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ABSTRACT: Clean drinking water is increasingly perceived as
one of the most critical global challenges. Direct solar
desalination with a minimal carbon footprint is a promising

technology to alleviate the water challenge. However,

this

technology still faces a series of problems, such as poor salt-

rejection of the absorber and low condensation efliciency

and

water output. Currently, the design and utilization of infrared
light shows unique advantages in solving these problems. With
this background, this Focus Review aims to summarize the state-
of-the-art progress of three infrared-light-based strategies for
direct solar desalination: the use of selective absorbers to obtain higher solar-to-vapor conversion efficiency, the use of
radiative energy to indirectly heat the water to resolve the salt-rejecting problem of the absorber, and use of radiative cooling
to enhance the output of freshwater. Also, unsolved scientific and technical issues associated with the outlook in these
directions are discussed, with the hope of further promoting direct solar desalination for sustainability and global welfare.

ater is an essential element of our human existence.
WAlthough we have abundant water resources on the
earth, the lack of drinking water resources is a
serious issue. About 29% of people in the world do not have
access to safe drinking water, and 6% of deaths in
underdeveloped countries are caused by drinking unsafe
water.' > Additionally, the shortage of drinking water
resources will continue to increase. According to a report by
the United Nations Development Programme 6, by 2050, it is
predicted that this water shortage will worsen, and at least 1 in
4 people will suffer from the water crisis because of increasing
drought and desertification.”
Direct solar desalination, which produces drinking water
directly using solar energy with a minimal carbon footprint, is a

Direct solar desalination, which produ-
ces drinking water directly using solar
energy with a minimal carbon foot-
print, is a promising technology to
alleviate the water crisis.

promising technology to alleviate the water crisis. According to
evaporation theory, liquid water tends to evaporate into the
ambient until the vapor’s partial pressure in air is equal to the
saturation pressure of water at a given temperature. Because
saturation pressure increases exponentially with temperature,
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when the water temperature at the evaporation interface is
increased by solar heating, a significantly higher saturation
pressure will occur.” In other words, more water needs to enter
the ambient to achieve this balance, thus promoting
evaporation. Meanwhile, the absorber temperature increase
will generate corresponding heat conduction, heat convection,
and heat radiation losses. A steady-state energy balance on the
absorber can be described by the following equation:®’

hg = Aaq_ — Aeo(T* = T* ) — AW(T — T,)
— AAdT/dx (1)

where 1 is the mass flow rate of vapor, hfg the latent heat, A the
area of absorber, o the absorption coeflicient, g, the solar
irradiance, & the emissivity of absorber, o the Stefan—
Boltzmann constant, T the temperature of absorber, T, the
temperature of ambient, h the convection coeflicient, and 1 the
thermal conductivity of absorber. However, traditional
volumetric heating methods (blackening the bottom of the
container or dispersing nanoparticles in bulk water to achieve
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Figure 1. Schematics of (a) interfacial solar vapor generation; (b) interfacial solar vapor generation with a permeable selective absorber
(radiation loss is suppressed); (c) interfacial solar vapor generation with a nonpermeable selective absorber (the water vapor does not pass
through the absorber but usually evaporates and condenses under the absorber); (d) contactless solar vapor/steam generation via downward
thermal radiation; (e) daytime radiative condenser; (f) all-day freshwater harvesting through combining solar vapor generation and dew-

harvesting.

heating) is inefficient (~40%).° The concept of interfacial solar
vapor/steam generation was recently proposed to improve heat
localization at the liquid surface to make this technology more
efficient (Figure la). In the past few years, this field has
developed rapidly and has made significant progress toward
maximizing performance and water output.” " For example,
the solar-to-vapor/steam conversion efficiency can reach >90%
under one sun (1000 W/m?) illumination through material
design and photon and heat management. Readers are directed
to the many comprehensive reviews that summarize this aspect
of the research.”*™*° However, poor salt rejection of the
absorber and low condensation efficiency and and water
output, among other practical challenges, still hinder this
technology’s widespread adoption.

In the past decade, significant progress has been achieved by
design and utilization of infrared light, such as (1) use of
permeable (Figure 1b) or nonpermeable (Figure 1c) selective
absorbers to suppress radiation losses for higher solar-to-vapor
conversion efficiency, (2) use of radiative energy to indirectly
heat the water (Figure 1d) to resolve the salt-rejecting problem
of the absorber, and (3) use of radiative cooling (Figure le,f)
to enhance the output of freshwater. These provide new
opportunities to solve the problems mentioned above. Thus,
this Focus Review aims to introduce the working principle,
state-of-the-art progress, challenges, and perspectives of the
above three directions, aiming to further promote the
development of infrared spectrum-based technologies for
solar desalination.

Use of Selective Absorbers to Obtain Higher Solar-
to-Vapor Conversion Efficiency. In the solar—thermal
conversion process, a selective absorber is a means to increase
the working temperature and efliciency, in which the
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performance is determined by solar absorptivity (eq 2) and
thermal emissivity (eq 3) (the ideal selective absorber
absorption curve can be seen in Figure 2a). To date, a variety
of high-performance selective absorbers have been developed
and successfully applied to solar heating, solar power
generation, catalysis, deicing, etc. 'Y

[T da() By g, ()
a =

qSo]ar (2)
[T de@) By Ty)
E =

oT,* 3)

where @ and € are the total (spectrally integrated) solar
absorptivity and thermal emissivity of the solar absorber; a(1)
and &(1) are the spectral absorptivity and emissivity at
wavelength 4, respectively; E;g,,.(4) and E; (4, T,) are the
solar spectral irradiance and blackbody spectral emissive
power, respectively; .. is the total solar irradiance (AM
1.5G, 1 kW m™2); o is the Stefan—Boltzmann constant, and T,
is the temperature of the absorber. Like other solar—thermal
conversion technologies, the solar vapor/steam generation
process is accompanied with radiation heat losses. Figure 2b
shows the radiative heat losses of a blackbody absorber and a
commercial selective absorber with 95% @ and 5% € (assuming
ambient temperature is 25 °C).** For solar vapor generation,
the absorber temperature is typically 35—45 °C under one sun.
In this case, the blackbody absorber will produce approx-
imately 63—133 W/m’ radiative heat loss, corresponding to
the theoretical maximum solar-to-vapor conversion efliciency
of 93.7% and 86.7% under one sun. Also, as the temperature
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Figure 2. Selective absorbers for solar vapor generation. (a) AM 1.5G solar spectrum, 100 °C blackbody radiation spectrum, and the ideal
selective absorber spectrum with a cutoff wavelength at 2.5 ym (left); schematic of the selective absorber (right). Reprinted with permission
from ref 48. Copyright 2020 Wiley-VCH Verlag GmbH & Co. (b) Radiative heat loss and solar—thermal conversion efficiency limit of a
blackbody absorber and a commercial selective absorber (SSA) with 95% @ and 5% € over temperature under one sun. Reprinted with
permission from ref 48. Copyright 2020 Wiley-VCH Verlag GmbH & Co. (c) Schematic of the preparation process of three-dimensional
structured graphene metamaterial. Reprinted with permission from ref 51. Copyright 2020 Nature Publishing Group. (d) Schematic of the
solar vapor generation device with a two-level collector. Reprinted with permission from ref 56. Copyright 2018 Wiley-VCH Verlag GmbH
& Co. (e) Schematic (left) and setup (right) of the solar vapor generation device with a ten-level collector. Reprinted with permission from

ref 57. Copyright 2018 Nature Publishing Group.

Table 1. Summary of Selective Absorber-Based Solar Vapor Generation Contributions

permeability materials and optical properties performance reference
permeable commercially cermet-based selective absorber with 93% @ and 7% € 100 °C steam under one sun 7
permeable C-Au-TiO, 63.7% solar-to-vapor conversion efficiency under one 49
sun
permeable nickel on anodized aluminum oxide (AAO) (with > 80% @ and ~ 20% &) 73% solar-to-vapor conversion efficiency under one S0
sun
permeable graphene metamaterial with > 80% @ and < 5% & >90% solar-to-vapor conversion efficiency under one S1
sun
permeable commercially selective solar absorber (Alanod) with 99% @ 2.42 kg m™ h™! water evaporation rate under one sun S2
permeable Au/AAO (Alanod) (>90% @) 65% solar-to-vapor conversion efficiency under 4 sun 53
nonpermeable  solar vacuum tube (Shanghai Hanyan Industrial Co., Ltd.) with 93% @ and 121 °C steam under 600 W/m? S4
7% €
nonpermeable  TiNO, with 95% @ and 5% & 48% solar-to-vapor conversion efficiency under one SS
sun
nonpermeable  commercial spectrally selective absorber (Bluetec, Germen) with 95% @ and  72% solar-to-vapor conversion efficiency under one 56
5% € sun
nonpermeable  TiNO, with 95% @ and 4% & 3 L/m*h output from seawater in a 10-stage S7
configuration
nonpermeable  selective absorber with >90% @ and <10% € 128 °C steam under one sun S8

increases, the radiative heat loss increases significantly. When
the absorber temperature reaches 100 °C, the blackbody

absorber produces ~650 W/m”* radiative loss, bringing the
maximum efficiency down to 35%. In contrast, a selective
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absorber with @ = 0.95 and € = 0.05 could still theoretically
achieve a conversion efficiency of 91.8% even at 100 °C
temperature, making selective absorbers the better choices for
solar vapor/steam generation. To date, the use of selective
absorbers can be divided into two categories: nonpermeable
and permeable (see Table 1), as elaborated in the following
paragraphs.

This Focus Review aims to summarize
the state-of-the-art progress of three
infrared-light-based strategies for di-
rect solar desalination: the use of
selective absorbers to obtain higher
solar-to-vapor conversion efficiency,
the use of radiative energy to indirectly
heat the water to resolve the salt-
rejection problem of the absorber, and
use of radiative cooling to enhance the
output of freshwater.

Use of Permeable Selective Absorbers. The porous
structure of permeable selective absorber ensures upward
escape channels for vapor/steam. Moreover, it can effectively
suppress the absorber’s radiation heat loss.”*~>* Wang et al.*’
prepared permeable selective absorbers (with >80% @ and
~20% €) by depositing nickel on anodized aluminum oxide
(AAO) by a pulsed electrodeposition (PED) method to
maximize the absorption of sunlight and minimize the radiative
loss of the absorber. As a result, 73% of overall efficiency can
be achieved under one sun. Also, a 10% enhancement in water
evaporation rate is found by using the prepared Ni/AAO
selective absorber compared to a graphite absorber. Lin et al.>'
demonstrated a permeable selective absorber, three-dimen-
sional structured graphene metamaterial (SGM), which
achieves high absorbance (>80%) over broadband wavelengths
from ultraviolet to near-infrared radiation (IR) regime and low
emission rate (<5%) in the IR regime. As shown in Figure 2c,
the preparation process is mainly divided into three steps: (1)
The trench-like structures were fabricated on the copper
substrate using direct laser printing. (2) After patterning, a 40
nm thick graphene oxide (GO) metamaterial film was
deposited by a water-based self-assembly process. The GO
film coating was designed to generate three-dimensional (3D)
GO cavities through the trenches’ sidewalls. (3) The ~30 nm
graphene metamaterial was obtained by photoreduction of
GO-coating. The result showed that >90% solar-to-vapor
conversion efficiency was achieved by using SGM. Permeable
selective absorbers have also been used to increase the vapor
temperature. For example, Ni et al.” used a commercially
cermet-based selective absorber (with 93% @ and 7% ) with
thermal concentration by conducting the absorbed heat into
the evaporation area for solar vapor generation. By combining
transparent insulating bubble wrap to suppress convection loss
and thermally insulating floating foam to suppress conduction
loss, the result showed that 100 °C steam was achieved under
one sun.

Use of Nonpermeable Selective Absorbers. Unlike
permeable absorbers that allow vapor to directly escape to the
environment, nonporous selective absorbers do not provide
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pathways for the vapor to travel upward to the environment.
Therefore, a more complex architecture, where evaporation
and condensation occur within a chamber below the absorber,
is typically adopted.”* > Chang et al.”> used nonpermeable
selective absorbers (commercial TiNO, with 95% @ and 5% €)
to enhance the optical absorption and suppress thermal
radiation. Meanwhile, a layer of quartz glass was placed on the
absorber to suppress conduction and convection losses. As a
result, ~48% solar-to-vapor conversion efficiency was success-
fully achieved under one sun. To increase water production,
multistage structures are also developed to recycle the latent
heat of vapor condensation. Xue et al’® used selective
absorbers with 95% @ and 5% € as solar absorbers and
designed a two-stage solar desalination device to recycle the
water vapor’s latent heat (Figure 2d). The result showed that a
1.02 kg/m*h evaporation rate and 72% solar-to-vapor
conversion efficiency under one sun could be achieved with
a two-level collector device. Chiavazzo et al.’’ also used
commercial selective absorbers (TiNO,, with 95% @ and 4% €)
to increase the solar radiation’s conversion efficiency into heat.
In the device (Figure 2e), each unit stage comprises two
hydrophilic layers separated by a hydrophobic microporous
membrane without extra mechanical support. The result
showed that 3 L/m*h output from seawater in a 10-stage
configuration was achieved under laboratory conditions, twice
the yield of current passive complete distillation systems
(theoretical modeling shows a potential up to 6 L/m?h). In
addition to increasing water production, nonpermeable
selective absorbers are also used to increase vapor temperature.
Zhao et al.’* achieved 128 °C steam using a nonpermeable
selective absorber with >90% @& and <10% € combining optical
concentration with other thermal management technologies.

Use of Radiative Energy to Indirectly Heat the Water
to Resolve the Salt-Rejecting Problem of the Absorber.
As mentioned above, interfacial solar heating can significantly
improve the conversion efficiency of solar-to-vapor/steam. On
the other hand, it also brings a vital salt accumulation issue in
the solar absorber which consequently reduces the evaporative
performance because of the reduced optical absorption,
clogged water supply channel, and/or damaged structure of
the absorber, etc., especially for high-concentration brine.*”*
For example, Xu et al.”' demonstrated that the performance of
a traditional floating solar absorber (carbon black nanoparticles
coating polyacrylonitrile) decreased by ~15% after 16 days of
operation. A device that can address this issue is crucial to the
development of direct solar desalination.

To date, several strategies have been proposed and proven
to be effective in reducing salt accumulation (see Table 2).
These include (1) optimizing the water supply channel to
increase the ion diffusion between the solar absorber and the
bulk water:**~® Kuang et al.”” reported a natural wood with
millimeter-sized drilled channels and micron-sized natural
wood channels, which can quickly exchange the salt with the
bulk solution, enabling the real-time self-cleaning of the
absorber. The result showed 75% solar-to-vapor conversion
efficiency in a highly concentrated salt solution (20 wt %
NaCl) can be achieved under one sun irradiation, as well as
long-term stability (over 100 h of continuous operation).
Zhang et al.%” designed a fluidic structure with three key parts,
which include a water-wicking inlet, a hydrophilic solar
absorber, and a wicking outlet. In this system, salt can be
promptly swept away into the brine discharge by the running
fluid to avoid salt accumulation on the absorber. The result

https://doi.org/10.1021/acsenergylett.1c00869
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Figure 3. Solar vapor/steam generation via downward thermal radiation. (a) Top panel: solar spectrum and thermal blackbody sources at
100 and 200 °C. Bottom panel: photon penetration depth for liquid water. Reprinted with permission from ref 78. Copyright 2018 Nature
Publishing Group. (b) Schematic of a conventional evaporation pond (left) and solar umbrella (a spectrally selective absorber and blackbody
emitter) for contactless water purification. Reprinted with permission from ref 79. Copyright 2020 Nature Publishing Group. (c) Energy
balance for the umbrella and water. Reprinted with permission from ref 79. Copyright 2020 Nature Publishing Group. (d) Working principle
of the contactless solar evaporator with thermal insulation at water surface during solute accumulation. Reprinted with permission from ref

80. Copyright 2021 Wiley-VCH Verlag GmbH & Co.

showed that stable 92% solar-to-vapor conversion efficiency in
a highly concentrated salt solution (10 wt % NaCl) under one
sun in long-cycle continuous desalination tests (100 h and 30
days) can be achieved. (2) Using a hydrophobic solar
absorber:®*™"" Xu et al.®’ reported a water lily-inspired
hierarchical structure with excellent hydrophobic properties
that enables ~80% solar-to-vapor efficiency out of high-salinity
brine (10 wt %) and wastewater containing heavy metal ions
(30 wt %) and shows an average evaporation rate of 1.27 kg
m~ hour™! over 18 days of continuous operation. (3)
Adjusting the hydrophobicity or evaporation site of the solar
absorber to allow the salt to precipitate in a specific
area:>”’>~"> Shi et al.”’ designed a 3D cup-shaped solar
evaporator, which can separate the light-absorbing surface from
the salt precipitation surface to avoid the 3D solar evaporator
affected by the salt crust layer. As a result, it can be operated at
a high salt concentration of 25 wt % without a significant water
evaporation rate decrease of over 120 h. Wu et al.”* designed a
biomimetic triangular pyramid, which can achieve localized salt
crystallization at the apex of the triangular pyramid. This
biomimetic 3D structure showed >96% solar-to-vapor
conversion efficiency under one sun out of high salinity (25
wt % NaCl) and stable evaporation rate to the seawater for 10
days under one sun illumination for 9 h every day. (4) Tuning
the charge of the solar absorber or the size of the water supgly
channel to block ions from entering the absorber, etc.:’®7’
Zeng et al.”’ demonstrated a new liquid-pumping mechanism
using a poly electrolyte hydrogel with high osmotic pressure
for liquid pumping and high ionic strength for salt rejection.
The result showed a ~1.3 L/m*h evaporation rate under one
sun was achieved. Also, no salt precipitation was seen on the
surface of the absorber after 72 h of continuous operation.
However, these will reduce the conversion efliciency or
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increase the need for extra removal processes. Therefore, salt
accumulation is still a challenge for interfacial heating that
needs further investigation.

To further solve the salt-rejecting problem of the solar
absorber, Cooper et al.”® first proposed contactless solar
vapor/steam generation via the absorber’s downward thermal
radiation. This technology avoids direct contact between the
absorber and bulk water and aims to completely solve the
absorber’s salt-rejecting problem. Water evaporation is an
endothermic process. Therefore, a necessary step for solar-
powered water evaporation is delivering the energy from solar
photons to the water. The basis for the implementation of the
noncontact approach is that water molecules have strong
absorption of infrared light. According to the Beer—Lambert

78
law

7(L) = I/I(L)/IA,O = 4)
where 7,(L) is the spectral transmittance (1 — absorptance), I,
the intensity of a beam at a distance L, I),, the incident
intensity at L = 0, and 1/k; the mean penetration depth in
water of a photon of wavelength A. The calculated penetration
depth (Figure 3a) indicates water is a poor absorber at visible
and near-infrared wavelengths (the depth required to absorb
90% of the solar energy is larger than 20 m). On the other
hand, mid-infrared wavelengths are strongly absorbed by water
(most within a 100 ym layer). For example, superimposed in
Figure 3a are the blackbody radiation bands of 100 and 200
°C, which peak at 20 and 4 pm, respectively. When operating
in these wavelength regimes, the absorbed solar heat can be
localized within a very narrow layer at the evaporation surface.
Because of the shifting of solar radiation to mid-infrared and
larger wavelengths combined with localized heating at the
evaporation surface, a higher evaporation rate can be achieved.

https://doi.org/10.1021/acsenergylett.1c00869
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After the concept of contactless solar vapor/steam
generation was put forward by Cooper et al. and showed a
promising application in seawater desalination, Menon et al.”’
gave a detailed analysis and extended this technology to the
field of wastewater treatment. This process can be divided into
three steps: the processes of absorption, emission, and heating;
therefore, the overall system efficiency (#) can be expressed as

n = tithg/q = m X, X, (%)
n = (agq,,, — &0Tw,) (6)
n, = Fe,oTo./ (ocsqsoIar - e0Ts) (7)
n, = tithg,/Fey 0Ty, (8)

where 1 is mass flow rate of vapor, hy, the latent heat, g, the
solar intensity, #, the absorber optical efficiency, #, the emitter
efficiency, #; the evaporation efficiency, a; the solar absorption
of absorber, &, the emissivity of the upper surface of the
absorber, o the Stefan—Boltzmann constant, T, the temper-
ature of absorber, F the radiation view factor, and ¢, the
emissivity of the lower surface of the absorber/emitter. To
obtain a high #; (eq 4), that is to suppress the optical losses to
improve the conversion efficiency of sunlight into heat, the
efficient selective absorber is the ideal choice because it can
simultaneously absorb solar energy (200—2500 nm, high «)
and suppress infrared radiation (>2.5 pm, low &). To obtain a
high 7, (eq S), it is necessary to increase the &, and F. On the
other hand, the heat losses, including conduction and
convection of absorber/absorber+emitter also should be
suppressed to improve the T, Finally, to obtain a high #;
(eq 6), thermal losses, including conduction, convection, and
radiation from the water surface, should be minimized to
maximize the useful energy to promote water evaporation.
Moreover, they reported a photothermal umbrella for waste-
water treatment (as shown in Figure 3b,c), which consists of
three layers: convex layer (bubble wrap), selective absorber
(TiNOX Energy on aluminum with 0.95 of solar absorptance
and 0.04 emittance at thermal wavelengths), and blackbody
emitter (Zynolyte Hi-Temp Paint with 0.94 emittance at
thermal wavelengths; Aervoe). As discussed in the previous
paragraph, choosing a selective absorber can increase 7,. The
selection of the convective layer and the blackbody emitter can
efficiently improve #,. At the same time, benefiting from heat
localization at the water’s surface through the radiative
coupling, the results show that an overall solar—thermal
conversion efficiency of 43% (evaporation rate of 0.62 kg/m*
h, 1, = 91%, n, = 74%, and 7, = 63%) under one sun can be
achieved, which is equal to enhancement in evaporation of
>100% compared with volumetric heating (as shown in Figure
3b). Currently, Bian et al.* further applied a 2D water channel
with thermal insulation to reduce the heat conduction from the
heating water surface to bulk water to increase #; for
wastewater treatment (Figure 3d). The result showed that
the designed evaporator enables a high evaporation rate of 1.94
kg/ m? h under 2.6 sun illumination during a continuous solute
accumulation process for 32 h.

A unique, and only partially explored, advantage of radiative
heating is the ability to control the heat flux through radiative
shielding. Equation 7 shows that the emitter efficiency
increases as the view factor between the water and emitter is
increased. However, this increase in efliciency comes with a
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concomitant decrease in absorber/emitter temperature. In
other words, decreasing the view factor has the effect of
increasing the thermal resistance between the emitter and
water, which causes a larger temperature difference to develop
between the water and emitter for the same heat flow rate. The
view factor can be effectively modified by placing a reflective
shield between the emitter and water surfaces. While
decreasing absorber/emitter temperature is usually desirable
from the perspective of reducing heat losses, there may be
situations where it is desirable for it to increase. For example,
Cooper et al.”® showed that by passing the generated vapor
through the porous absorber, it can be superheated to
temperatures of 122 °C under one sun illumination. By
placing a reflective radiation shield with the small hole between
the emitter and water surface, it was shown that the steam
temperature can be boosted to 133 °C. What is perhaps of
even more interest, and has yet to be explored, is the ability to
actively control the absorber/emitter temperature (and thus
vapor outlet temperature) by changing the size of the hole in
the radiation shield. This could be achieved, for example, by
utilizing an iris diaphragm or similarly adjustable radiation
shield between the emitter and water. Under real outdoor
conditions, the incident solar irradiance is intermittent, causing
fluctuations in absorber/emitter and steam temperature.
Control of the emitter-to-water view factor via the adjustable
shield would allow the temperature to be maintained at a
constant level even during fluctuations in the incident solar
irradiance. This may prove important in a number of different
situations, for example, (1) when a minimum steam outlet
temperature is required, (2) when a minimum structure
temperature is desired to suppress biofouling, and (3) when
fluctuations in temperature would lead to significant thermally
induced shocks and stresses in the structure. The ability to
control temperature through variable shielding seems to be a
unique feature of contactless radiative heating, which could not
easily be replicated in conventional contact (conduction)
heating approaches.

Use of Radiative Cooling to Enhance the Output of
Freshwater. During direct solar desalination, apart from the
evaporation step mentioned above, the other necessary step is
to condense the vapor/steam by dissipating the heat of
condensation into the surrounding environment, mainly by
convection and conduction. Benefitting from the interfacial
solar heating, the evaporation efficiency of recent devices has
been greatly improved, resulting in evaporation efficiencies
approaching the theoretical limit assuming all the absorbed
solar energy can be utilized for evaporation. However, the
condensation efficiency from convection and conduction
usually is much lower than the evaporation efficiency, with
the final water output ultimately limited by the condensation
step.”’ ™ For example, the evaporation rate of interface
heating usually may reach 1.4 kg/m*h under one sun, but the
final freshwater output is only about 2—4 L/day.’* Using
radiative dew condensation without energy input is a
promising strategy to enhance condensation efficiency.
However, traditional radiative dew condensers are incompat-
ible with direct solar desalination devices because they achieve
subambient cooling only at night because absorbed solar
energy during the day would otherwise overwhelm the
radiative cooling power.***> Recently, Raman et al.*°
demonstrated daytime radiative cooling by integrating a
high-efliciency solar reflector to reflect solar energy with a
high mid-IR emissivity emitter to radiate the energy (8—13

https://doi.org/10.1021/acsenergylett.1c00869
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Table 3. Summary of Contributions Related to Radiative Cooling for Enhancing the Output of Freshwater
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Figure 4. Radiative cooling for solar vapor generation. (a) Emissivity properties (left) and calculated condensation power (right) of a
blackbody (black), the subambient radiative emitter (blue), and radiative condenser (red). Reprinted with permission from ref 97.
Copyright 2021 National Academy of Sciences. (b) Schematic illustrating of work principle of all-day freshwater harvesting through combing
solar vapor generation and dew-harvesting. Reprinted with permission from ref 99. Copyright 2020 American Chemical Society. (c) Mass
flux of dew-harvesting at different boundary conditions. Reprinted with permission from ref 100. Copyright 2020 Taylor & Francis.

um) to deep space through the atmospheric window. To date, dew condensation and direct solar desalination devices and
a series of efficient daytime radiative cooling materials with analyzed the influence of different spectra (blackbody,
good performance (usually between 60 and 150 W/m?) have subambient radiative emitter, and radiative condenser, as

been developed.®” " Compared with traditional radiative dew shown in Figure 4a left) on condensation performance. The

condensers that function during the nighttime, daytime

condensation power density can be expressed as
radiative cooling technology provides a new opportunity to

integrate daytime radiative dew condensation and direct solar *©
desalination devices (see Table 3). Deond = f d€cos 0 /0‘ dATgp(Toongs ) = Lum(Teonar 4)
Recently, Zhou et al.”” carried out theoretical and
experimental research on the integration of daytime radiative = Iyvrs(Déeona(4, 6) )
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where £.,4 (4, 0) is the angle-dependent emissivity of the
condenser, Iy (T, A) the spectral intensity of a blackbody at
temperature T, I5y s the standard solar spectral intensity, and
Lim(Tompy 4) the spectral intensity of the atmosphere at
ambient temperature (assume T, = 20 °C). After calculation
by eq 9, as shown in Figure 4a right, it can be seen that the
condensation power density of radiative condensers (red line)
is more than two times as large as subambient radiative
emitters (blue line) at most vapor temperatures because the
subambient radiative cooler can only reject heat to outer space,
while the above-ambient radiative condenser can also reject
heat to the atmosphere because of the condensers’ elevated
temperature. When the condensation temperature is 50 °C
(which usually can be achieved under one sun), the radiative
condensers’ condensation power contributed by radiation can
reach ~300 W. For direct solar desalination systems, the vapor
temperature is usually higher than the ambient temperature.
Therefore, compared with the subambient radiative emitter,
the radiative condenser is more suitable for direct solar
desalination systems.”® In addition to the above theoretical
analysis, Zhou et al.”’ also designed a PDMS/Ag material
system with 96% solar reflectance (0.3—4 pm) and efficient
mid-infrared emissivity (>4 pm). The outdoor test results
showed that the daytime radiative condenser’s water output is
more than two times higher than that of the traditional
commercial condenser.

In addition to enhancing condensation for direct solar
desalination, the radiative cooling technology can also be
combined with direct solar desalination for all-day freshwater
harvesting. Specifically, the device can absorb solar energy to
evaporate water for desalination in the daytime and passively
cool down itself through radiative cooling to collect dew water
at night. Xu et al.”” demonstrated a dual-mode film
(multiwalled carbon nanotube network bound by polydime-
thylsiloxane on the polycarbonate substrate) with ~95% solar
absorption and ~90% emittance in the wavelength range of 8—
13 pm, which enables all-day freshwater generation (Figure
4b). By applying the dual-mode film within a three-stage
membrane distillation system, the testing result shows that
71.1% drinkable freshwater collection efficiency in the daytime
and 0.1 L/m? day of dew water collection rate in the night can
be achieved.

To explore the boundary conditions of dew-harvesting,
Dong et al.'” developed a theoretical model to explore the
influence of various boundary conditions, including different
emitters (blackbody and selective emitter), ambient temper-
ature, relative humidity, and convection coeflicient on mass
flux, which can be solved by the following equations:

Qlatent = Qcondenser(’llondenser) - Qatm(’l—;mbiem’ RH)

- (h + hparasitic) (’I;mbient - (10)

T::ondenser)

ah
Qlatent = <Le) ;[RH X PHZO(Tambient) - PH,_O(’Iéondenser)]
(11)
(12)

where Qyene is the latent heat released by the condensation
process; Q ondenser the thermal radiation of condenser; Q,, the
thermal radiation absorbed from the atmosphere; T, qenser the
temperature of the condenser; T, ... the temperature of

ambient; RH the relative humidity; 5, all the parasitic heat

m = Qlatent/ A
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transfer between the condenser and the ambient except for h,
the convection that carries water vapor to the condenser; Le
the Lewis number; n values for different scenarios; y the
psychrometer constant; Pyo the saturation vapor pressure; m

the mass flux; and A the latent heat per unit mass. Solved using
the above equation, Figure 4c clearly shows the result of mass
flux under various boundary conditions. The performance of
the selective emitter is better than that of the blackbody,
particularly for high T, i, and low RH. For example, at
T ymbient = 20 °C with RH = 40%, the selective emitter achieves
13 g/m* hr of mass flux, and the blackbody fails in harvesting
water under this condition. These theoretical analyses provide
a clear guideline for the next material and device design.

Designing materials and structures
results in a significant increase in the
three-level conversion efficiency.
Nevertheless, there is still a long way to
go for real applications in terms of
performance, cost, and durability, es-
pecially for selective emitters.

With the development of the design and utilization of
infrared light, profound progress has been made in direct solar
desalination. This Focus Review systematically summarizes the
background, the state-of-art progress, challenges, and oppor-
tunities of direct solar desalination by use of selective absorbers
to obtain higher solar-to-vapor conversion efficiency, use of
radiative energy to indirectly heat the water to resolve the salt-
rejecting problem of the absorber, and use of radiative cooling
to enhance the output of freshwater. Below, the authors share a
few perspectives looking to the future:

Use of Selective Absorbers to Obtain Higher Solar-to-
Vapor Conversion Efficiency. Although higher solar-to-vapor
conversion efficiency has been achieved by lowering the vapor
temperature,”””>'?" here we focus on the production of high-
temperature vapor/steam to enhance condensation, steriliza-
tion, and other applications. To achieve higher solar-to-vapor/
steam conversion efficiency, higher-performance selective
absorbers are highly desirable, especially for permeable
selective absorbers. Interestingly, achieving selectivity with a
porous structure can be inherently more difficult than with a
planar structure. Pores act like light-trapping cavities that
effectively increase the (apparent) emissivity. The apparent
emissivity of a cavity can be approximated as &,ppyrene & €/ [e +
f(1 — €)], where ¢ is the emissivity of the pore wall material
and f = Agpening/ Awan is the ratio of the pore opening area to the
pore wall area. Because the value of f will be less than 1 for a
pore, the result is that &,,,,.nc > €. The overall result, which
also holds for the effective absorptivity of the pore, is
commonly known as the cavity effect. The above analysis is
approximate because it does not assume the shape of the pore
and further assumes diffusely reflecting pore walls and uniform
irradiance inside the pore. Exact results for cavities of different
geometries (cylindrical, conical, and spherical) are presented in

ref 102. A simpler approximation €, & /€, which holds
103,104

pparent
near the opening of the pore, was presented by Buckley
and is useful as a rough estimate of the cavity effect. A surface
with @ = 0.95 and € = 0.05 achieves a selectivity of 19. Forming

a pore out of this material yields &, ;o & +0.95 = 0.97 and
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Epparent & V0.05 = 0.22, and the selectivity thus drops to 4.4.

It is noteworthy that despite these inherent limitations,
selectivity has been successfully implemented for various
porous absorbers. It should be noted that the above analysis
strictly holds only when the pore size is large compared to the
wavelength, such that a geometrical optics treatment of the
pore can be applied. For pores with dimensions on the order of
the wavelength of light, a wave optics analysis should be
applied. There may be interesting opportunities to augment
the selectivity in a porous material with pore dimensions near
the wavelength, if the cavity effect can be promoted for solar
wavelengths and suppressed for infrared wavelengths.

Moreover, for permeable selective absorbers, the influence of
water and vapor/steam on the absorber’s thermal radiation still
needs to be further explored. For example, when the material is
hydrophilic, a large amount of water will appear on the
absorber’s surface. In this case, even if the material itself has a
small emissivity, it may be challenging to achieve suppression
of heat radiation because water is an excellent mid-infrared
emitter. How to suppress the heat radiation generated by water
from the perspective of material design requires further
consideration. Also, compared with other desalination
technologies such as reverse osmosis, portability is a crucial
feature of direct solar desalination devices. The foldability of
the absorber is essential to realize a portable device. However,
to date, foldable selective absorbers are rarely reported.

Use of Radiative Energy to Indirectly Heat the Water to
Resolve the Salt-Rejecting Problem of the Absorber.
Through the analysis of the Focus Review, it can be seen
that many salt-resistant technologies have been developed and
achieved good results. As the only noncontact technology, it
has significant advantages in durability and cycling. Meanwhile,
it has to be mentioned that the current major limitation of this
technology is its low efficiency. However, we think that there is
still room for significant increase in the three-level conversion
efficiency through the design of materials and structures
(guidelines to increase the three-level efficiency (,, 7, and 73)
can be found in eqs 6—8). Also, for radiative indirect heating,
the absorber is often located above the bulk water, which
mainly inhibits the escape of vapor/steam. Achieving effective
escape of vapor/steam without losing the absorber’s perform-
ance would also bring exciting opportunities.

Use of Radiative Cooling to Enhance the Output of
Freshwater. The use of radiative cooling to increase water
production is a very promising technology because it does not
require additional energy input. For now, theories and models
with different boundary conditions have made significant
progress for the use of radiative cooling to increase water
production. Nevertheless, for the design of materials and
devices to be utilized for real applications, there is still a long
way to go in terms of performance, cost, and durability,
especially for selective emitters. Also, we can imagine that the
ideal situation is to use radiative cooling to enhance
condensation during the daytime and achieve dew-harvesting
at night. Nevertheless, these are still in the early stages of
research.

In sum, although some notable results have been achieved,
there are still many areas in this field that require further
research. We believe that, with more effort from researchers
with a variety of backgrounds, more fundamental research and
application breakthroughs are expected in the next few years.
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