at the vicinity of the gas-liquid interface and convert light to
heat. They are no longer limited to the use of the same nanoparticle
as the center of absorption and scattering, and propose the use of
mixed particles (pure absorbing particles and pure scattering
particles) (Fig. 4b). This separation-enabled system allows us
to independently adjust light absorption and light scattering, and
to explore optimal localized evaporation solutions in volumetric
solar heating of metal-based PVGD [76].

The physical properties behind LSPR are enhanced absorption
and scattering. These two processes will result in a highly
enhanced electric field near the nanoparticles (near field) and
produce surface-enhanced spectroscopy. Therefore, we can
[(Fig._4)TD$FIG]

Fig. 4. (a) Effective localized evaporation in volumetric solar heating of metal-
based PVGD by separating the light absorption center and the scattering center. (b)
Effective localized evaporation in interface solar heating of metal-based PVGD by
assembling a porous metal template.
hopefully achieve a high degree of localized heating by rationally
adjusting the absorption and scattering centers for metal-based
nanoparticles.

3.2. Optical adjustment of metal-based PVGD in the air-liquid
interface

As for the localized evaporation for interface solar heating of
metal-based PVGD, gold film seems to have achieved higher
evaporation efficiency (detailed in section 2.2) via floating on the
air-liquid interfacial.

However, further we can assemble gold nanoparticles into
different types of substrate materials by immersion or deposition
methods, such as dust-free paper, wood, porous aluminum sheets,
and the like. The thickness (dimension), porosity, pore size,
mechanical (flexibility and stiffness), surface roughness energy of
these templates (Table 1) have a significant effect on the optical
adjustment of the entire device.

The assembly of the porous substrate seems to have a very high
promoting effect on the interfacial evaporation localized evapora-
tion. Comparedwith 2D template (such as paper) assembly, the 3D
assembly structure not only has advantages in multiple scattering
on the system, but also supports more plasmonic modes. The Zhu’s
group used the porous aluminum anodic template (AAO) to carry
out three-dimensional self-assembly of gold nanoparticles to
prepare a near-perfect absorber with an absorption rate of up to
99% [28]. Through the hybridization of a large number of
plasmonic resonance modes between the particles, the absorber
overcomes the narrow band absorption characteristics of the
single metal nanoparticles and extends the absorption band to
the mid-infrared band. AAO can also assist in building a refractive
index that matches the air, effectively suppressing reflection by
reducing the interface impedance. Thus, effective localized partial
evaporation can overcome the inherent narrow band absorption of
precious metals by twomethods: 1) Trimming and fine-tuning the
shape and size of plasmonic nanoparticles; and 2) Nanoparticles
are combined with other 2D or 3D structural materials. The
nanoporous template also provides impedance matching to
effectively reduce reflection and couple into the optical mode
reduction and coupling to the optical modes. Hu's team used a
wood substrate with a larger aperture to achieve a wider sunlight
absorption boundary [29].

4. Different surface of the absorber have different thermal
adjustment

Thermal energy loss in photothermal conversion systemmainly
has heat conduction, heat convection, heat radiation loss. Here the
thermal adjustment refers to absorber has high absorption rate in
the band 0.25–2.5mmand can have lowemissivity in the band 2.5–
25mm. The ideal metal-based solar harvesting device has high
solar absorption and low thermal radiance.

In viewof the potential of nanoparticles to improve the radiation
propertiesof liquids, the thermodynamic control of nanofluids is not
elaborated here. This section focuses on whether interface solar
heating of metal-based PVGD has a selective surface.

Tabor creating a study of spectrally selective solar collector
absorber surface 1955. The first type constitutes a low emissivity
metal substrate covered by a thin surface layer, such as black
chrome, black nickel, copper oxide, which is opaque in the visible
region but substantially transparent in the infrared region. The
second type consists of a metal system with low emissivity,
exhibiting high absorption in the visible spectrum due to color or
subdivision structure. In the next few years, several mechanisms
have been employed to develop spectrally selective surfaces. In
other words, the ideal spectrally selective absorber has zero



Table 1
Analysis of several typical Au composite porous templates.

Plasmonic
metal

Porous
template

Template features (including thickness, porosity, pore size, mechanical properties,
flexibility or rigidity, etc.)

Composite
method

Absorption rate
(wavelength)

references

Au No Only Au film No 55%–75% (400–
800 nm)

[77]

Au Airlaid paper mechanically stable, roughness, microscale pour �87% (400–
800 nm)

[31]

Au Porous
aluminum

porosity,040%, average pore diameter of�300 nm and a pore-to-pore distance of 450 nm PVD system �99% (400–10mm) [28]

Au Wood microchannels and nanochannels, excellent mechanical properties (vs. brittle AAO
template); superior stability in water and nontoxic;

immersed �99% (200–
2500 nm)

[46]

Au Biomaterial
aerogels

excellent mechanical flexibility, �98% porosity, ultralow density (�20 kg/m3), and
extremely large specific surface area (�75m2/g)

immersed * [32]

Au Cotton low cost, low thermal conductivity immersed * [29]

* Indicates that the parameter is not mentioned in detail in the references.
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reflectivity in the visible region and high reflectivity in the infrared
region [78–81].

4.1. Metal-based PVGD with no-selective absorber surface

As shown in Table 2, a summary of some important parameters
of current metal-based solar harvesting device with non-selective
absorber surface.

The current application of this type of absorber is generally
summarized in the following aspect: (1) Materials diversity, which
can be prepared in combination with a variety of materials,
without a clear preparation sequence requirement; (2) The
diversity of preparation methods, and there is no absolutely strict
requirement for the preparation environment; (3) Different
structures possessed by materials can promote different light
absorption and have extensive research space.

This range of conveniences provides great follow-up for the
applicability of non-selective surface of metal-based absorber
Table 2
The summary of interfacial metal-based solar absorbers with non-selective surface.

Material composition Absorption
(wavelength)

Thickness

Polypyrrole (ppy), stainless steel
(SS) mesh

�99% (200–
900 nm)

Ppy (2.6mm)

Au, Al, O 91% (400–
2500 nm)

Au film (40 nm)

Ag, Ti, O [5_TD$DIFF]*** Ag@TiO2 NPs (2.2� 0.7 nm)
Al, Ti, O 90.32% (solar

spectrum)
TiO2 5 nm

Au, paper >97% (350–
1450 nm)

Au film (200 nm)

Cu2ZnSnS4 92.25% (200–
2500 nm)

CZTS nanosheets (6 nm)

Pd, Au, Ag, wood 99% (200–
2500 nm)

Wood (2 cm)

Graphdiyne, Cu,O 86% (solar
spectrum)

Cu foam(1mm)

Au, paper 89.3% (300–
2500 nm)

[6_TD$DIFF]***

Au, paper 87% (400–800 nm) 20-nm colloidal AuNP
aqueous solution

Fe, O, C �90% (200–
2200 nm)

48.6mm

Au, Al 99 (400 nm –

10mm)
Au film�90 nm

Ni, Graphene 95% (visible
region)

Graphene 400 nm, Ni foams
1.6mm

Al >96% 85-nm-thick aluminium
Au, C 98% (300–

2500 nm)
1mm

Ti,C [7_TD$DIFF]*** PVDF (0.22mm)

*** Indicates that the parameter is not mentioned in detail in the references.
application. As shown in Fig. 5, the non-selective surface tends to
exist in the following twocases: (i)having ahighabsorption rate and
ahigh thermal emissivity; (ii) having a lowabsorption rate and a low
thermal emissivity. Therefore, when the non-selective surface is not
considered to control the thermal emissivity, it can achieve a higher
absorption rate in the solar spectrum. Moreover, when the thermal
emissivity is not considered, thematerial selection canbe combined
with some materials with high thermal emissivity such as
carbonized wood, which has low thermal conductivity and is
beneficial to reduceheat conduction loss,which is the charmofnon-
selective absorption surface of metal-based device.

4.2. Metal-based PVGD with selective absorber surface

However, in pursuit of high solar absorption rate, the loss of
thermal energy is also an indispensable link. Thermal energy is
mainly transmitted in three forms: heat conduction, heat
convection, and heat radiation. Among them, heat radiation loss
Porosity or pore size Main preparation method References

500 mesh electropolymerization [45]

30 nm wet etching, sputtering [87]

[5_TD$DIFF]*** vacuum drawing and filtering [88]
microporous scratch membrane [36]

3.8 g/m2 (density) pipette [89]

sub-micrometer spatial gaps
(0.1–0.6mm)

ball milling and electrophoretic
deposition

[90]

microchannels immersion [46]

1mm solution method [91]

*** plate thermal reduction [92]

[5_TD$DIFF]*** citrate reduction method [31]

[5_TD$DIFF]*** solvothermal method, heating [93]

�40% physical vapor deposition
system

[28]

[5_TD$DIFF]*** plasma-enhanced chemical por
deposition

[42]

300nm physical vapor deposition [27]
[5_TD$DIFF]*** microporous filtration [35]

*** vacuum assisted filtration
method

[94]
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Fig. 5. The schematic diagram of typical metal-based PVGDwith selective absorber
absorption surfaces (left) and non-selective absorber surface (right).
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is an important heat loss path and is relatively difficult to control.
This requires the material to maintain a high absorption (0.2–
2.5mm) while maintaining required low emissivity (2.5–25mm).
This means that the entire device has a large difference in
reflectivity between the two bands. Metal-based photothermal
conversion materials have an overwhelming advantage in pos-
sessing high light absorption while maintaining low thermal
emissivity.

At present, JianHuang [23_TD$DIFF][3_TD$DIFF]et al. prepared C@TiO2film formed on the
Cu substrate for solar steam and achieved good results [82].
Through the combination of experiments and theoretical analysis,
the three components have the following effects. The carbon
material mainly enhances the optical absorption rate of the device
in the ultraviolet visible region, and the copper matrix material
reduces the emissivity in the infrared region. Titanium dioxide has
the function of not only enhance absorbing more energy of
amorphous carbon, but also protecting the composite film during
photothermal conversion process, so that its infrared emissivity is
not degraded.

Selectively absorbing coatings are considered as a common
selective surface for solar harvesting device due to its easy to adjust
optical reflection. This type of equipment is a mixture of metal and
ceramic, including three types of function layer: an anti-reflection
coating (ARC) and an IR reflective base layer (either an intrinsically
IR-reflecting substrate or an IR-reflective coating on a substrate),
cermet-based coatings [83].

The anti-reflection coating (ARC) reduces solar reflection off the
surface; the cermet provides selective absorption; and the IR
reflector (typically Cu, Al, Mo, or other metals with low intrinsic
emissivity) reduces radiation losses. The substrate is usually metal
(to conduct heat well) or glass (for lower cost). Chen’s team has
commercialized a selective absorbing coating through large holes
and assembled some other materials to achieve good desalinated
seawater efficiency under natural light. Moreover, in order to
prevent contamination and damage of the absorber by impurities,
they creatively separate the selective absorber from the water
surface, and by adjusting the heat radiation, superheated steam
can be generated in a non-pressurized state [84].

In view of the high preparation requirements, complexmaterial
system, poor corrosion and so on, there are currently few studies
on selective surfaces, and this aspect requires further exploration.

5. Summary and outlook on metal-based PVGD

This review begins with a description of the basic concepts and
evaluation criteria for metal-based solar harvesting devices,
including plasmonic noble metals, porous metal templates, and
metal composites. Then, the promotion effect of optical adjust-
ment and thermal regulation of metal-based solar absorbers on
solar desalination is highlighted. In the optical adjustment section,
we mainly discuss how to achieve the efficient localized
evaporation in the volumetric heating mode and the interface
heating mode. In the thermal regulation section, it is mainly
discussed that the selective absorption surface can effectively
reduce the thermal radiation loss of the interface desalination
device, and a common selective absorption surface of the spectral
selective absorption coating is highlighted. Finally, we summarize
the challenges and difficulties of metal-based solar desalination
devices as follows:

(1) Metal-based materials are relatively expensive compared to
conventional carbon materials, so we need to reduce the cost of
solar harvesting equipment by reasonable doping. For example,
using some biomass materials for compounding, we have studied
and summarized this in our previous work [2,85,86].

(2) The evaporation efficiency of metal-based devices in
different modes needs to be further improved to enable large-
scale use. This is an important issue in the design of solar
harvesting devices.

(3) Metal-based devices need further exploration for salt
corrosion and biological pollution of seawater. We have success-
fully prepared an Al–AlNxOy solar selective absorber coating that is
significantly more resistant to corrosion than the commercial and
laboratory coatings reported. After a 2000 h neutral salt spray test,
the coating still exhibited a high absorption rate (0.924) and a low
thermal emissivity (0.116) [15,95].

(4) Solar selective absorber coatings need to be more deeply
integrated with the field of solar desalination to prepare selective
absorption surfaces that can specifically serve the desalination of
solarwater. The Chen’s groupused a commercial selective absorber
coating to create complete foam with perforated, low thermal
conductivity foam [84]. This research gave us great inspiration.
Whether a selective absorber coating can be constructed on the
porous material or a selective absorber coating can be deposited
directly on some low thermal conductivity materials. From an
industrial point of view, these studies are more conducive to their
large-scale use.
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