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ABSTRACT: Solar−thermal water evaporation (SWE) has received much
interest in recent years due to a few seminal works on materials innovation
and thermal management. With many studies proposing applications like
water desalination and sanitization, SWE has become attractive as it can
use renewable energy to potentially address pressing water−energy nexus
challenges. In this Review, we follow the most researched aspects of SWE
indicated by the analytics from text mining the abstracts of papers in this
field. We review recent research activities in each aspect and discuss how
these studies help improve the overall efficiency of the SWE processes
and/or advance their applications, besides pointing out critical deficiencies
in the research. We also highlight some interesting findings and inventions
emerging from this field. On the basis of the review, we present our
perspectives from the scientific and engineering points of view in the hope
of providing insights to shape the research direction of the field, promote its further advancement, and eventually help realize
the promised applications.

Solar−thermal water evaporation (SWE), as an essential
part of the natural water cycle, has also been utilized for
different applications, such as water boiling in

concentrated solar towers for electricity generation,1 water
stills,2−5 and superheated vapor generation for sanitization.6 In
recent years, thanks to two seminal works from the Halas
group7 and the Chen group,8 SWE with no or low optical
concentration has attracted revitalized attention because it
displayed interesting fundamental physics and has attractive
potential applications (e.g., distillation desalination), which fit
well into the discussion of the water−energy nexus at the
global scale.9−12 Starting from the initial demonstration of
evaporation from a plasmonic nanoparticle (NP)−water
suspension upon sunshine, a fundamental mechanism of such
a phenomenon has been gradually unfolded, which changed
the physical picture from the originally thought explosive
evaporation (boiling)7 to equilibrium evaporation.13,14 A few
years later, demonstration of SWE from Chen’s group using
light-absorbing carbon black and a thermal insulation design,8

which showcased a high solar-to-vapor efficiency of 85%,
excited extensive follow-up research in the materials and
thermal engineering communities to invent new materials and
design better thermal management schemes with the over-
arching goal of maximizing efficiency and enable applications
like water desalination,15 water sterilization,6 wastewater
treatment,16 catalysis,17 and energy generation.18−20

Like any other solar−thermal applications, SWE requires
solar-absorbing materials to receive solar irradiation and
convert it into heat. This heat is then transferred to water to

increase its temperature. Governed by thermodynamics, liquid
water will always try to evaporate to saturate ambient air until
the partial pressure of vapor in moist air is equal to the
saturation pressure of water at a given temperature. Increasing
the water temperature by solar heating will lead to higher
saturation pressure, which will require an increase of water
content (partial pressure) in air and thus promote evaporation.
Because such evaporation is different from the much more
explosive nucleate boiling, it is usually called equilibrium
evaporation. Studies in this field mostly use low solar
concentrations (<10 kW/m2, i.e., 10 suns), and the resultant
heat flux is not sufficiently large to enable nucleate boiling. A
common metric for characterizing the SWE performance is the
overall solar-to-vapor conversion efficiency, ηs−v, which can be
written as
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Plasmonic nanoparticles can have
strong light absorption around local-
ized surface plasmon resonance peaks,
which however lacks broad-band
matching with the solar spectrum.
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where ṁ is the rate of mass evaporated per unit area from the
solar absorber, hLV is the total enthalpy of evaporation
including sensible heat and liquid-to-vapor latent heat, Copt is
the optical concentration usually described by the number of
suns, and qi is the nominal direct solar irradiation, which is
usually set to 1 kW/m2 according to the AM 1.5G spectrum.21

There are two major losses in the SWE process, from the solar-
to-thermal conversion (ηs−t) and the thermal-to-vapor (ηt−v)
conversion. The former highly depends on the light absorption
efficiency of the solar absorber and the latter on the overall
thermal management.
To help formulate this Review so that our discussed topics

are relevant to the aspects of most interest to the research
community, we first use text mining to analyze the abstracts of
more than 100 journal papers published in the SWE field.
Figure 1a shows the top 50 mostly repeated words in these

abstracts, with the font sizes corresponding to their repetition
rates. The repetition rates of selected keywords are also shown
in Figure 1b. As can be seen, except those words directly from
the name of the field (e.g., “solar”, “thermal”, “water”,
“evaporation”, “steam”, and “generation”), the text mining
results show that this field intensively focuses on “material(s)”,
with the popular ones being “plasmonic” “nanoparticle(s)”,
“carbon”, “graphene”, “paper”, and “wood” to reach efficient

“light” “absorption”. Besides materials, “structure(s)”, “sys-
tem(s)”, and “device(s)” are also studied extensively to either
improve “efficiency” or enable different “applications”, with
“desalination” being the most investigated one. Because
applications are the end goals of many studies, it is natural
that “scalability” and “cost” are of concern to the researchers,
but they seem to care much more about “high” “efficiency” as
these are two of the most mentioned words.
Guided by the above analytics, we focus our discussion on

materials engineering, system/structure/device design, and
applications in the SWE field (Figure 2). After studying the

literature, we found that materials innovation are mostly
related to improving the solar absorption to increase the solar-
to-thermal conversion efficiency (ηs−t), although some are
related to better water transport and thermal insulation. The
system/structure/device design aspect in this field, however,
mainly concerns improving the thermal-to-vapor conversion
efficiency (ηt−v) by enabling better thermal management.
Interesting yet simple applications, mostly related to water
treatment of different kinds (e.g., desalination, sanitization,
wastewater treatment) are the reasons why researchers with
different backgrounds are drawn to this field. We also highlight
some notable observations and innovative applications, which
warrant continued research in our opinion. Finally, we present
our outlook of the SWE field in the hope of providing useful
suggestions to shape its future research directions and promote
its further advancement. We would also like to refer readers to
a few other Reviews on this field,20,22−27 although their
emphases or opinions might be different. Most of these
Reviews appeared when we were preparing our own. The
structure of this article is as follows: Materials Research for
Solar Absorption; Thermal Management; Applications; Nota-
ble Innovations That May Promote Practical Applications of
SWE; and Outlook.
Materials Research for Solar Absorption. Engineering

solar-absorbing materials has been one of the most popular foci
of the SWE field, with nanomaterials and low-cost materials
being the two major themes. Depending on how the solar
absorbers are placed with respect to water, they can be mainly
categorized into two types, namely, dispersed absorbers
(Figure 3a) and surface absorbers (Figure 3b). The former,
mainly NPs, were initially studied as motivated by the

Figure 1. (a) Analytics of abstract text of papers in the SWE field
from text mining. The abstracts of collected journal papers in the
SWE field are turned into a corpus consisting of domain words
relevant to SWE. The repetition frequency of each word appearing
in the corpus is calculated, as illustrated by their corresponding
font sizes in the word cloud. In the figure, the top 50 words ranked
by their repetition frequencies are plotted. (b) Repetition rates of
keywords that indicate the emphases of the SWE field, which are
underlined in panel (a). Note: The abstracts analyzed were from
the papers cited in this article.

Figure 2. Schematic summary of the aspects covered in this article.
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interesting plasmonic light−NP interaction physics, while the
latter were dominantly explored in order to achieve higher
overall solar-to-vapor efficiency and potentially low-cost
applications. The same kind of materials can be used in either
of these two types of configurations, and their combinations
have also been explored (Figure 3c). In this section, we review
the materials research for both types of solar-absorbing
strategies and the rationale behind these research activities,
which is mainly to improve the optical absorption efficiency so
as to enhance the solar-to-thermal conversion efficiency (ηs−t).

Optically Resistive NPs as Suspended Solar Absorbers.
Optically resistive NPs have been explored for SWE as
suspended solar absorbers. The most studied materials for such
purposes are plasmonic NPs and carbon-based compounds,
both of which have been picked up by the text mining analysis
as high-repetition keywords (Figure 1).
Metallic NPs. Many metallic NPs can convert solar light into

heat with a finite optical extinction constant. When the NPs
are uniformly dispersed in water (sometimes referred to as
“nanofluids”) and subjected to sunshine, they can heat up the
volume of water and thus promote evaporation. Representative
works in this category can be found in refs 7, 14, and 28−35.
Some noble metallic NPs (e.g., Au, Ag) can efficiently interact
with light at certain wavelengths primarily due to the free
electron oscillation and severe optical damping, i.e., localized
surface plasmon resonance (LSPR) at the NP−water

interfaces. The LSPR strongly concentrates the electro-
magnetic field at the interfaces, leading to significant optical
Joule heating in the NP. The size, shape, and composition of
NPs can influence their optical extinction spectra, thus
impacting the solar-to-thermal conversion efficiency (ηs−t).
The simplest case would be spherical NPs. Neuman et al.7

demonstrated the use of a spherical plasmonic NP suspension
for SWE application, where they used a Fresnel lens to reach a
solar concentration of 1000 suns and reported an overall solar-
to-vapor efficiency of 24%. They believed that nucleate boiling
was achieved but later realized it was equilibrium evaporation
due to the fact that the solar concentration used in their
experiments was significantly lower than the nanobubble
generation threshold,13 which should be in excess of 106

suns.14

However, metallic NPs usually have very sharp and narrow
LSPR peaks, making them capable of utilizing only a small
portion of the solar spectrum (Figure 4). For example,
spherical Au NPs with diameters in the range of 9−100 nm
have peaks in the 500−600 nm wavelength range with a full
width at half-maximum (fwhm) < 200 nm.36 Many attempts
have been made to widen the extinction spectra of LSPR-
supporting NPs, and interesting physics have been explored.
The simplest route was to combine NPs of different sizes to
use their varying LSPR peaks to broaden the overall suspension
absorption spectrum, as practiced by the Halas group.37,38

Engineering new NP structures is another route. For example,
hollow Ag−Au alloy NPs were found to increase the fwhm of
the optical extinction to 1000−1200 nm with a peak between
900 and 1300 nm (Figure 4).29 Such hollow NPs not only
covered a larger portion of the solar spectrum but also
possessed higher absorption quality factors than scattering,
thus increasing the solar-to-thermal conversion efficiency. The
novel optical properties came from the unique hollow
structures with random holes in the shell, which acted as
irregular scattering centers to reduce coherent electron
oscillations and promote Ohmic losses. A solar-to-vapor
efficiency of 30% under 1 sun was reported at a NP
concentration of 2.0 × 109 particle/mL, which was 40%
higher than that of the spherical Au NP suspension with the
same concentration. The authors also mentioned that the
efficiency enhancement was also possibly due to the special
geometry of the hollow NPs, which might have led to
nanobubble nucleation in its interior. However, nanobubble
nucleation requires a 106 solar concentration even for a NP
excited by a monochromatic source at the LSPR peak.14 It is
also not clear why bubbles prefer to nucleate inside of the NP,
which would lead to higher curvature and thus larger Laplace
pressure that would actually impede nanobubble forma-
tion.39,40 Another question is how the nanobubble inside of
the hollow NP can rise to the surface and eventually release the
vapor to the ambient. Bubbles with nanometer sizes should
experience very small buoyancy, and coalescence into larger
microsized bubbles is necessary to achieve efficient bubble
ascending to the surface. All of these fundamental questions
surrounding this nanoscale multiphase thermofluid phenom-
enon are yet to be answered and warrant further research.
In another study, polyhedron-shaped Ag NPs were shown to

enable great tunability in bandwidth and peak position of the
LSPR.30 Polyhedron Ag NPs with a size of ∼80 nm could have
absorbance spectra covering broad wavelengths of 350−1000
nm (Figure 4), which was attributed to the electric dipole and
higher-order LSPR. With a concentration of 1.0 × 1013

Figure 3. Different types of solar absorbers studied in the SWE
field, including (a) suspended solar-absorbing NPs in water, which
interact with solar light to generate heat and transfer it directly to
the volume of water, (b) solar-absorbing materials floating on top
of water, which usually wick water to the surface and heat up
mostly the surface water, and (c) a strategy to enable plasmonic
NPs also to be floating surface solar absorbers by embedding NPs
into a porous floater. (d) Schematic of the SWE using a floating
solar absorber and how such structures help localize heat in the
absorber region.

Low solar concentration cannot pro-
vide high enough heat flux to trigger
nucleate boiling, and thus, most solar−
thermal steam generation is due to
enhanced equilibrium evaporation at
elevated water temperatures.
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particle/mL, the suspension of such NPs showed a solar-to-
vapor efficiency of 82% at 1 sun. Due to the hybridization of
LSPR of the Ag core and the TiO2 shell,41 Ag−TiO2 core−
shell NPs displayed improved optical absorbance spectra,
achieving a fwhm of 350 nm at a LSPR peak of 430 nm (Figure
4).31 However, the SWE performance of a suspension
containing such NPs was inferior, achieving a solar-to-vapor
efficiency of only 52% under 5 suns even at a high NP
concentration of ∼1.9 × 1015 particle/mL. Besides noble
metallic NPs, TiN NPs can also possess broad LSPR
characteristics.32 TiN has a complex dielectric constant,
making it well-suited to achieve high absorption quality factors
when it is made into NPs with a diameter of ∼100 nm. The
optical absorbance spectrum of the TiN NPs showed a fwhm
of ∼900 nm with a LSPR peak at 700 nm (Figure 4), which
performed better than solid spherical Au NPs or carbon black
NPs.32 Its suspension showed a higher water-heating rate than
the carbon black NP suspension with similar size and
concentration.

Besides optical properties, NP suspensions also have
different heat transfer patterns compared to surface solar
absorbers. Given the large interface-to-volume ratio of the
dispersed NPs in water, heat converted in NPs can rapidly
transfer to water. The heating process depends on the solar
intensity, optical extinction quality of individual NPs, their
concentration, heat transfer across the NP−water interface,
etc.42 However, given the small thermal mass and relatively low
concentrations of the NPs (109−1015 particle/mL), the local
temperature due to non- or weakly concentrated solar
irradiation is not high enough to result in bubble nucleation
at the NP−water interface,14,43 let alone that bubble nucleation
around NPs has a higher threshold due to factors like Laplace
pressure, interfacial heat transfer efficiency, and viscous
dissipation effects.39,40,44,45 It was analyzed that the local
temperature around the NP needed to be above the spinodal
temperature of water (∼550 K) in order to form nano-
bubbles.46 Such a high temperature, however, cannot be

reached by solar light with low optical concentrations.
Nanobubble formation around NPs, mostly by coherent
lasers,13,46−48 is a very active research area in thermo-
fluids,39,40,44,45,47,49,50 and much still needs to be done to
fully understand the physics. As such, a NP suspension under
sunshine would heat water, and it was the elevated temperature
that led to the observed enhanced evaporation at the water−air
interface.13,14

Carbon-Based NPs. Carbon-based NPs are excellent solar
absorbers for SWE applications51 due to their high light
absorption efficiency in the visible and near-infrared range
(400−700 nm, Figure 4). They can also be much cheaper than
their metallic counterparts. Ni et al.14 studied carbon-based
NPs suspended in water, including graphitized carbon black,
carbon black, and graphene NPs. They found that in the steady
state all three NPs with the same 0.23 vol % could reach a
similar evaporation efficiency of ∼69% at 10 suns. However,
the transient efficiencies were different, with the graphitized
carbon black showing the highest evaporation efficiency and
reaching the steady state the fastest. They concluded that the
better transient performance of the graphitized carbon black
was due to the smallest optical skin depth (∼1.8 × 10−6 m), a
result of better dispersion due to the higher zeta potential
(∼−40 mV). The smaller optical skin depth of the suspension
localized the absorbed light and thus optical heating to a
shallower region of water from the surface, and it also reduced
natural convection of water. Both of these factors resulted in
less water volume being heated, and thus, the temperature of
water near the surface ramped up more quickly. These led to
more efficient water evaporation in the transient state.
However, in the steady state, the temperature of water is
determined by the heat input (solar energy × ηs−v, where ηs−v
is similar for the three tested carbon materials) and the heat
loss to the environment (which determines the steady-state
ηt−v). Because thermal insulation wraps were used for all three
experiments, ηt−v should be similar, and thus, ηs−v = ηt−vηs−t
turned out to be the same for all three materials. This is also
easy to understand from the energy balance viewpoint: when
the input heat is the same and the heat loss is the same, the
neat energy added to the system (water) is balanced by the
same amount of evaporation enthalpy taken away by the
generated water vapor. In another study, Wang et al.33

investigated SWE using carbon nanotubes (CNTs) dispersed
in water, and the solar-to-vapor efficiency was expectedly found
to increase with higher CNT concentration. This is apparently
dominated by the change in ηs−t.

Figure 4. Optical absorptive bandwidth of representative NPs for SWE. For comparison, the normalized solar spectrum is also illustrated.
Au:36; SiO2−Au core−shell:7; Ag−Au hollow:29; Ag polyhedron:30; Ag−TiO2:

31; TiN:32; carbon:32. Note: the cutoff wavelengths of different
NPs are due to the source data limitation.

Because water evaporation rates in
SWE devices are very low, water trans-
port through floating solar absorption
structures is not a bottleneck and does
not need to be a primary design
constraint.
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Carbon-based NPs were also mixed with other kinds of NPs
to achieve additional functionalities in SWE applications.
Reduced graphene oxide was used to decorate ferrimagnetic
Fe3O4 NPs so that the composite magnetic NPs could be easily
collected from water after solar evaporation for desalination
purposes.34 It was reported that an external magnetic field
could successfully separate the NPs from the supersaturated
brine. Another effort combined the graphene oxide nanosheets
with homogeneous Au NPs,35 but such a composite achieved a
mere ∼59% overall SWE efficiency at 16 suns, although it was
22% higher than that of the pure graphene oxide suspension.
The authors mentioned that the Au NP could potentially
reduce graphene oxide into graphene,35 but the mechanism
was not clear. It was indeed reported that the optical
absorbance of reduced graphene oxide was better than that
of graphene oxide,52 and this might be the reason for the
observed increase in SWE efficiency from the graphene oxide/
Au NP composites.
Surface Solar Absorbers. In recent years, solar absorbers that

float on the water surface have become more popular especially
considering their better compatibility with thermal insulation
designs and thus higher SWE efficiencies (Figure 3d). Such
absorbers are usually structured to have density lower than that
of water; therefore, they float. For such absorbers, they are
usually soaked with a thin water layer, and as the materials
receive sunlight, they heat up the soaking water and evaporate
it at the water−air interface. Sometimes, the solar absorbers
themselves are floaters, but in other cases, they are placed on
top of a floater. The separate floater can bring in an additional
benefit of thermal insulation because such materials are usually
porous and have low thermal conductivity. Because the heat is
largely localized in the solar absorber region (Figure 3d), the
bulk water beneath the floater is not significantly heated up.
This can reduce heat loss to the environment because the
temperature difference between the bulk water and the
ambient air, which are in contact with large surface areas, is
smaller. Of course, an additional thermal insulation layer can
be added to the surface of the container to further minimize
heat loss.8 Actually, the active solar-absorbing materials are not
that different from those used in the suspended absorber
scheme discussed in the last section.

Metallic NPs. Metallic NP-based solar absorber materials
have been used in floating absorbers, where the light-absorbing
NPs are loaded into porous scaffolds.53−59 The scaffolds can
wick water to make contact with the solar -heated NPs (e.g.,
see Figure 3c). Instead of heating the bulk volume of water in
the suspension case, water is primarily heated around the
absorber-loaded region if the downward heat conduction to
the bulk water is minimized. Because less water is being heated,
the heated water can reach higher temperatures faster
compared to the suspended absorber case, and thus,
evaporation is usually more rapid. Also, because the bulk
water is maintained at a lower temperature, its temperature
difference with the ambient is smaller, and thus, less heat loss

to the environment is expected. However, this heat loss can be
managed by thermal insulation around the container using low
thermal conductivity materials like aerogel.60−62 Additionally,
compared to NP suspensions, NPs loaded into scaffolds can
also avoid aggregation or loss of NPs during operation.
As in suspensions, plasmonic NPs in the scaffold can have

strong optical absorption in a certain region of the solar
spectrum due to the LSPR. Common NP materials for such
absorbers include Au,53,63 Ag,64 Al,65 Pt,66 In,67 and some
metal oxides.68,69 Loading metallic NPs into the scaffold has
been exemplified by a number of studies from Zhu’s
group.54,56,64 Chen et al.56 deposited Au NPs on the surface
of a nanofiber scaffold, and the solar-to-vapor conversion
efficiency was as high as 83%. Zhou et al.53 demonstrated that
the optical absorption of Al NPs expanded to the wavelength
of 2500 nm from 400 nm when the NPs were self-assembled in
a highly porous anodic aluminum oxide (AAO) membrane. It
was claimed that the tightly packed Al NPs inside of the
membrane and their natural oxide shells coherently hybridized
the LSPR modes to induce a red shift of the peaks and widen
the fwhm. The porous AAO membrane also played an
important role in enhancing light absorption by internally
trapping light and reducing reflection losses. It led to an optical
absorption of 96% in the solar spectrum and a solar-to-vapor
efficiency up to 91% at 6 suns. This structure was shown to be
capable of desalinating saline water to meet drinking standards.
Zhou et al.54 also showed that Au NPs could improve the
optical absorptions when loaded into AAO membranes. Similar
to the Al NP/AAO structure, the self-assembled and closely
packed Au NPs in the porous channel of the AAO template
were the main reason for the broad optical absorption across
the photon wavelength of 400 nm−10 μm. This Au NP/AAO
structure showed a solar-to-vapor efficiency of ∼90% at 6 suns.
In another study from Zhu’s group,64 Ag NPs were loaded to a
porous template to form a structure functioning as both a
pollutant detector and a steam generator with a solar-to-vapor
efficiency of 80% under 4 suns. Liu et al.70 loaded spherical-
and nanorod-shaped Au NPs on a porous paper filter by
casting a NP−water suspension. On the surface of the paper,
the two kinds of Au NPs stuck together, and the contact points
provided optical hot spots due to the coupled LSPR modes,
which were not sensitive to the wavelength of the incident
photon. It enabled 95% optical absorption over the broad
wavelength range of 400−1400 nm. The Au NPs-deposited
paper filter generated steam with an overall efficiency of 90% at
6 suns.
Some other notable studies in this direction are discussed

briefly as follows. Zhang et al.67 coated a microporous
membrane with In NPs and achieved an efficiency of 84.2%
for solar evaporation. Zhu et al.66 loaded Pt NPs into a porous
wood membrane and achieved an efficiency up to 85% under
10 suns. Both Ye et al.68 and Wang et al.59 used TiOx in
floating solar absorbers and achieved 50 and 82% solar-to-
vapor efficiencies, respectively. The reason for the large
difference in efficiency from these two works might be
attributed to the different methods of assembling the NPs
during the evaporator preparation process. In Ye’s work, TiOx
NPs were coated sparsely onto the surface of a mesh,35 but in
Wang’s work, the NPs were deposited to the cellulose
membrane as a thick dense layer (5 um).36 Kaur et al.57

immobilized plasmonic TiN NPs in ceramic microfiber wools
(CW). Compared to TiN NPs dispersed in water, the
composite TiN NPs/CW film eliminated the absorption dips

Compared to nanoparticle suspensions,
surface solar absorbers are more pop-
ular due to their better compatibility
with thermal insulation designs and
higher solar evaporation efficiencies.

ACS Energy Letters http://pubs.acs.org/journal/aelccp Review

https://dx.doi.org/10.1021/acsenergylett.9b02611
ACS Energy Lett. 2020, 5, 437−456

441

http://pubs.acs.org/journal/aelccp?ref=pdf
https://dx.doi.org/10.1021/acsenergylett.9b02611?ref=pdf


observed in the NP suspension spectrum in the wavelength
range of 300−600 nm, where a large portion of solar energy
resides. The improvement was inferred from the LSPR
hybridization of the aggregated TiN NPs in the CW
membrane, and the device showed a solar-to-vapor efficiency
of 80% at 1 sun. Chen et al.63 loaded Au NPs into a poly(p-
phenylene benzobisoxazole) nanofiber (PBONF) film, increas-
ing the PBONF’s optical absorption from 34 to 70% in the
wavelength range of 400−2500 nm. At 1 sun, this structure was
claimed to have a solar-to-vapor efficiency of 83%, which is
somewhat puzzling given that the optical absorption efficiency
was only up to 70%. It is possible that the optical properties
were measured in the dry state and wetting the material might
have led to a higher optical absorption efficiency. In
comparison to other similar materials, the relatively low
enhancement of optical absorption of the Au NPs inside of
PBONFs is probably due to the isolated and uniformly
deposited Au NPs, which prevented LSPR hybridization.
Carbon-Based Material. Typically used carbon-based

materials for floating solar absorbers include carbon,71

graphite,72,73 carbon nanotubes,74 graphene derivatives,52,75−92

and carbonized biomaterials.93,94 For example, Zhu et al.71

reported a high solar-to-vapor efficiency of 90% under 1 sun
using a carbon sponge, which had broad-band optical
absorption and a cellular pore structure that could effectively
wick water to replenish the evaporation region. Yin et al.74

used a vertically aligned carbon nanotube (VACNT) array
behaving similarly to a blackbody to reach a solar-to-vapor
efficiency of 90%. The excellent evaporation performance was
attributed to the strong optical absorption, as well as the
ultrafast water transport through the VACNT layer due to the
virtually frictionless wall of CNTs.95−98 Hu et al.76 and Fu et
al.82,86 prepared graphene oxide directly into an aerogel for the
solar absorbers, which could self-float on water and wick water
through the porous channels. Similarly, Chang et al.99

synthesized 3D graphene oxide structures as floating solar
absorbers.
Graphene derivatives have also been added to different

structures for solar evaporation using printing,100 drop
casting,101 vacuum filtration,52,80,91,102 chemical binding,92 or
direct synthesis.103 Li et al.104 used wood as the floater with
graphite sprayed on the surface for SWE and achieved a solar-
to-vapor efficiency of 80% under 1 sun and 89% under 10 suns.
They mentioned that, due to the anisotropic texture of wood,
heat conduction in the cross-plane direction was reduced to
minimize heat loss into the bulk water. With a thermal
conductivity of 0.11 W/mK, it was not clear why the thermal
insulation performance of the wood was claimed to be better
than that of another thermal insulator (expanded polystyrene
foam, EPF) with much lower thermal conductivity of 0.03 W/
mK. Another feature emphasized in this wood-based solar
absorber was the ability to efficiently transport water from the
bottom to the solar-heated top surface due to the special cross-
plane pits and spirals perpendicular to the wood surface.
Many other studies on SWE have also emphasized the ability

to efficiently transport water to replenish evaporation.74,94

Having efficient water transport channels can sometimes
conflict with the notion of thermal insulation because water
has thermal conductivity of ∼0.5 W/mK, higher than that of
most porous floaters. It is then natural to limit the amount of
water that is wicked into the porous floater as long as the
evaporation region is sufficiently replenished. Actually, for
SWE applications, water replenishment does not need to be a

primary design constrain because typical hydrophilic materials
have much higher water transport capacity (∼1000 kg/m2h)104

than the solar evaporation rates (∼1 kg/m2h). This fact allows
one to limit the relative volume of water channels to ensure
that the floater contains minimal amount of water, which can
be realized by wisely engineering the floater structure. In the
design by Ni et al.,105 they opened a small number of narrow
channels in a hydrophobic foam and filled the channels with
water wicking materials to transport water below the floater to
the solar absorber sitting on top of the floater, all realized with
inexpensive off-the-shelf materials.
Some material/structure designs proposed in this field

considered multiple factors that might influence real SWE
applications. For example, besides the light absorption
spectrum, the real-time changes in the sunlight direction can
also impact SWE. In Ren et al.’s work, hierarchical graphene
foam with continuous porosity was grown via plasma-enhanced
chemical vapor deposition, which showed a dramatic enhance-
ment in broad-band and omnidirectional absorption of
sunlight, reaching an overall solar-to-vapor efficiency of
93.4%.75 For similar purposes, Xu et al.106 and Hong et
al.107 studied origami structures to maximize solar absorption
during the whole daytime. The origami structures were also
reported to benefit from multiple light reflections. Xu et al.58

invented a Janus absorber consisting of two layers stacked in a
vertical tandem geometry. The top was a hydrophobic layer
with a highly porous poly(methyl methacrylate) (PMMA)
structure coated with carbon black NPs as the solar absorber.
The bottom side was a hydrophilic layer with porous
polyacrylonitrile (PAN) films for wicking water. This structure
allowed salt to be built only in the PAN films, which could
prevent the blockage of the steam-escaping pathway in the top
porous membrane. At 6 suns, this materials showed a solar-to-
vapor efficiency of 83% with a continuous operation for 16
days without efficiency degradation.

Besides synthesized materials, there is also a large array of
natural materials explored for SWE studies. Xu et al.108

reported that natural and carbonized mushrooms could
respectively achieve ∼62 and ∼78% solar-to-vapor efficiencies
under 1 sun. Their capability of SWE was attributed to the
unique natural structure of mushroom, i.e., umbrella-shaped
black pileus, porous texture, and fibrous stipe with a small cross
section, which naturally helped solar collection, water trans-
port, and thermal insulation. Lin et al.109 also reported that
carbonized kelp, which displayed high solar absorption, a
porous microstructure, and a hydrophilic surface, could enable
highly efficient SWE (84.8% under 1 sun) and seawater
desalination. Similarly, other carbonized plants like lotus,94,110

daikon,111 and sugar cane112 were found capable of SWE. Han
et al.113 used a carbonized eggshell membrane for SWE, which
was found to have a porous microstructure that enabled
efficient water/vapor transport and localized heating, and a
solar-to-vapor efficiency greater than 75.6% was achieved. In
additional to carbonizing natural materials, Chen et al.114

demonstrated a self-floating carbonized facial tissue for SWE,
reporting a 95% solar-to-vapor efficiency under 3 suns. While
these materials are attractive due to their potential low cost

Inexpensive materials that are less
prone to fouling will be more attractive
in SWE applications.
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and the notion of waste reuse, carbonizing them does still need
energy, which does not necessarily make them “free.” In real
water treatment applications, how to prevent these materials
from fouling, especially biofouling, may still present a great
challenge.
Discussion and Perspective. As discussed in this section,

materials innovation has been a major component in SWE
research, with a primary objective to enhance light absorption
efficiency (i.e., to increase ηs−t) with some concern for water
transport and heat loss. Overall, we can conclude that for
practical SWE applications floating solar absorbers are likely
superior to their suspension counterparts, mainly due to
thermal and materials management (e.g., material reuse)
concerns. In addition, floating structures allow more flexible
modular design to optimize SWE, such as loading different
solar-absorbing materials and the use of simple engineering
designs (e.g., water wicking channels in thermal insulating
floaters)105 to minimize heat loss. We are excited to see
innovative materials possessing high solar absorption efficien-
cies, but they can be expensive (e.g., metallic NPs, CNT, and
MXene115) or difficult to fabricate or have practical concerns
in real applications, with the last factor applicable to any
materials used for SWE application to different extents.
Carbonized natural materials are emerging for SWE
applications due to their wide availability and potential low
cost. However, for real application, preventing material fouling
to maintain the longevity of any solar absorbers used in SWE
will be critical. We believe much knowledge should be learned
from the already mature water treatment community (e.g.,
pretreatment membranes). We have also seen the use of
inexpensive yet light-absorbing materials, like carbon black,
stained paper,16 or cermet coating,105 to achieve high solar-to-
vapor conversion efficiencies. These cost-effective materials
may help lower the barriers in translating laboratory prototypes
to real applications.

Thermal Management. Although briefly touched in the last
section and the fact that it almost always go hand-in-hand with
solar absorber studies, we discuss thermal management as a
separate topic because we believe that better thermal design is
as important as, if not more important than, materials
development for solar absorbers. Better thermal management
can largely prevent heat loss to the environment so that more
collected solar energy is directed to evaporate water, increasing
the thermal-to-vapor efficiency, ηt−v. Before discussing studies
on thermal management, we would like to discuss what should
really be counted as losses in SWE. There are two scenarios
(Figure 5a,b): (1) a floating SWE device is directly placed in
open water, as demonstrated in ref 15, and (2) SWE of water
in a container, which applies to more applications like rooftop
devices. The latter is likely more practical because pretreat-
ment of water can be more easily integrated. In the first
scenario, heat leakage from the absorber to water underneath
of the floater should be considered as loss because this is heat
lost to the environmental water as a heat sink. In the second
scenario, however, heat transfer from the absorber region to
water underneath of the floater may not be considered a major
loss if the container is properly insulated from the environ-

ment. This is because water in the container will eventually be
evaporated and its temperature increase due to heat leaked
from the absorber contributes to the total evaporation
enthalpy. This point can be proven by the work from Ni et
al.,14 who used various carbon materials suspensions with
different heating skin depths and showed that the steady-state
solar-to-vapor efficiency was not a function of heating skin
depths. In most SWE studies, especially those in recent years
using floating solar absorber structures, thermal management
structures can be generally classified into two types: hydro-
philic bilayer structure (Figure 5c) and structure with
dedicated water transport channels (Figure 5d).

Hydrophilic Bilayer Structure. The bilayer thermal structure is
generally composed of two layers with distinct functions, with
the top layer for solar absorption and the bottom layer for
thermal insulation, water transport, and floating. In the original
work by Ghasemi et al.,8 a bilayer structure consisting of a
carbon foam floater supporting an exfoliated graphite layer as
the solar absorber with 97% solar absorption efficiency was
employed. The carbon foam, which has low thermal
conductivity due to its porosity, was meant to provide thermal
insulation to minimize heat leakage from the solar absorber to
bulk water in the container. In the meantime, to ensure water
supply to replenish evaporation, both layers were made
hydrophilic. A solar-to-vapor efficiency up to 85% was reported
at 10 suns. However, the hydrophilic carbon foam would be
soaked with water during operation, and its thermal
conductivity would be close to that of water, much higher
than that of its dry state. Many follow-up studies have used
similar bilayer structures with a variety of solar-absorbing
materials and foams,116 papers,117 and woods73,101,117−121 as
the supporting layer for thermal insulation and water transport.

Structure with Dedicated Water Transport Channel. Instead of
using the whole floating materials to wick water, which would
actually impair thermal localization, as mentioned in the
Surface Solar Absorbers section, some researchers imple-
mented independent wicks in a nonwetting floater to minimize
heat leakage through water while providing sufficient water
supply to the evaporator. This was exemplified by the designs
from Ni et al.,15,105 where an insulation foam limited the heat
conduction to the water underneath, but several fabric wicks
embedded in the foam were used to transport water through
the foam to the evaporation surface (Figure 5d). Similarly, Guo
et al.80 used a structure including separate capillary tubes
through a thermal insulator to reduce heat loss. Li et al.81

fabricated a jellyfish-like structure with a porous carbon black/
graphene oxide composite layer for solar absorption and EPF
for thermal insulation, while graphene oxide pillars were used
for water transport. Other materials used to function as water
transport channels include graphene oxide with 2D water
paths,102 graphene oxide/nanofibrillated cellulose,100 cellulose

Carbonized natural materials find pop-
ularity in solar−thermal water evapo-
ration studies.

A hydrophobic thermal insulator with
dedicated water transport channels is a
better option for thermal management.

Only heat not eventually used towards
water evaporation should be counted
as loss.

ACS Energy Letters http://pubs.acs.org/journal/aelccp Review

https://dx.doi.org/10.1021/acsenergylett.9b02611
ACS Energy Lett. 2020, 5, 437−456

443

http://pubs.acs.org/journal/aelccp?ref=pdf
https://dx.doi.org/10.1021/acsenergylett.9b02611?ref=pdf


wrap,100 air-laid paper,16 carbon black/polyacrylonitrile nano-
fiber,122 porous filter paper,123 and polyurethane sponge.124

Advanced manufacturing techniques have also been imple-
mented to produce some of the structures with independent
water transport channels, such as self-assembly,53 3D
printing,100 femtosecond laser processing,124 and flame treat-
ment.125 However, we have not seen systematically better SWE
performance from devices using sophisticated materials or
manufacturing techniques than those used simple fiber wicks
or wraps.15,105,123

Recently, some studies used hanging structures that could
leverage both sides of the solar absorber for evaporation
(Figure 5e). Such structures wicked water from the water
container via narrow channels connected to the sides of the
solar absorber, and the air gap between the absorber and the
water surface worked as the thermal insulator. Liu et al.126

showed that this structure could prevent heat dissipation to
bulk water and enable double-sided evaporation upon solar
irradiation, achieving a solar-to-vapor efficiency of 89.9% at 1
sun. Peng et al.127 used a similar structure, which was found to
enhance evaporation due to a larger evaporation area from
both sides of the solar absorber. When compared to a
conventional structure, they showed that the hanging structure
had a 14% higher efficiency, reaching a value of 87% at 1 sun.
Yu et al.128 studied similar structures and achieved a solar-to-
vapor efficiency of 98.1%. They attributed the high SWE
performance to easy vapor escaping from the hanging
structure, lower evaporator temperature that reduce the driving
force for heat leakage to ambient, and negligible convection
loss and radiation loss from the evaporator. We note that, while
air has very low thermal conductivity (0.02 W/mK), the heat
transfer mode through air would mainly be convection. In
open water, forced convection due to wind can quickly cool
the solar absorber. When used in a container configuration,
natural convection may still play an important role in heat
transfer. Aside from thermal management, the backside of the
hanging absorber can provide an additional evaporation area. It
will at least enhance the dark condition evaporation rate given

the larger surface area, but reflected light from ambient may
also be absorbed by the backside of the evaporator, which can
contribute to increasing the total evaporation rate.
Thermal Insulation Materials. Besides designing appropriate

thermal insulation structures, there have also been extensive
materials development activities for both of the above thermal
insulation strategies. To serve as an ideal thermal insulating
layer, materials with low thermal conductivity are generally
used, including wood,101,104,121,129−132 paper,117,123,133 aero-
g e l , 1 2 0 , 1 2 4 , 1 3 4 − 1 3 6 p o l y s t y r e n e ( P S )
foam,15,81,90,102,105,111,137−142 expanded polyethylene (EPE)
foam,16,80,115,125,143,144 and other materials.84,100,116,122,145−151

Wood has been a popular material explored in SWE studies.
Liu et al.101 reported that the inherent physical and chemical
properties of wood such as high porosity, light weight, low
thermal conductivity, and hydrophilicity made it an excellent
candidate for SWE applications when it is combined with
graphene oxide for solar absorption. However, as mentioned
earlier, hydrophilic wood would be soaked with water in
operation, making heat transfer from the solar absorber layer to
bulk water more efficient. The authors measured the thermal
conductivity of hydrated wood to be 0.525 W/mK, which is
much larger than that of dry wood. Jia et al.130 used different
natural wood (e.g., poplar, pine, and cocobolo) as the thermal
insulating layer and found that poplar wood with a thermal
conductivity of 0.27 W/mK in the dry state exhibited the
highest solar-to-vapor efficiency. They attributed this to the
minimized heat transfer from its carbonized top layer to the
bulk water. Liu et al.132 demonstrated an artificial tree structure
with a reverse-tree design and carbonized the tree surface for
solar absorption. Due to the anisotropic thermal conductivity
of natural wood, the prepared structure displayed low thermal
conductivity of 0.11 W/mK. It was claimed that the nature-
made 3D interconnected channel pores enabled efficient water
transport, while the heat transfer was also effectively blocked
between layered channels. Li et al.104 used wood as the floater
with graphite sprayed on the surface. They also mentioned that
due to the anisotropic texture of wood, heat conduction in the

Figure 5. Schematics of (a) a SWE device floating in open water where heat conduction from the heated solar absorber region to water
beneath the floater should be counted as loss, and (b) a SWE device placed in a container that is insulated from the environment. In (b),
heat transfer from the solar absorption region to water below the floater contributes to heating water that is eventually evaporated, and thus,
it should not be counted toward loss. (c) Hydrophilic bilayer structure with the supporting layer working as both a floater and a water wick,
(d) structure with dedicated water transport channels, where the floater is hydrophobic but with water wicks embedded for water transport,
and (e) hanging structure using the air gap for thermal insulation.
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cross-plane direction was reduced to minimize heat loss into
the bulk water.
Paper is another material extensively studied as thermal

insulators because of its low cost, low thermal conductivity,
and interconnected porous structure. Liu et al.133 presented a
bilayer structure for SWE by daubing carbon particles on
paper. They claimed that the paper worked as a thermal
insulator to hinder heat loss to bulk water, and its thermal
conductivity in the wet state was found to be 0.44 W/mK.
Through an optimization study, a thickness of nine-layer
papers was found to be optimum for SWE due to the
appropriate thermal resistance and water permeability. Chen et
al.123 deposited Ag nanostructures on a filter paper by vacuum
filtration and claimed that the filter paper could serve as a
thermal insulator to prevent heat transfer from the Ag solar
absorber to bulk water.
Aerogels are also popular for thermal insulation in SWE

studies due to their low thermal conductivity. Jiang et al.135

designed a bilayer aerogel structure consisting of hydrophilic
cellulose nanofibrils (CNFs) as building blocks and CNT
layers for solar absorption. It was claimed that the ultralow
density CNF reduced the parasitic thermal loss to the bulk
water due to its high porosity, which also provided efficient
water transport. Mu et al.120 reported a hydrophilic conjugated
microporous polymer (CMP) aerogel-based device using 1,3,5-
triethynylbenzene, 1,4-dibromobenzene, and 1,4′-dibromobi-
phenyl as building blocks. Due to its high porosity of more
than 94%, the CMP displayed dry state low thermal
conductivity of 0.022 W/mK. Qin et al.134 used a hydrophilic
ultralong hydroxyapatite (HAP) nanowire aerogel for thermal
insulation as well as water transport and a hydrophobic CNT
as the evaporator to construct a SWE device in a bilayer
structure. Owing to the low thermal conductivity of the HAP
nanowire aerogel, the heat localization was claimed to be
optimized. Yin et al.124 assembled a device with a Ti foam,
aerogel cotton, and polyurethane sponge for SWE. In this
integrated evaporator, the treated Ti foam had broad-band
solar absorption of efficiency higher than 97%, and the aerogel
insulation cotton acted as a thermal insulator to suppress the
heat transfer to the bulk water. However, the above-reported
superior thermal insulation materials were based on dry state

thermal conductivity, and when soaked with water in operation
due to their hydrophilicity, the insulation layers would possess
thermal conductivity close to that of water (∼0.55 W/mK),
roughly equivalent to having no thermal insulation. Another
concern is that aerogels are brittle, which might complicate
manufacturing and field operation.
PS and EPE foams are also attractive as the insulation layer

in SWE devices due to their extremely low thermal
conductivity and low cost. Unlike hydrophilic materials (e.g.,
wood and paper), PS and EPE foams cannot transport water
due to their hydrophobic feature. Therefore, wicks or other
independent water channels are needed to transport water to
the evaporation surface. Ni et al.105 constructed a SWE device
using commercially available cermet-coated copper as the solar
absorber and a PS foam with a thermal conductivity of 0.03
W/mK as the floater and thermal insulator. In their device, a
fabric wick passed through the foam to transport water from
the container to the solar absorber surface to replenish the
evaporation. Similarly, Guo et al.80 used a thermal insulator
made of EPE foam to break off the direct contact between the
solar-absorbing layer and bulk water and installed water supply
pipelines for water transport. Peng et al.152 used EPE foam
covered by linen cloth as a water wick for thermal insulation in
SWE. Li et al.81 reported a jellyfish-like device using a EPS
matrix with thermal conductivity of 0.03 W/mK in the dry
state as the thermal insulating layer. Vertical graphene oxide
pillars were added by 3D printing for water transport. The
thermal conductivity of the whole evaporator was estimated to
be ∼0.08 W/mK in the wet state. Zhu et al.111 utilized
carbonized daikon as the solar absorber and a 1 cm thick PS
foam as the thermal insulator wrapped with cotton gauze for
water transport. The gauze-wrapped PS foam exhibited low
thermal conductivity of 0.049 W/mK. Yin et al.144 used a
porous double-network hydrogel (p-PEGDA−PANi) as a
broad-band solar absorber integrated with an EPE foam for
thermal insulation. The foam was wrapped by cellulose for
water supply. Deng et al.16 used ink-stained paper for solar
absorption and an EPE foam for thermal insulation. The air-
laid paper also served as a water wick to transport water to the
evaporation surface. Zhao et al.115 developed a 3D MXene
architecture supported by an EPE foam acting as a thermal

Figure 6. (a) Reported overall solar-to-vapor efficiency values from the literature for different thermal insulating materials. (b) Solar-to-
vapor efficiency for different solar concentrations, where data are averaged from different reports. References in panel (a) are W(ood)-1:132;
W-2:131; W-3:101; W-4:121; W-5:104; W-6:153; W-7:154; Pa(per)-1:133; Pa-2:155; Pa-3:156; Pa-4:157; A(erogel)-1:124; A-2:136; A-3:120; A-4:135;
A-5:134; A-6:158; PS (polystyrene foam)-1:90; PS-2:102; PS-3:141; PS-4:140; PS-5:139; PS-6:138; PS-7:111; PS-8:81; PS-9:109; PS-10:159; PS-
11:160; PS-12:161; PS-13:162; PS-14:163; PS-15:164; E(PE)-1:80; E-2:16; E-3:144; E-4:115; E-5:125; E-6:165; E-7:166; O(ther materials)-1:151; O-
2:150; O-3:149; O-4:122; O-5:147; O-6:146; O-7:84; O-8:116; O-9:167; O-10:110; O-11:168; O-12:169; O-13:80; O-14:170.
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insulation layer, and a hydrophilic wrap around the foam was
implemented for wicking water.
Many other materials have also been used as the thermal

insulating layer in SWE devices, such as porous carbonized
lotus seedpods,110 sugar cane stems,123 silicone,151 polyviny-
lidene fluoride (PVDF),122 melamine foam,116 PDMS foam,148

and polyurethane sponge.146 However, almost all of these
thermal insulating materials have thermal conductivity larger
than that of standard thermal insulators like the EPE foam
(thermal conductivity of 0.03 W/mK). Like done by Ni et
al.105 and a number of other designs discussed above, utilizing
the low thermal conductivity of hydrophobic EPE or PS foams
but implementing limited water transport pathways is likely the
most effective and low-cost strategy for thermal insulation in
SWE applications. In Figure 6a, we summarize the reported
solar-to-vapor efficiencies from the literature using different
thermal insulating materials. While these efficiencies are
convoluted by the performance of solar absorbers (ηs−t), we
do see that PS and EPE foams enabled efficiencies higher than
85%, except from two studies. This may be attributed to their
low thermal conductivity and nonwetting characteristics, which
lead to high ηt−v.
Discussion and Perspective. After the above discussion, we

would like to revisit the real benefit of thermal insulation. For
SWE devices to operate in open water, a thermal insulation
layer is essential because it can effectively prevent excessive
heat loss from the heated solar absorber layer to the
environment. This will lead to higher overall solar-to-vapor
efficiency. For the SWE devices sitting in a container, heat
localization within the solar absorber layer can help increase
the evaporation temperature and thus evaporation rate. If we
assume a constant humidity in the ambient air and a feedwater
temperature of 25 °C, the amount of energy needed to saturate
the air (ΔE) with water vapor at a given elevated temperature
(T) around the heated solar absorber is

E m c T h T( ( 25) ( ))Δ = Δ − + Δ (2)

where c is the specific heat of liquid water, which is almost a
constant = 4.18 kJ/kg-K at the temperature range of interest
(20−100 °C). Δm is the mass of evaporated water. Δh is the
enthalpy of vaporization at the temperature of water in contact
with air. It is noted that Δh decreases as temperature increases
(e.g., Δh = 2454.12 kJ/kg at 25 °C and 2257.03 kJ/kg at 100
°C). However, due to the need for sensible heat to heat water
from the initial 25 °C to the elevated temperature, the total ΔE
increases with temperature slightly (e.g., ΔE = 2454.12 kJ/kg
at 25 °C and 2570.53 kJ/kg at 100 °C).171 As a result, from a
pure thermodynamic point of view, localizing heat within the
solar absorber region, which maintains surface water at a
higher temperature, does not necessarily increase the thermal-
to-vapor efficiency. We do see many studies showing that heat
localization in the solar absorber region helps increase the
overall solar-to-vapor conversion efficiency. This is likely due
to the heat leakage to the environment through the container
walls. Without heat localization, the water temperature in the
container will be higher, and due to the large contact area with
the ambient, heat loss is enlarged if the walls are not well-
insulated. A quantitative evaluation comparing different
thermal management strategies (e.g., wall insulation and heat
localization) for SWE in a container is needed. The above
discussion is assuming a steady state. In the transient state,
heat localization can lead to faster ramping up of evaporation
rates, which might be important for SWE applications due to
weather conditions influencing solar intensity. In a similar
sense, increasing the solar concentration, which increases the
absorber temperature, should not increase the energy efficiency
at the steady state either, but it can apparently increase
evaporation rates due to higher energy input. The usually
observed higher solar-to-vapor efficiencies at higher solar
concentrations (Figure 6b) cannot be properly explained by
the thermodynamic energy balance and may be due to other
factors like transient heat leakage to the environment.

Figure 7. Schematics of representative applications explored using SWE: (a) water desalination/treatment; (b) energy generation using
pyroelectric and piezoelectric effects; (c) energy generation utilizing a salinity gradient-induced osmotic potential; and (d) energy
generation using a steaming potential.
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Besides thermal insulators, water transport is usually
emphasized to ensure efficient replenishment of evaporation
in the solar absorber region. As a result, many studies
engineered materials that are hydrophilic to wick water, which
is not beneficial for heat localization due to the relatively high
thermal conductivity of water. We need to evaluate how
necessary it is to make the whole floating layer hydrophilic for
water transport. If we consider 1 sun, the maximum
evaporation rate would be ∼1.43 kg/m2h. This is already
slightly lower than the wicking flow rate (1.87 kg/m2h) of
hydrophobic porous materials172 and is 3 orders of magnitude
smaller than the transport-limited flow rates in typical
hydrophilic porous materials, which are above 1000 kg/
m2h.104 As such, water transport should not be a barrier given
the low evaporation rates, and using nonwetting foam materials
with limited wicks (occupying <0.14% of the surface area) can
cost-effectively manage water transport while maximizing heat
localization. It is our opinion that the thermal insulation
materials used for SWE should be developed with the aim of
reducing cost, improving durability, and ensuring easy
manufacturing, and polymer foams satisfy all of these
requirements.
Applications. It is clear that the rapid expansion of research

in SWE is largely motivated by its attractive potential
applications of using renewable solar energy for water
treatments. Other applications, mostly complementary to the
water treatment capability in the same device, have also been
proposed. These are reviewed in this section.
Desalination and Water Treatments. SWE is naturally

attractive for distillation water desalination (Figure 7a) as it
uses otherwise wasted low-grade solar energy and should
principally work well as distillation desalination techniques
(e.g., multistage flash, multieffect flash) have historically
produced high-quality water with ion removal efficiency even
higher than that of the more popular reserve osmosis
methods.173 While providing clean water for household use
(∼300 L per person) with SWE devices is impractical, the
water production rate of SWE, although low, may still make
sense if only drinking water needs to be supplied. In an ideal
scenario (8 h of 1 kW/m2 full sunshine daily and 100% solar-
to-vapor efficiency), the daily water production rate is ∼11.5
L/m2 of SWE surface at 1 sun. If we consider that an adult
daily water intake is ∼3.7 L,174 a 1 m2 SWE device can be
sufficient for a family of three. However, in a practical
experiments by Ni et al.,15 the daily fresh water production rate
was only 2.5 L per m2, which showed that much engineering
work would still be needed to improve system performance in
real-world applications.
There have been a larger number of reports pertinent to

water desalination using different SWE designs, involving
materials like graphite films,72 graphene oxide-coated
wood,101,131 graphene/metal/polymer composite mem-
branes,92,175 microporous membranes with NPs,67,176,177

carbon ink-stained paper,16 flame-treated foam,125 and a
bilayer Janus membrane.178 Salinity has been used as a metric
to evaluate the performance of SWE desalination devices.
Almost all relevant reports58,67,72,81,131,179 demonstrated the
reduction of salinity to meet thresholds for drinking water (500
ppm) set by the World Health Organization and the U.S.
Environmental Protection Agency.180 This is not surprising
because thermal distillation (e.g., multistage flash) has always
been able to reach high salt removal rates of >98%.173 There
have also been desalination demonstrations of real saline water.

For example, Li et al.102 used their graphene oxide-based SWE
device and successfully desalinated water from the North Sea
(salinity 1.4%) and Red Sea (salinity 4.1%). Li et al.81 also
demonstrated the desalination of seawater from the Dead Sea
and Chesapeake Bay.
Similarly, SWE can also be used for other distillation-

enabled water treatment, such as heavy metal removal,181

pollutant removal,31,34,64,90,182−185 sludge drying,94 oil spill
cleaning,186 and water sterilization.6

Energy Generation. Energy generation from effects of SWE
has also been explored by a number of studies. Zhu et al.71

reported that a ferroelectric fluoropolymer, polyvinylidene
fluoride, could be introduced to a SWE system to harvest the
thermomechanical responses from the generated water vapor
based on the coupling of the pyroelectric and piezoelectric
effects, demonstrating a SWE-induced electrical potential
(Figure 7b). The highest output power was calculated to be
240 μW/m2, corresponding to a solar-to-electricity efficiency
of 2.4 × 10−5%. Zhu et al.19 used a PDMS sponge coated with
CNT/cellulose nanocrystals for broad-band solar absorption.
Meanwhile, due to heat localization, a temperature difference
was generated between the sponge and bulk water, which
allowed a thermoelectric module to generate electricity via the
Seebeck effect. The largest electrical power density achieved
was 6.73 W/m2 under 5 suns, which translates to a solar-to-
electricity efficiency of 0.13%. Yang et al.187 reported that the
evaporation-induced salinity difference could also be used for
electricity generation (Figure 7c). In his study, a hybrid device
with a top layer of CNT-modified paper and a bottom layer of
an ion-selective membrane was made floating on seawater. Due
to evaporation, a salinity gradient was created from the
evaporator to the bulk seawater, which in turn drove the
directional transport of salt ionsa mechanism that has been
explored for harvesting osmotic potentials from salinity
gradients.188−191 Such an osmotic electricity generation
produced a power density of 1 W/m2, corresponding to a
solar-to-electricity efficiency of 0.1%. Ding et al.192 reported
that the liquid flow within the porous structure of SWE could
result in a streaming potential, so that natural water
evaporation from the surface of the nanostructured carbon
coating could generate electricity (Figure 7d). There are also
demonstrations of using SWE to produce energy for other
applications like hydrogen production,193 photothermal
catalytic reaction,17,193 triboelectric generation,194 and bio-
ethanol production.195

Discussion and Perspective. However, barriers for the wide
adoption of SWE devices for water treatment still exist. First is
how to compete with the state-of-the-art. Ni et al.15 estimated
the cost of their SWE device ($1.5/m3) and compared it to
conventional solar stills ($15/m3) and reverse osmosis with the
same scale ($5−10/m3), showing that the SWE evaporator
could be economically competitive for desalination compared
to existing technologies. However, they included only the
materials cost of the SWE system itself without taking into
account peripherals (e.g., pretreatment), which can be essential
for the longevity of such systems. In a recent review on solar−
thermal desalination,23 Wang et al. mentioned that SWE-based
desalination, even with latent heat reuse, would be far less
energetically efficient than reverse osmosis desalination, which
has been seen powered by solar photovoltaics,196,197 due to the
inherent energy requirement for overcoming the latent heat in
SWE. They, however, mentioned that SWE could have niche
applications for high-salinity water desalination where reserve
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osmosis is currently facing technical challenges. We would like
to mention that a large number of factors can influence the
eventual cost of SWE desalination such as peripherals,
maintenance, and durability. Durability can be a critical barrier
for SWE technology transfer. Although there were a few
studies demonstrating that SWE devices could work for many
cycles16,58,78,88,175,179 and some with self-salt cleaning ability by
redissolving condensed salt back into water during nighttime,15

biofouling may be a much greater challenge to mitigate and can
degrade desalination devices in the long term. Even in the most
sophisticated reverse osmosis and thermal distillation desali-
nation plants, stringent pretreatments involving multistages of
filtration and chemical treatment are needed,198,199 yet
membrane replacement is still required periodically, costing
millions of dollars. Most of the SWE devices were proposed for
niche applications in remote and underdeveloped areas, where
centralized infrastructures are lacking, making water treatment
using free solar energy attractive. However, in these areas,
pretreatment can be difficult and costly, but without it, the
SWE devices may foul quickly. There are also other practical
difficulties in SWE operation, such as the inconsistency of
sunshine, condensate reducing the solar intensity reaching the
solar absorber, and the need to track the sun direction for
maximal solar energy collection. These, however, are less
critical and can be resolved using proper engineering designs
(e.g., using a fan to blow away vapor169 and using origami
structures106,107 to maximize solar absorption during the whole
day).
For SWE-enabled energy generation, we notice that the

efficiencies of power generation based on SWE were extremely
low (<0.13%) and so were the power densities. For example, in
Yang’s work,187 the generated electrical power was up to 1 W/
m2, and it was 240.7 μW/m2 from Zhu’s work.71 It was
proposed that such generated power might be sufficient to
drive low-power electronics such as sensors,200 but the
extremely low efficiency and bulkier footprint make them
impossible to compete with solar photovoltaics, which have
some commercial products possessing efficiencies higher than

20%. However, it is possible that such power can be used to
drive peripherals, such as a fan for vapor transport or a motor
to direct the solar absorber surface to always face the sun. We
have to note that combining SWE with power generation
requires additional components, such as thermoelectric
modules19 and ion-selective membranes,187 which will
inevitably increase the system cost. It would be more efficient
and cost-effective to cut out a small area in the SWE solar
absorber to install a photovoltaic panel for power generation if
power is needed.
It is our belief that currently it is very difficult for SWE to

compete with state-of-the-art water treatment technologies,
such reverse osmosis and thermal distillation, in terms of
maturity, cost, and throughput, and SWE-based energy
generation would be even so. It will also face competition
from other emerging technologies that can potentially leverage
nonconcentrating solar heating for desalination, such as
directional solvent extraction,201−205 membrane distilla-
tion,206,207 and forward osmosis.208,209 However, there can
still be niche applications like desalination of high-salinity
water, water supply, and sanitization in remote and under-
developed areas if technical barriers can be overcome.
Notable Innovation and Findings That May Promote

Practical Applications of SWE. After reviewing a large
number of studies in the SWE field, we would like to use
this section to highlight some notable innovations that can
potentially improve or broaden the future applications of SWE
devices. We also discuss an interesting finding claiming
significantly reduced latent heat of water evaporation in a
hydrogel as it is fundamentally intriguing and can potentially
impact fields beyond SWE, if it is proven true.
Superheated Vapor Generation. The first innovation worth

mentioning is achieving superheated vapor with temperature
above 100 °C using SWE devices, which could open up the
possibility of using SWE for sterilization purposesa
promising niche application in underdeveloped areas where
energy infrastructure is lacking and inaccessibility to clean
water is causing health issues. Producing superheated vapor

Figure 8. Schematics of (a) superheated vapor generation using thermal concentration and radiation; (b) superheated vapor generation
using continued heating of the vapor phase; (c) condensation heat reuse leveraging a cascade membrane distillation design; (d) claimed
reduction of water evaporation enthalpy due to a special hydrogel enabling water evaporation as clusters instead of individual molecules.
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with temperature above 100 °C cannot be realized via simply
heating up the solar absorber exposed to 1 atm because water
boils at 100 °C, which pins the surface water at this
temperature as long as liquid water keeps replenishing the
evaporation. Vapor above the liquid water surface will always
have a lower temperature than the liquid due to thermal
resistance presented by the liquid−vapor interfacial region.
Superheating the vapor above 100 °C is not possible unless
additional heat can be added to the vapor. To achieve this
additional heating, Copper et al.6 leveraged thermal radiation
in the infrared wavelength that could be absorbed by water
(Figure 8a). Such a strategy was able to superheat water vapor
to 133 °C, right above the 132 °C required for sterilization.210

A key innovation was isolating the solar absorber by a gas gap;
therefore, it is not in direct contact with liquid water, which
could have cooled the absorber rapidly. Because of this, the
solar absorber reached a temperature of ∼175 °C, and the
thermal emitter heated by the absorber via conduction reached
∼150 °C. The radiative heat transfer from the emitter to the
water heated it up beyond the boiling point of water (100 °C).
In another study, Wang et al.148 reported vapor generation
with a temperature higher than 100 °C under 1 sun using a
coiled copper tube coated with black copper oxide as the solar
absorber (Figure 8b). Water wicked into the heated tube
evaporated within a short distance after entering, and the vapor
was then in direct contact with the hot tube wall, continuing to
be heated. It needed either a long tube or a higher solar
concentration to sufficiently heat up the vapor to reach the
superheated state. Due to the low heat transfer efficiency to
vapor, the overall solar-to-vapor efficiencies in both studies
were relatively lowup to 39%6 and 27%,148 respectively.
Although Copper’s work showed a higher efficiency, they
needed more time (1 h) than Wang’s strategy (20 min) to
achieve superheat.
Condensation Heat Reuse. From eq 1, we can calculate the

upper limit of water production from SWE devices to be ∼1.4
L/h for a 1 m2 solar absorber surface by considering 100%
solar-to-vapor efficiency. This is a very low production rate
compared to state-of-the-art water treatment methods with the
same footprint. However, this limit is based on the assumption
that vaporized water takes away all of the latent heat and
releases it to the environment as it condenses. State-of-the-art
thermal desalination plants are able to make desalinated water
economically viable largely because of the reuse of the
condensation heat for preheating feedwater, which lowered
the overall energy needed per unit water produced. We have
seen an innovative design of condensation heat reuse for SWE
devices. Chiavozzo et al.211 presented a passive multistage and
low-cost SWE device, where a multistage heat exchanger
between the condenser and evaporator was realized in a
compact design (Figure 8c). We note that this design is
essentially a membrane distillation system, where the temper-
ature difference across a hydrophobic membrane drives the
solar-heated feedwater from one side of the membrane to
transport as vapor into the other side. When the vapor
condensed on the other side of the membrane, latent heat was
released, which was used to heat another stream of feedwater
for another stage of membrane distillation.211 With this heat
reuse, they demonstrated that ∼2 L/m2 of water could be
produced hourly using a 10-stage system. If we use eq 1, this
would translate to an efficiency of ∼140%, implying a heat
exchange efficiency around 30%. In the state-of-the-art
multistage flash (MSF) desalination plants, heat reuse is

realized by many stages of heat exchangers (21−40 stages),212

leading to a thermal energy consumption of ∼90 kJ/L for
water production.213 This translates to an efficiency of
∼2800% per the definition in eq 1, meaning an overall heat
reuse efficiency of >96%. While heat reuse in SWE devices is at
its infancy of development, there is still enormous room for its
improvement if using the state-of-the-art MSF process as a
reference. We also believe that much knowledge can be
leveraged from the condensation heat transfer research214

toward heat exchanger designs for SWE systems.
We would also like to mention that solar−thermal

membrane distillation has attracted significant interest in
recent years.215−218 Being a low-temperature process that also
promises to leverage low or nonconcentrating solar energy,
strategies like heat localization to enlarge the temperature
difference across the hydrophobic membrane,219 latent heat
harvesting,217 and commercial scale membrane structure
design218 have been studied for solar−thermal membrane
distillation. Without latent heat reuse, the efficiencies
(∼21%),219 however, are significantly lower than those of
SWE, mostly due to heat carried away by the liquid stream.
With latent heat reuse, the efficiencies are improved
significantly to 72% in ref 217 and 140% in ref 211. We
refer readers to a few reviews on this topic.220,221,225

Lowered Latent Heat in Nanomaterials. If heat reuse reduces
the nominal thermal energy needed to evaporate a unit volume
of water, lowering the latent heat of vaporization can reduce
the actual thermal energy required to evaporate water. In a
recent publication, Zhao et al.222 reported a water production
rate of 3.2 L/h per 1 m2 of solar absorber surface using a SWE
device without heat reuse. This rate is much higher than the
upper limit set by eq 1 (1.4 L/m2h). The authors attributed
this high production rate to the reduction of water latent heat
in the nanostructured molecular hydrogel meshes used in their
SWE structure (Figure 8d). The nominal latent heat was
reduced to as low as 1000 kJ/kgonly ∼40% of the value of
bulk water. If verified, this can be extremely intriguing as so
many aspects of human activities depend on water evaporation,
and reducing water latent heat can enormously impact the
energy consumption at a global scale. However, the underlying
mechanism has yet to be convincingly explained. Zhao et al.222

explained their astonishing 60% reduction in water latent heat
as water being evaporated as a small cluster instead of
individual molecules. Then, fewer hydrogen bonds needed to
be broken by thermal energy to break apart the same amount
of water molecules. However, it is not clear why water
preferred to escape in clusters than as individual molecules in
their nanoporous meshes. The authors cited two studies226,227

on water clusters in the vapor phase, but these studies were on
infrared spectroscopic characterization of water clusters of
different sizes coordinated around protons or phenols.
However, water clusters naturally exist in vapor,228 and the
obvious change in latent heat would require a significant
increase in the population of these clusters compared to
molecular water in vapor. A follow-up study on the size and
population of water clusters in the vapor generated in ref 222
will answer many open questions. Another way to verify the
reduced latent heat would be measuring the heat of
condensation of the generated vapor, which should exhibit
lower-than-normal values. Previous studies229 indeed showed
that water in hydrophobic polymer matrixes tend to form
clusters, but the hydrogel developed by Zhao et al.222 seemed
to be hydrophilic. The water-spreading ability of the
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hydrophilic surface would help quickly coalescence small
clusters into continuous water films. The ability to reduce
latent heat by materials design can be an important scientific
breakthrough if it can be verified and understood, but there are
a lot of fundamental questions to be answered.

Outlook. To summarize, we have seen a rapid increase of
research interest surrounding SWE with no or low solar
concentrations in the past 5 years. We believe such interest is
driven by attractive potential applications of such devices that
fit right into the discussion of the water−energy nexus on a
global scale. We have witnessed a large wave of material and
structure innovations for solar absorbers and thermal manage-
ment to maximize the solar-to-thermal conversion and
minimize the energy loss to the environment so as to optimize
the overall solar-to-vapor conversion efficiency. The overall
solar-to-vapor efficiencies are now routinely above 80%, with
some reaching over 95%. Demonstrations of solar distillation
desalination have been a major targeted application, but other
types of water treatment, like heavy metal removal and
wastewater purification, are also explored. To the best of our
knowledge, no SWE devices have made it to the commerci-
alization stage yet, and there are still a lot of technical
challenges to be tackled before reaching practical deployment.
Among them, we believe that cost, low water production rate,
and device reliability due to fouling are major obstacles. It is
our feeling that it will be hard for SWE devices to compete
with the start-of-the-art reverse osmosis or thermal distillation
water treatment plants in terms of economy and throughput,
especially at the medium or large scale. In these scales, costs
are driven down largely due to energy reuse (e.g., pressure
recovery in reverse osmosis and heat recovery in MSF) and
centralized pretreatment processes, which can be expensive for
SWE devices that are destined to be in distributed small scales
due to the low energy density.

However, we have seen interesting innovations, such as
superheated vapor generation6,148 and passive heat reuse,211

that can potentially lead to niche applications in low-resource
settings. We believe that these are directions deserving further
exploration. Another aspect that needs attention is fouling
mitigation, especially for biofouling. The solution can be from
either novel antifouling materials development or leveraging
knowledge from the membrane field230 because one can always
place an antifouling membrane at the inlet of the feedwater for
SWE devices. Besides engineering, we believe that fundamental
physics involved in SWE is equally important. The implication
of significant latent heat reduction in porous materials222 is
extremely intriguing given its potential impact beyond the
SWE field, but the observation needs to be further verified, and
there are a lot of fundamental questions to be answered.
Overall, it is our feeling that the emphasis on the fundamental

science is not sufficient in the SWE field, but as the low-
hanging fruits are gone, publishing high-impact papers will
become increasingly difficult. It is hopeful that researchers will
start to dig deeper into the physics, which may lead to more
impactful discoveries to benefit the SWE and its relevant fields.
We see the understanding of the molecular level phase
transition in confined space as being one of such important
directions.223,224 However, we do not need to recreate the
wheel because much knowledge from fields like heat transfer
(e.g., phase change heat transfer) and chemistry (e.g.,
antifouling) can be leveraged.

In short, we believe that much work still remains to be done
in the SWE field, but refocusing efforts on more applied
research aimed to enable the eventual commercial adaption of
this technology or more fundamental research that may lead to
new scientific breakthrough is needed to further advance this
field.
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