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(a) Number of research articles published per year, obtained from a simple and limited literature search using the keywords “solar water evaporation”. (b) On the

base of “solar water evaporation”, number of research articles published per year, obtained from limited literature search, using “Electricity” as the second

keywords. (data source: Web of Science)
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Fig. 2 Different types of structure and water transmission channel of solar-driven steam generations
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(b) System diagram
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Fig. 3 Integrated or tandem mode of solar-driven steam-electricity systems
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Fig. 6 Storage and recycling of solar steam enthalpy for simultaneous generation of clean water and electricity’
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) KR EE AR AL RIS 3] . 1 9by 1 9d NAE R
A0 [ 8RN g B [ 3808 A4 R ) TEC AT RED J
MR, B 9c. B 9e ML LIIMNE W RN T
B HEBUE VA At B e b H R PR S SR AR

R 2R AR 2 e T R R0 R S5 1 00 Fi b 5 0 B —
F b FEL R i Rk 35 4R . TEC F1 RED #54 Hijth
TE R BHRE /K 28 Rk 2 b R I 3 it 7 2 5 b =
B, 1AKBDEIRS FA#] 1.4 kgm *h ' (R7E75%
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. Synergistic effect (SE)
Solar evaporation C g s2
) ) ) ) .
Temperature Sallr}lty ’ RED OFF RED ON RED OFF
gradient ] Seawater | gradient CEM Lowe 0 00 200 300 400
(b) s
E v (©

High salinity

Ag/AgCl
Agt+Cl—e—AgCl
Ton selective membrane
AgCl+e—>Ag+Cl

Low salinity

RED

(@

RED

3
SE

B e

TGCOFF TGCON TGCOFF

Voltage/mV

w
=)

Lowe ICE] (o)1 _ Highc 27

. X : 0 50 100 150 200
L @  CE: Composite electrode s
Surplus cation Cation vacancy
(d) (e

(a) Schematic diagram of dual-cell (b, d) Schematic of the TEC/RED hybrid system presenting the synergistic effect (SE) and the antagonistic effect (AE) with

reversed spatial arrangement. (c, ¢) Voltage—time curves of R1 in TEC and R2 in RED under SE (red curves) and AE (blue curves). “ON” and “OFF” means

the switch in the circuit is at on and off state!*®!

&l 9 TEC 1 RED XU #%-& K FH &

BIK AR R HL 3R G s 7 B RN A Ji 2 00

Fig. 9 Schematic and working principle diagram of TEC and RED dual-cell coupled Solar-driven steam-electricity system for water

generation
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KR (SINWS)FHK FELARAL) Fi, ) FH 7K AR R0 M 78 ik
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AR T 4 52 Y, 2017 4R, Xue 2R IIES
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Superhydrophobic FEP film
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Fig. 10 Schematic diagram of the integrated device combining
the triboelectric nanogenerator (TENG) and the
water-volt device (HD)!*!
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(a) Electric double layer at the solid-liquid interface
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(b) Schematic of the streaming potential within a nanochannel

driven by a pressure difference
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Fig. 11 Schematic diagram of the basic mechanism of hydrovoltaic effect
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PR KM . IR 255K, w] LA 2SS K 4
ARZEAGKME, WISCOKBH ARG T LRI P 7K 2%
R, NI F=AEFFELKIERE, i 14b fos. &
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(a) Schematic of device and experimental set-up (b) Typical HR-TEM image (c) Schematic of the water evaporating from and induced water flow

for measuring evaporation-induced voltage of CB (Scale bar, 5 nm) in CB (purple oval in b)
151
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~ 00t
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(d) Open-circuit voltage generated by water evaporation from the CB is sustained for 163 hl™!

Bl 12 R BB(CB)H AR E S R A
Fig. 12 Evaporation-induced electricity in CB!")

Nanofiber
" CsPbBr,
s MWNTSs
B MXene

&L Ionic hydrogel

(b) Schematic diagram of the composition of a fabricated IENG
evaporator towards simultaneous water evaporation and electricity generation

Bl 13 22 i A R RS Ak R EAHLAENG)

Fig. 13 Design of multilayer interfacial evaporation-driven nanogenerator (IENG)!®

(a) Schematic diagram of structural of the IENG for all-in-one
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(a) Schematic of the bilayer (b) Diagram of the device structure from  (c) A continuous recording of open-circuit voltage (black) and short-circuit
SSEG the side

current output (red) from the SSEG for ten days in an ambient environment

((25+2) C, RH 60%+5%). The inset is the corresponding circuit model

Bl 14 MR AR AR — 1 A pE ARGk R LR & AT v A

Fig. 14 Schematic and electrical characteristics of moisture adsorption and water evaporation integrated self-powered nano generatorm]
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Water evaporation

(a) Schematic diagram of flow potential caused by water evaporation in wood
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(b) Schematic diagram of wood-based hydroelectric
generator (WHEG)

B 1S AMHE Sk R B i AR R 7 )

Fig. 15 Hydrovoltaic effect in water evaporator with wooden substrate
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(a, b) Schematic diagram of electricity generation induced by evaporation in the G. sulfurreducens biofilm. (c, d) Electric outputs from G. sulfurreducens

biofilms.
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Fig. 16 Bio-based membranes used in self-powered electricity generation system

223 FEREAMEHYPRE BN SEAE S
(MOFs) B A mfLB e . K L R AR A0 m] 1 i #4E
PEfE. Li 0 o 7 AR At ROk R K
ARG, fEBhT MOFs AR B FLE R . i
KSR, 1E R )5 (PVDF)A I Bl 1

[80-81]

MOFs # %} Cu-BTC ([Cuy(OH)(BTC)(H,0)],2H,0
(CBAYKAEFES, Z 4K AR B 51 45 58 2K i (PANT)
7R CBAP JiE, & mfAREWE 17a. il &
ff) CBAP JEFEZS/FTE 0.1 mmol/L NaCl ¥4 i b 5 48
FEAREIA 709.3 mV T ER R, 7RG K R



. 266 CRERR Sh2230)

J Chin Ceram Soc, 2024, 52(1): 255-272

2024 4F
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(b) Photo and schematic of a typical AIOOH/UIO-66-based device
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(c) Plot of time-dependent V, in a device made of AIOOH/UIO-66
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Fig. 17 Schematic diagram and electrical performance of metal-organic frame based self-powered nanogenerator

Qin ZPYHIST T IEKLRBESI(SINWS) IR AR R
A E, WK 18a Fizn. SINWs AT 5K K Hi b
AR ST B T s tERe, 9KiEE N K2
RBIEMIARR BN o] AR S A o 7. 1225 B RR
S B T 55 pA-em, HE M Th R
FERBIL 6 uW-em ™, FRBUE FIA 400 mV. SAiE—
IR R LR FE S O R, Y I
SINWs BEFIAFEAR, AR AR I DR 41 4E
RLWE IR, 525 R REN K FL KR 2L
(TAERE B K 18b). 25 B i il SR K BH ae AU e SE
DA K I AE = 5 B4, 7E— AN KGR KUE

[82-83]

Nams AT, BEERES 2.17kgm >h,
HH L EZIN 1.48 V,

RN BT 2 e, DR
BRI R EE, Chi ZBF R T —Fh R TR
AT F 2 SRR B B P BE B R FR R 4R, 5K
7 s AR E I (B 19). ARTE ALO; fL
T8 FR B I P= A AKAR RN, P R AL 0.7 V, i
PR ATIA 0.3 pA. H 2 ZFLAMBYUR K BL
BRI, T SEEU TR A (B 19¢0). ARET
MBI E QR BREE 1, A R, A5
KB 75 fnfe e v .



2 EH 14 VREE 55 OKBHREIKEN KA K B R G TE ik fg < 267 ¢

(a) Schematic diagram of a hydrovoltaic electricity generation device with silicon nanowires

Squid ink spheres
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(b) The combination structure of carbon fiber (containing squid ink) and silicon nanowires (SiNWs) arrays realizing the hydrovoltaic effect to generate eletricity
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Fig. 18 Schematic diagram of silicon nanoarray-based self-powered nanogenerator®*=*>
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(a) Device diagram (b) Principle diagram (c) Tandem /parallel LS-TENGs powering an electronic calculator
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Fig.19 Water-evaporation-driven electricity generation with porous Al,O5 sheet(®
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Research Progress on Solar-Driven Steam-Electricity System
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Extended Abstract

With the rapid growth of population and the development of industry, the lack of clean water resources becomes increasingly
prominent. For the shortage of clean water resources, China as a country rich in seawater resources vigorously promotes seawater
desalination technology, which has gradually developed into a strategic industry. Compared with the existing desalination
technologies such as multi-effect distillation, multi-stage flash evaporation, reverse osmosis membrane, electrodialysis and so on, the
desalination technology based on the principle of solar photothermal conversion has unparalleled advantages, i.e.,
environmental-friendly, high efficiency and low cost. Solar-driven steam generation (SSG) could be widely applied in seawater
desalination, sewage treatment and other fields, which is of great significance in acquiring pure water and solving the problem of
water resource shortage.

Ultra-high solar steam conversion efficiency could be achieved by increasing photothermal conversion efficiency, water transfer
rate and heat management of the SSG system. In recent years, the evaporation models underwent a gradual transition from using
photothermal particles dispersed in volume water to interface water evaporation with porous insulation layer or 1D or 2D water
transport channels to the hydrophilic gel evaporation structure. It is reported that TiN hyperbranched nanowires have a better solar
light absorption and a higher specific surface area to evaporate water rather than TiN nanoparticles and nanotubes. Its solar water
evaporation rate and solar thermal conversion efficiency are 1.5252 kg'm>-h™" and 94.01%, respectively, under 1 kW-m™ simulated
solar irradiation. Zhu et al. demonstrated that a carbon foam with a three-dimensional interconnected porous structure enables a
sufficient diffusion of vapor with a convective flow and realizes an evaporation rate of 10.9 kg-m >-h™". Solar-driven steam-electricity
system expands the functionary of SSG, providing an innovative pattern for the electricity supply for tiny electronic devices, flexible
wearable devices and remote area. Solar-driven steam-electricity system is mainly divided into integrating electricity generation
module and self-powered electricity generation module. In SSG and PV cell integration modules, Xu €t al. experimentally
demonstrated that a prototype hybrid tandem solar device with WTIL can generate electricity with a power output of 204 W-ni? and
purify water at 0.80 kg'm™-h™' under 1-sun illumination. Deng et al. realized that the evaporation rate of the prepared TEC in
seawater electrolyte is 1.1 kg'm2-h™", and the solar vapor conversion efficiency of the TEC is 60% with a peak output power of
0.5 mW-m™. In self-powered electricity generation modules, Guo et al. presented a device prototype for enhanced power generation
from ambient humidity, the device to ambient humidity can produce voltages of 0.78 V and a current of 7.5 pA, both of which can be
sustained for more than 10 d. In this review, we summarized recent research work on the solar-driven steam-electricity system, and
analyzef the advantages and disadvantages of different electricity generation modules.

Summary and prospects Selection of solar absorbers: Three categories of solar-absorbing materials including carbon materials
(such as carbon nanotubes, carbon nanoparticles, and graphene), plasmonic metals (such as Al, Au, Ag, Cu) and ceramic
nanomaterials (such as transition metal nitrides and carbides) and semiconducting nanomaterials (such as TiO, 4, MoS,;) were
developed. The present research focuses on the preparation of high-light-absorption photothermal absorbers with a low-cost and a
superior chemical stability.

1) Structural design of solar steam generation system: The solar-vapor conversion efficiency (#) can be calculated by

nzngvxdm/dt (D

Q
where Q; is the incident light power (1 kW-m?); Q, is the water evaporation power; H, is the evaporation heat of water
(~2260 kJ-kg™"); mis the evaporated water mass; t is time.

Based on Eq. (1), the solar steam conversion efficiency is directly proportional to water evaporation enthalpy and water
evaporation rate. It is proved that the latent heat of water vaporization in a porous nanostructure is lower than the standard value.
However, it is still unclear how to obtain a low water evaporation enthalpy by regulating the porous structure of the solar
photothermal materials. It is crucial to obtain hierarchical nanostructures and evaluate its water vaporization latent heat. In order to
increase the specific surface area of solar photothermal materials, porous foams and gels are designed and prepared, but the
preparation of these artificially hierarchical materials is a time-consuming and costly process. It is thus imperative to explore naturally
hierarchical plants that are low-cost and easy to obtain.

2) Efficiency and mechanism of VOCs photodegradation in water: Solar-driven steam generation is utilized to produce fresh
water by removing salts, heavy metals, micro-organisms, and most organic pollutants in raw water. However, it also accelerates the
volatility of the volatile organic compounds (VOCs) and enrich them in the distilled water if the water source is contaminated by
VOC:s because of their similar boiling point with water, which poses a serious threat to the atmospheric environment and human-being
health. VOCs such as alcohols, aldehydes, ketones, olefins, and aromatic compounds tend to migrate and accumulate in different
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environmental media such as soil, water, and air. The World Health Organization and China's sanitary standards for drinking water
quality both have established limit values for VOCs. Consequently, it is crucial to efficiently remove VOC during the solar-driven
interfacial evaporation.

3) The relative merits of different electricity generation systems: Solar-driven steam-electricity system is mainly divided into
integrating electricity generation system and self-powered electricity generation system. The integrating electricity generation module
integrates a solar water evaporation module and an electricity generation module by rationally connecting the solar water evaporation
module with photovoltaic device harvesting light energy, thermoelectric module recovering heat energy from water vapor, membrane
structure utilizing salt concentration gradients and triboelectric nanogenerator based on steam condensation process. The electricity
generation capacity of an integrated electricity generation system typically depends on the electrical output performance of the power
generation module itself. Though the integrated electricity generation system can be commercially produced and has a stable
performance, it has some problems such as complex structure, high cost and non-adaptability of different modules, which limit its
practical application. The self-powered electricity generation system does not connect solar water evaporation module with other
auxiliary equipment for electricity generation. It generates electricity directly by a hydrovoltaic effect, and its evaporation-electricity
generation performance mainly depends on the microstructure of the photothermal material, such as the size of micro-/nano-pore
channels and the zeta potential. The currently reported output currents range from nanoamps to microamps, and exploring current
output in the milliamp range is a further research direction.

Keywords  solar-driven steam generation; water evaporation-induced electricity; integrated electricity generation module;
self-powered electricity generation module; hydrovoltaic effect



