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The rapid development of photothermal materials and their integrated systems has fostered recent

technology breakthroughs in solar evaporation for both steam and power generation. Here, we discuss

this new and emerging area that aims to directly couple photothermal materials and solar steam devices

towards clean water and electricity generation. The photothermal conversion physics and engineering

strategies of solar absorbers were first described. The electricity generation mechanisms to be covered

include triboelectric, pyroelectric, piezoelectric, thermoelectric, thermal-electrochemical and salinity

gradient effects. The diverse systems were then systematically scrutinized and discussed towards better

harvesting and conversion of solar energy. The operation principles were described and the performance

requirements were elaborated together with the advantages and the limitations. Comparisons of the

solar evaporation and electric performances were additionally made for such developed systems. Finally,

the future research directions of the systems were highlighted, and the potentials for new applications

and hybrid approaches in the development of a Synergy City were outlined.
1. Introduction

Water steam plays a vital role in industrial revolution that is
mostly known for the steam-driven turbines in power plants.1,2

By use of mirror arrays, solar steam turbines utilize sunlight on
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a small volume to produce a high local temperature for water
vaporization. The released steam with a high pressure and
temperature is then transferred to drive the turbine for elec-
tricity generation.3 In these systems, the solar receiver requires
large optical devices, unavoidably suffering from large footprint
investments as well as heat losses. Besides, the bulk water also
stores a considerable amount of solar energy that is not used in
vapor generation.4 To reduce the cost and improve energy
utilization, interfacial solar evaporation is recognized as
a potential strategy to meet the future needs (Fig. 1).5–7 This
method uses solar energy more efficiently because the thermal
evaporation occurs at the air–water interfaces.8,9 This interfacial
evaporation exhibits a good performance even at an ambient
environment, which thus greatly reduces convective and
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Fig. 1 Interfacial solar evaporation. The photothermal material
enables broadband solar absorption and converts photon energy to
heat localized at the air–water interfaces. The embedded capillary
channels in insulation layer transport the water to the hot evaporative
surface for direct steam generation. Reproduced with permission.6

Copyright 2017 Nature Publishing Group.

Journal of Materials Chemistry A Perspective
radiative heat losses. Moreover, the bulk liquid at an ambient
temperature does not consume the absorbed solar energy to
heat up water.10,11 By this facile approach, solar-to-vapor
conversion efficiencies above 90% have been recently demon-
strated in several studies.12–14

Besides storing solar energy as heat in vapor, there exist diverse
chances to harvest the waste energy in solar evaporation, e.g., the
upward ow brought by solar thermal evaporation, the induced
salinity difference and temperature difference around the
surrounding environment of the absorber, etc.15–21 The upward
ow driven by evaporation has been introduced to produce elec-
tricity due to the streaming potential effect, in which the ow is
passed through porous aluminum oxide membranes, carbon
lms or graphene cloths.22–26 Using an ion selective membrane,
the simultaneous production of water steam and electricity has
also been realized owing to the induced salinity gradient from
evaporation.27 Due to the localized heating at the air–water inter-
face, the temperature difference from air to the solar absorber and
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bulk liquid can be quite large. This offers an additional opportu-
nity for power generationwith steam releasing fromwater. A series
of technologies such as thermoelectric, pyroelectric and thermo-
galvanic modules have been introduced to recover the waste heat
energy between the solar absorber and the surrounding environ-
ment.28–30 All the studies reect that the rational combination of
solar evaporation with proper electricity technologies is a potential
avenue for obtaining both fresh water and power supply.

In this context, we discuss the state-of-the-art developments
of interfacial solar evaporation for both clean water and elec-
tricity production. Waste energy harvesting mechanisms to be
covered in the evaporation process include triboelectric, pyro-
electric, piezoelectric, thermoelectric, thermal-electrochemical
and salinity gradient effects (Fig. 2). Triboelectric charges are
produced as a result of a frictional contact between two mate-
rials that become electrically charged.31 They are typically used
as ow energy harvesting devices to harness triboelectric energy
induced by the condensate steam. The thermoelectric effect
generates charges from a thermal gradient between two
dissimilar conductors due to the Seebeck effect32 and can be
typically used as a harvesting device for waste heat recovery. We
will see that this mechanism of charge generation can take the
form of an external harvesting device that is separated from the
solar absorber, or it can take the form of an all-in-one device
that is in direct contact with photothermal materials. The
pyroelectric, thermal-electrochemical and piezoelectric effects
generate an electric charge as a result of a polarization change
in materials due to the temperature change or strain
gradient,33–35 while the salinity gradient power arises from novel
uidic transport due to high ionic ux and surface charge
density.36,37 We will see that in some cases, the hybrid mecha-
nism works by more than one of the harvesting approaches.
Table 1 provides a summary of the harvesting mechanisms,
solar absorber materials, operationmodes and applications. We
will refer to this table throughout the review. The photothermal
physics and engineering strategies of solar materials are briey
presented. The interactions of photothermal materials and
solar steam devices with electricity generation systems are then
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Fig. 2 Triboelectric (motion), pyroelectric (temperature fluctuation), thermoelectric (temperature gradients), piezoelectric (strain), thermo-
electrochemical (temperature dependence of redox reaction) and salinity gradient (solar excitation) charge generation mechanisms, which are
used to integrate the solar hybrid devices for both clean water and electricity generation.

Perspective Journal of Materials Chemistry A
addressed together with their potential applications. Finally, we
point out research opportunities and outline a vision of appli-
cations they would enable.
2. Photothermal physics and solar
materials engineering

Photothermal conversion is an energy conversion process, where
light energy incident on a material is transformed into thermal
energy. The photothermal materials are key components to
support this conversion since they can absorb incident light and
convert it into heat via photoexcitation. An ideal material should
absorb light over a broad range of solar spectrum to promote
thermal energy output. A variety of materials have been demon-
strated to show strong light absorption including carbon-based
nanomaterials, plasmonic nanomaterials and inorganic semi-
conductors. These absorbers rely on three kinds of photoexcita-
tions: thermal vibration of molecules, plasmonic heating38,39 and
electron–hole generation and relaxation.40–42 In this section, we
discuss these general physics as well as materials engineering for
efficient light-to-heat conversion.
2.1. Thermal vibration in molecules

Carbon-based materials such as amorphous carbon, carbon
black and graphite are naturally black and have good ability for
solar light harvesting owing to the optical transitions of their p-
This journal is © The Royal Society of Chemistry 2020
bands.9,10 The loosely held electrons in the p orbital are excited
and jump from the p orbital to the p* orbital with a small
energy input. Besides, the conjugated p-bonds give rise to a red-
shi in their absorption spectrum. On increasing the number of
p-bonds, the energy bandgap between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molec-
ular orbital (LUMO) decreases (Fig. 3a). The absorption wave-
length of these bands depends on the spacing of their electronic
levels and thus, a large number of conjugated p-bonds can
promote the photo-excitation of electrons over a broad range of
the solar spectrum. Heat is then generated when the excited
electrons relax to the ground state via electron–electron and
electron–phonon scattering, resulting in an overall increase in
temperature. Therefore, the photothermal effect of carbon-
based materials involves the broadband photo-excitation of
electrons and their subsequent relaxation and vibrational
modes throughout the atomic lattices.40

Carbon materials have limited absorptivity by a moderate
reection of 5–10% at the air-dielectric interface.8,9 Hereby, the
materials engineering focuses on reducing light reection and
amplifying light ux. Porous absorbers such as carbon foams,28

ame-treated or carbonized wood,43,44 polymeric gel networks,14

carbon nanotubes (CNTs)/cellulose nanocrystal composite
sponges30 and porous graphite/graphene45 are promising
candidates.46–48 By these designs, the mesoscale structures
partially absorb light as well as reect and scatter it, and the
nanostructured interface induces light rays to bend
J. Mater. Chem. A, 2020, 8, 513–531 | 515
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progressively when the light wavelength is larger than the
structure dimension.49 Moreover, when the geometrical
constraints are applied to the spacing and depth among nano-
structures in the textured surfaces, light rays can be trapped in
the micro/nano-scale gaps and absorbed by multiple internal
reections.50 As a result, maximum absorption of the incident
light can be achieved for converting the incident radiation into
useful heat. For example, CNTs can be prepared into porous
membranes with controlled thicknesses and pore sizes by
ltration and spin-coating methods (Fig. 3b). Vertically aligned
CNTs exhibit a constant emissivity of 0.98–0.99 over a spectral
range of 0.2–200 mm.46 Hierarchical graphene foams tuned with
continuous porosity via plasma-enhanced chemical vapor
deposition show great enhancement in the omnidirectional
absorption of sunlight, thereby enabling solar-to-vapor effi-
ciency above 90%.48
2.2. Plasmonic heating

Plasmonic metals such as gold, silver and platinum can
produce intense heat under solar irradiation due to their
unique optical characteristics, stemming from the surface
plasmon resonance (SPR) effect.9,38,51 When the oscillation
frequency of the delocalized electrons in a plasmonic metal
matches the wave frequency of the incident light, collective
excitation of carriers is initiated above the Fermi level to higher
energy levels, creating hot electrons to form hot electron clouds
(Fig. 3c). These hot electrons are non-radiatively damped and
decayed via the Landau damping mechanism and redistribute
their energy through an electron–electron process, resulting in
heat production by a Joule mechanism and rapidly increasing
the surface temperature of the metals38,52 The hot electrons also
cool fast by electron–phonon scattering within the metal lattice
in picoseconds. The optical skin depth of carrier absorption is
about tens of nanometers when the thermal wave propagates at
the surface plane. The resulting heat is then dissipated into the
surrounding environment through phonon–phonon relaxation
at different temporal and spatial scales.8,9 Therefore, plasmonic
metals show strong heat generation via surface plasmon reso-
nances since they have many mobile electrons for thermal
conversion.

Despite the distinct advantages, plasmonic materials have
a fundamental limitation because of their narrow band of light
absorption around their resonance peak. The light absorption
by plasmonic nanostructures and the associated temperature
increase are very sensitive to the shape and composition of the
structure (Fig. 3d). Signicant efforts have been put into
synthesizing novel nanostructures for optimized interactions
with the incident light to extend the absorption spectrum.
Commonly used strategies include shape or morphology engi-
neering, dielectric surrounding modulation and particle
assembly with tunable gaps.53–55 The SPR peak can be easily
tailored by controlling the geometry of metal structures, but the
size or shape effect on extending the absorption spectrum is
quite limited due to the intrinsic material properties.56 Hollow
nanostructures or geometry asymmetry can extend the absorp-
tion band, while dielectric modulation induces a red-shi in the
This journal is © The Royal Society of Chemistry 2020



Fig. 3 Photothermal physics and materials engineering with different matters in the corresponding light-absorption range. (A) Thermal vibration
of molecules and (B) microstructural engineering, (C) plasmonic heating and (D) geometry and size tuning of particles, (E) photoexcitation and
relaxation of charge carriers, (F) band structure engineering. Reproduced with permission.10,69 Copyright 2019 Elsevier. Copyright 2018 Royal
Society of Chemistry.
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SPR band, which can be possibly tuned across the optical
spectrum into the near-infrared region.57–59 More importantly,
the delicate arrangement or assembly of plasmonic nano-
particles extends the absorption spectral range and red-shis
the peak at the same time.60,61 For example, owing to the high
density optical modes initiated by the multiple scattering effect,
a pronounced broadband absorption has been observed in
a pore array with close-packed aluminum particles.62
2.3. Non-radiative relaxation

Inorganic semiconductor materials have been extensively
studied as new kinds of photothermal agents owing to their
good biocompatibility and low cytotoxicity.42,63 The optical
absorption spectrum of such materials depends on their
bandgap energy. When the photon energy of the incident light
is larger than that of the semiconductor bandgap, photo-excited
carriers would be generated. The above-bandgap electron–hole
pairs are thus produced since most photons from solar
This journal is © The Royal Society of Chemistry 2020
irradiation have a high energy above the bandgap. These above-
band electrons and holes would eventually restore to the ground
states. The damping energy created in the process is nally
released to the material via either non-radiative relaxation of
phonons or radiative relaxation of photons.8,9 The phonon-type
release of energy causes the local heating of the material lattice,
leading to an overall temperature increase of the semiconductor
(Fig. 3e). Therefore, this temperature distribution and rise are
caused due to the diffusion and surface/bulk recombination of
photoexcited carriers.41,64 This mechanism is much different
from that in a wideband semiconductor, where most of the
absorbed energy is released as photon energy aer carrier
recombination, resulting in relatively low light-to-heat conver-
sion efficiency.42

Semiconductors normally have poor absorption ability in the
IR region (700–2500 nm) due to their wide bandgaps. This
drawback critically limits their photothermal performance
because the IR region occupies �50% of the total energy of
sunlight. Thus, the materials should shi the absorption
J. Mater. Chem. A, 2020, 8, 513–531 | 517
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spectrum to the near-infrared region. Much attention has been
paid to improve the limited absorption via tuning their energy
bandgap by doping, e.g., introducing impurities or disordered
lattices into the materials.65 Semiconductor doping can tune
their electronic band structure in different ways as follows: (1)
creating local intra-band energy states via the engineering of
oxygen vacancies to extend the absorption tails; for example, the
oxygen vacancies in titanium dioxide have been demonstrated
as an effective way to extend the photo-response of materials
from the UV to IR region.63 (2) Bandgap narrowing of the
intrinsic material via shiing the conduction or valence posi-
tion to red-shi the absorption edge (Fig. 3f); for example, the
narrowing of the bandgap of Ti2O3 results in an absorption
spectrum ranging from 500 to 2500 nm of the solar spectrum.42

(3) Introducing new impurity bands via degenerately doping to
enlarge the light absorption spectrum. This effect has been
veried in degenerately doped semiconductors using a local
SPR effect, in which the increase in doping concentration
induces a blue-shi in the SPR band.9,41,64Moreover, doping also
benets photothermal conversion owing to improved recom-
bination over the materials with more free carriers. So far, black
titania and silicon,63,66 Ti2O3 nanoparticles,42 Cu7S4 (ref. 64) and
other magnetic bi- or tri-metal oxides67,68 have been validated as
effective photothermal semiconductors for solar evaporation.

3. Solar hybrid systems for
simultaneous steam and power
generation

Water and energy are precious resources closely related to social
development. Solar evaporation is a potential route to meet
both necessities.69,70 Generally, solar evaporation offers
a sustainable solution to produce clean water via the purica-
tion or desalination process. On the other hand, this method
also provides great opportunities in evaporation-driven power
generation. Up to now, interfacial solar evaporation coupled
with a triboelectric,71 pyroelectric/piezoelectric,28 thermoelec-
tric,30,45 thermo-electrochemical or salinity power device27,29 has
been developed for both steam and power generation by the use
of free solar energy. With the dual functions in a solar hybrid
system at the same time, the overall efficiency of energy
conversion can be improved by the rational coupling of solar
vaporization with the electricity technologies.

3.1. Triboelectric system

A triboelectric nanogenerator is a kind of mechanical energy
harvesting device using the electrication or electrostatic
effect.31,72 In contact electrication, two materials are contacted
with each other through friction, which steers the charge
transfer between the materials, resulting in triboelectric
charging of materials. On the other hand, periodic contact and
separation break the distribution of the electrostatic charges on
the materials, which induces a potential difference to drive the
free electrons to ow. The contact electrication offers static
triboelectric charges, and the electrostatic induction effect is
responsible for transforming mechanical energy into
518 | J. Mater. Chem. A, 2020, 8, 513–531
electricity.73 The created potential V can be written in the form
of V ¼ rd/30, in which r is the density of triboelectric charges,
and 30 and d are the vacuum permittivity and gap distance
between layers, respectively. The corresponding current owing

through the external circuit is dened as I ¼ V
vC
vt

þ C
vV
vt
, where

C is the system capacitance and V is the induced potential
between electrodes.74,75 The rst term represents the capaci-
tance change in the system induced by mechanical deforma-
tion. The second term denotes the potential change coming
from contact electrication. A triboelectric nanogenerator has
the advantages of exible material choices and device integra-
tion as well as excellent power output, stability and robustness.
These advantages enable its new opportunities in water-energy
nexus, such as harvesting energy from owing water,17 rain
droplets,76,77 water vapor,22,78 and ocean waves.79

A solar hybrid device was recently developed for simulta-
neous condensate water collection and triboelectricity genera-
tion. The solar absorber was made from an inexpensive gel
consisting of dispersed gold nanoowers (AuFs) in a silica
matrix (Fig. 4a and b).71 The intense tip-plasmonic enhance-
ment of AuFs contributed to broadband solar absorption and
high-performance photothermal conversion (Fig. 4c). The silica
gel also functioned as thermal insulation to conne the plas-
monic heat to the small volume of water within the porous
matrix, leading to vaporization efficiency of 85% under one sun
(Fig. 4d). An overall hybrid device with polytetrauoroethylene
(PTFE) triboelectric energy harvesting materials is shown in
Fig. 4e and g. The enclosed space allows vapor condensate
owing along the wall, which produces currents and potential
signals due to the ow-induced electrication (Fig. 4h and i).
The condensate water is then collected at the vessel bottom
(Fig. 4f). The round-bottom design of the vessel (Fig. 4j) can
swing the condensate in various directions for harnessing
omnidirectional triboelectric energy (Fig. 4k and l). In this way,
both the swing movement and the gravitational ow are used to
drive energy harvesting. The distinguished advantage of this
coupling grants simultaneous clean water production and
power generation without stressing on the environment.
3.2. Piezo-pyroelectric system

Stress mechanical energy can be transformed into electricity via
the piezoelectric effect, which is a coupling state resulting from
the mechanical and electrical properties of a material.34 The
material structure would deform aer exerting mechanical
strain, which drives the charge transport in the material. The
density of the polarized charges created by the applied stress is
described as r ¼ dX, where r denotes the charge density of
polarization, d is the piezoelectric coefficient, and X represents
the applied strain. This charge density produces an electric
eld, which can be given by VE ¼ r/3; here, E and 3 are the
electric eld and the permittivity, respectively.75,80 The total
mechanism of pyroelectricity can be understood from the
primary and secondary effects.33 The primary charge generation
comes from the polarization change versus temperature change,
while the thermal expansion of the material contributes to the
This journal is © The Royal Society of Chemistry 2020



Fig. 4 (A) TEM and (B) EDX characterization of the plasmonic silica gel. (C) The absorption spectra of different samples. (D) The solar-to-steam
efficiencies and the resulting temperature differences between the absorber surface and bulk liquid. (E) The solar hybrid device for clean water
and triboelectricity. (F) Mass changes of the water condensate. (G) The triboelectric generator for sliding droplets. (H) The created electric
potential and (I) current. (J) The triboelectricity from water swinging. (K and L) The electric signal measurement. Reproduced with permission.71

Copyright 2018 Wiley-VCH.
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secondary pyroelectric effect. The corresponding electrical

current is dened as I ¼ dQ
dt

¼ meA
dT
dt

, in which Q denotes the

resulting charge, m is the absorption coefficient, A represents

the surface area,
dT
dt

is the temperature variation and e is the

pyroelectric coefficient that can be expressed as e ¼ dr
dT

.81,82

Therefore, the overall polarization can be changed when
a pyroelectric material is heated or cooled, leading to a ow
current.

A hybrid device not only working as a piezoelectric harvester
in a vapor ow, but also functioning as a pyroelectric harvester
for temperature uctuations is desirable to scavenge the lost
This journal is © The Royal Society of Chemistry 2020
energy in solar evaporation. For this purpose, a carbon sponge
(Fig. 5a) with wideband solar absorption and heat localization
properties was designed for in situ photothermic vaporization.28

It was found that the sample with a small pore size of �25 mm
has the best evaporation rate of 1.30 kg m�2 h�1 (Fig. 5b), with
a solar-to-vapor conversion efficiency of 85%. This rate out-
performed those of other carbon sponges with large pores and
was about 3 times over that of base water. The thermo-
mechanical energy from steam turbulence could be harvested
by a PVDF tweezer due to its outstanding piezo-pyroelectric
properties (Fig. 5c).83,84 The temperature oscillation and up-
ow uctuation could jointly drive the tweezer to produce
electricity (Fig. 5d–f). The created electrical current and open-
circuit potential could reach �0.08 mA and �20.0 V,
J. Mater. Chem. A, 2020, 8, 513–531 | 519
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respectively. This combination to convert mechanical friction
and temperature change into electricity offers a new concept to
simultaneously produce freshwater and electricity. Moreover,
the facile synthesis process makes the sponge absorber highly
desirable for practical solar-thermal applications.
3.3. Thermoelectric system

Unlike pyroelectric materials requiring a temperature variation
versus time, thermoelectric devices can generate electrical
energy from spatial thermal gradients according to the Seebeck
Fig. 5 (A) SEM images of carbon sponge and the high-resolution image o
evaporation-induced potential. (D) The temperature oscillations. (E and
permission.28 Copyright 2018 Wiley-VCH.
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effect. The device efficiency is decided by its operation
temperature T and the materials' gure of merit ZT:85,86

hte ¼
Th � Tc

Th

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ZT

p � 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ZT

p þ Tc

Th

here, ZT is dened as
sa2T
ke þ kl

, s

denotes the electric conductivity, a is the Seebeck coefficient, Tc
and Th are the cold- and hot-side temperatures, respectively,
and k is the heat conductivity.75 There is intense interest to
improve the gure of merit for industrial applications. The
most common material used so far is Bi2Te3.87,88 Converting
f carbon fibrils (inset). (B) The evaporation rates and (C) the schematic of
F) Output electrical signals under solar evaporation. Reproduced with

This journal is © The Royal Society of Chemistry 2020
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thermal energy into electricity via a thermoelectric device
without moving parts is attractive for applications. It is
conventionally believed that the use of a thermoelectric device
is the most suitable method for waste heat recovery.32,89 Recent
studies demonstrate that the thermoelectric device is also
attractive for converting solar energy into electricity involving
high-temperature concentrating solar power85,87,90 as well as
solar evaporation at room temperature.30,45

Solar evaporation has been applied in wastewater treatment,
desalination or distillation, solar fuel production and steam
sterilization.9,10,91 The thermoelectric module can be directly
integrated with the solar absorber for harvesting thermal
energy.30,92 The module also serves as a heat insulator for
improving evaporation and synchronously harvests low-grade
solar heat to sustain electricity. For example, a recongurable
solar sponge has been intentionally isolated from water by
a thermoelectric module (Fig. 6a). The evaporation rates are
calculated to be 1.36 and 1.20 kg m�2 h�1 (Fig. 6b), indicating
the reduction of heat loss by the thermal insulation of the
module. The vaporization rate decreases on decreasing the
owing water temperature, and a low temperature leads to
a high thermoelectric potential of 106 mV under one-sun
Fig. 6 (A) Solar water evaporation and thermoelectric generation. (B) T
moelectric power generation under static and flowing water. (D) The eva
different flowing water temperatures. Reproduced with permission.30 Co

This journal is © The Royal Society of Chemistry 2020
(Fig. 6c and d). In contrast to harvesting sensible heat, steam
contains considerable latent heat of enthalpy that is normally
lost to the surrounding environment. The thermoelectric
module can also be used to recover steam enthalpy (Fig. 7).45 A
low-cost graphite solar absorber is used in the system (Fig. 7a
and b). This absorber has broadband absorption ability (Fig. 7c)
with good thermal management that leads to a high vapor-
ization rate of 34.8 kg m�2 h�1, corresponding to a solar-to-
steam efficiency of 81.7% under 30-sun (Fig. 6e). The released
heat energy is stored in a separated heat storage device above
the evaporator, with temperatures of 100 �C and 25 �C at two
sides (Fig. 6d). This temperature difference drives the module to
generate electricity with a maximum output power of 574 mW
(Fig. 6f), corresponding to a solar-to-vapor efficiency of 72.2%
and power efficiency of 1.23%. The heat storage ability is the key
feature of this system, which might enable electricity produc-
tion at night without solar irradiation.
3.4. Thermo-electrochemical system

The thermoelectric modules are oen fabricated by high-cost
semiconducting materials. A thermo-electrochemical cell, also
he mass loss with and without the thermoelectric module. (C) Ther-
poration rate and open circuit voltage of the thermoelectric module at
pyright 2019 Wiley-VCH.
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Fig. 7 (A) Optical and (B) SEM images of the light harvestingmaterials and (C) their solar absorption spectrum. (D) The completely thermoelectric
device for both steam and power generation. (E) The vaporization rates and their corresponding solar-to-steam efficiencies. (F) Maximum power
output under various light intensities. Reproduced with permission.45 Copyright 2018 Elsevier.
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known as a thermogalvanic cell, can be an alternative to the
thermoelectric modules. This device requires a temperature-
dependent redox couple electrolyte and electrodes to trans-
form heat energy into electricity.93–95 The redox reaction would
occur at both the anode and the cathode, while a temperature
gradient is introduced across the electrodes. The convection
and migration transport of reaction species between electrodes
through the electrolyte can produce a continuous current ow
in the thermo-cell, building a close-cycled reaction. For a redox
system A + ne� 4 B, the Seebeck coefficient can be expressed as

S ¼ vV
vT

¼ DSB;A
nF

; here, V is the electric voltage, n is the number

of electrons participating in the reaction, F is the Faraday's
constant, and DSB,A denotes the reaction entropy of the elec-
trolyte. The cell performance is determined by a new gure of

merit ZT* ¼
�
z2F2

R

�
S2Dlimc

k
; here, R is the gas constant, z is the

ion charge, k is the thermal conductivity, Dlim represents the
diffusion coefficient and c is the electrolyte concentration.93

Currently, two ways are used to improve power output and
conversion efficiency. A large potential can be obtained by
optimizing thermodynamics using electrolytes or redox couples
with high Seebeck coefficients.35,96 Current density can be
522 | J. Mater. Chem. A, 2020, 8, 513–531
amplied by the use of nanostructured electrodes as well as
electrolytes with better mass transport.94,97

Low-cost carbon nanotube electrodes have a large surface
area that is benecial to enhance energy harvesting efficiency.98

A graphite lm has been used as both a solar absorber and
a thermo-cell electrode.29 The lm is prepared from graphite
bers (Fig. 8a and b), and the bers exhibit hydrophilic prop-
erties with a contact angle approaching to zero. The lm has
a broadband solar absorption from 250 to 2500 nm, as shown in
Fig. 8c. Fig. 8d shows the thermo-electrochemical system
enabled by interfacial solar evaporation. The redox couple of the
system is the I3�/I� ion pair that has distinct temperature-
dependent redox potentials. When exposed to solar irradia-
tion, a temperature gradient across the electrodes would create
a redox potential difference in the electrolyte to produce elec-
tricity. Both DI water and seawater electrolytes were employed
in the system. It was found that the vaporization rate was greatly
improved as compared to that for the system without the
absorber (Fig. 8e). The evaporation rate with the seawater
electrolyte reached 1.1 kg m�2 h�1, corresponding to a solar-to-
steam efficiency of �60%. The output power was about 0.5 mW
m�2, and it still retained about �0.023 mW m�2 even at night
without light illumination. This opens a new avenue for power
This journal is © The Royal Society of Chemistry 2020



Fig. 8 Graphite film parallel functions as the solar absorber and the thermo-cell electrode. (A) Optical and (B) SEM images of the film. (C) The
absorption spectrum. (D) The thermo-electrochemical cell for clean water and electricity generation. (E) Mass loss curves versus time. (F) Output
power with and without solar illumination. Reproduced with permission.29 Copyright 2019 Royal Society of Chemistry.
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generation driven by a temperature difference from natural
evaporation.

3.5. Salinity power system

The salinity difference between seawater and fresh water stores
a great amount of renewable energy.18,99 The so-called “blue
energy” can be extracted in the mixing process of seawater and
fresh water. In theory, maximum work released from mixing can
be evaluated by the Gibbs free energy DGmix. The Gibbs free
energy difference per unit volume via mixing is calculated as
DGmix¼ RT[cm ln(cm)� ccs ln(cs)� (1� c)cr ln(cr)], where c is the
volumetric fraction of seawater, cm denotes the concentration of
mixed solution, cs is the concentration of seawater, and cr is the
concentration of river water.37,100 The useful work produced by the
unit in practical applications is always less than the Gibbs free
energy due to the inevitably produced entropy.37,101 The prevalent
technologies to harvest salinity energy are reverse electro-dial-
ysis,36,102 pressure retarded osmosis103 and electric double-layer
capacitors.100,104 In reverse electrodialysis, the chemical potential
gradient drives a directional transport of charges across ion-
exchange membranes to produce electricity. Salt-rejecting
membranes are used in pressure retarded osmosis to create an
osmotic pressure difference between the two solutions to drive
power generation. In capacitive energy harvesting, the cycling-
varied potential is a result of alternating a porous electrode pair
in electrolytes at different concentrations to convert salinity
energy into useful work.

Solar evaporation brings new chances to deal with the water-
energy crisis.20,105,106 To concurrently harvest solar and salinity
energies, Zhou et al. developed a hybrid system for
This journal is © The Royal Society of Chemistry 2020
demonstrating solar evaporation and salinity power (Fig. 9a and
b).27 Under illumination, the carbon-based absorber converted
solar energy to heat, leading to a localized high temperature and
thus, vapor was easily released via evaporation. Seawater is
continuously transported to the evaporative surface by the
capillary force of the paper. This rapid evaporation inevitably
poses a salinity difference across the membrane, which thus
promotes a directional charge transport to produce electricity.
Fig. 9c illustrates the energy ux of evaporation. The nal device
generates an electrical power of 1 W m�2, with a solar-to-vapor
efficiency of 75% under one sun. Theoretically, the power
generation from this method can approach 12.5 W m�2, while
the actual electric power is less than 10% because ions do not
pass through the membrane. A scalable device was also devel-
oped to further verify the design (Fig. 9d and e). Owing to
a natural convection environment, the vaporization rate can
reach 1.1 kg m�2 h�1. The open-circuit potential is �66 mV and
an optimized power of 3 mW can be obtained under a steady-
state operation (Fig. 9f). Moreover, they also reported water
evaporation-induced electricity in porous carbon lms.22,107,108

The conceptual device consists of a carbon black lm and two
carbon nanotube electrodes, which can produce a sustained
potential of �1.0 V under natural evaporation.22 The
evaporation-driven water ow contributes to the strong inter-
action of water molecules with carbon materials that is
responsible for power generation.26,109 However, this system is
unable to collect condensed water and harvest steam thermal
energy. Nevertheless, the works offer novel insights for blue
energy harvesting, demonstrating the potential for wide appli-
cations of the technology.
J. Mater. Chem. A, 2020, 8, 513–531 | 523



Fig. 9 (A) Steam and power generation from salinity. (B) Mechanism and (C) energy flux of the solar hybrid system. (D) A photograph of the
scalable device. (E) The IR image of surface under natural irradiation. (F) The solar and vapor flux (upper panel) as well as the electrical output
(lower panel). Reproduced with permission.27 Copyright 2019 Royal Society of Chemistry.
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4. Summary and prospects

This work summarizes the progress on interfacial solar evapo-
ration for fresh water production simultaneously towards waste
energy harvesting through triboelectric, pyroelectric, piezo-
electric, thermoelectric, thermal-electrochemical and salinity
524 | J. Mater. Chem. A, 2020, 8, 513–531
effects. The photothermal physics and engineering strategies of
solar materials were briey described for advanced solar energy
harvesting. The interaction of photothermal materials and
steam devices with electricity producing systems was then
addressed. Table 1 shows a summary of the energy harvesting
mechanisms, absorber materials, photothermal physics,
This journal is © The Royal Society of Chemistry 2020
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evaporation and electricity generation performances, and their
potential applications in a wide range of water–energy nexus,
e.g., water desalination, thermal energy storage, waste material
utilization, electricity generation, etc. The input energy sources
are various and can be mechanical, thermal, or chemical energy
or their hybrid scheme from time to time. Some developed
systems have shown the capability to overcome the intermittent
nature of solar evaporation.22,29,45 The typical evaporation rates
and solar-to-steam efficiencies were extracted from selected
articles and are shown in Fig. 10a. Power density and output
potential are key parameters to dene the total energy and
threshold voltage of a device; they are highlighted in Fig. 10b.
This can hopefully provide a global insight on the pros and cons
of energy harvesting mechanisms as well as the solar hybrid
technologies they potentially would enable. It was concluded
that the high vaporization rate above 1.1 kg m�2 h�1 could be
easily achieved through the rational scrutinization of photo-
thermal materials and careful engineering of solar absorbers
and evaporators. Solar-to-steam efficiency approaching 90% can
also be expected in the hybrid system with extra power gener-
ated simultaneously. A high voltage can result from the tribo-
electric and piezoelectric effects, while a high current can oen
be produced by the thermoelectric or salinity effect. Although
there is growing interest in the potential for scale-up applica-
tions, the voltages are high (low) and the currents are normally
low (high), which limit the power output. Overall, the progress
of coupling interfacial solar evaporation with power generation
shows great prospects in addressing water-energy challenges.110

We believe that this solar hybrid technology would attract more
attention in the near future.
Fig. 10 (A) The reported vaporization rates and solar-to-steam efficien
density and open-circuit voltage according to the energy harvesting me

This journal is © The Royal Society of Chemistry 2020
The remaining challenges in the elds include mechanistic
elucidation, material manipulation, device structure optimiza-
tion and integration, and improvement in the steam energy level
and power density for practical operations. To expand opportu-
nities in this interdisciplinary eld, there is a need for the
mechanistic understanding of how localized heating and water
and vapor ow affect the steam and power generation perfor-
mance. Highly efficient photothermal materials and oating
insulation materials that are commercially available should be
scrutinized and produced at a low cost. The inuence of the
micro/nanostructure design and surface chemistry of a solar
absorber, evaporation structure and thermal insulator on both
performances needs to be further explored systematically. To
enhance the clean water ux and power density of the system,
scaling up the evaporator/generator device either in dimensions
or in quantity can be benecial. A solar evaporator/generator
network represents a feasible strategy.111 The connection of
units in series would increase the open-circuit voltage, and
parallel connection would increase the short-circuit current.22,112

Networks linking large numbers of units via cables can be oa-
ted on an ocean surface for both seawater desalination and blue
energy harvesting. This scheme can in principle be implemented
at a scale comparable to that of photovoltaics for solar energy
harvesting. Another potential strategy is to use the PV technology
or concentrated sunlight to enhance the evaporation and power
density at the same time.76,78,113 This reects that the techniques
used in other solar energy elds can be introduced to the solar
hybrid systems.3,87,114 Moreover, integrating solar thermal energy
storage technologies into the systems can help address the solar
intermittency issue.45,115
cies of solar hybrid systems. (B) A global plot to highlight the power
chanism.
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Fig. 12 A new concept of solar evaporation for clean water and
renewable energy.
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Inspired by the reported systems, we propose two new
concepts of a device here for further development. The rst
prototype consists of three essential components: a photo-
thermal sponge, a Joule heating lm and a thermoelectric
module. As shown in Fig. 11, the thermoelectric module and
heating lm are integrated on the supporting sponge to make
the device oat on the seawater surface. The solar sponge has
high optical absorption and favorable inbuilt micro/
nanostructures, which are desirable for photothermal conver-
sion, efficient uid transport and heat management. The top
side of the thermoelectric device is carpeted by the heating lm
and the solar sponge to create the hot side by localizing solar
heating as well as Joule heating. The temperature difference
between the sponge and the water present underneath drives
the thermoelectric module to harvest low-grade heat for waste
heat-to-electricity conversion. The produced electricity is in situ
used to heat the Joule lm, which further improves the
temperature of the sponge.116,117 Meanwhile, the thermoelectric
module also functions as a thermal insulator under the sponge
to enhance solar evaporation. As a result, solar energy can be
more efficiently transformed into heat energy for water evapo-
ration by the synergistic coupling of the photothermal effect
with the thermoelectric technology. Another potential device is
composed of a thermo-electrochemical cell embedded in
a bubble-column evaporator that is linked with a condenser for
concurrent water production and heat recovery (Fig. 12).118 The
meshed black material acts as both the solar absorber and the
thermo-cell electrode. The generated electricity can be in situ
used to drive the pump for air bubbling to enhance the mass
transfer of humidication or to satisfy other power supplies in
off-grid areas. Such desalination and electricity technologies
not only overcome the fouling issues that can hinder device
operation, but also fully utilize the waste heat from both water
and vapor, which would be signicant for more energy saving
and large-scale applications.

Due to the abundance of solar energy and widely distributed
water resources, solar evaporation can also be a promising
technology toward resource production.119,120 The combination
Fig. 11 A solar steam device towards enhanced evaporation via direct
photothermal-thermoelectric coupling.
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of new functions into the existing energy frameworks for further
grid-scale applications will be the next research focus, e.g., the
interdisciplinary coupling of refuse burning, geothermal heat
and photovoltaics at a large-scale is valuable to build a Synergy
City (Fig. 13).113,121 A variety of heat sources can be used to
produce steam for the generator. This requires multiple
generators that can be run in series or parallel, e.g., solar energy
is not available at night and hereby, refuse burning, geothermal
heat and possibly other sources would pick up the load. The
thermal cycle requires a heat sink to discharge the rejected heat
and such sinks can be rivers, lakes, cooling towers or even
a large man-made lake, in which freshwater ows in from the
desalination plants processing sea water. Such plants can be
located at the sources using power produced locally or from
a Synergy City. This kind of city can be a man-made oasis, which
is presently uninhabitable, enhancing the environment and
offering employment opportunities. More importantly, the
Synergy City has a potential to solve the major issues con-
fronting our society: (i) the need for freshwater in arid regions;
(ii) the need for power production from environmentally safe
sources; and (iii) the need to safely dispose of trash from
communities. With this vision and dream, the intrinsic
advantages of interfacial solar evaporation would not only
accelerate the harvesting and utilization of solar energy, but
Fig. 13 Vision of solar evaporation in the development of a Synergy
City. Reproduced with permission.121 Copyright 2011 United States
Patent Office.
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also inspire new translation of the technology into other energy
frameworks towards a better future.
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