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3D bridge-arch-structured dual-side evaporator for
practical, all-weather water harvesting and
desalinationf
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Environmentally friendly solar-driven evaporation shows great potential for desalination. However,
conventional solar-driven evaporation in high-salinity brine results in low water purification efficiency
due to salt accumulation on the evaporator surface. Additionally, the total water yield performance is
further reduced in the absence of sunlight, significantly limiting its practical applications. To overcome
these challenges, we proposed a highly efficient 3D bridge-arch-structured dual-side evaporator
composed of Cu/CuO-polypyrrole for all-weather water harvesting and desalination via solar thermal
and Joule heating. Our design results in an indoor evaporation rate of 4.10 kg m=2 h™! during the

daytime under one sun and 6.50 kg m~2 h™* via Joule heating with a small voltage of 1.9 V during the
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Accepted 7th March 2024 nighttime. In addition, the designed evaporator results in a high evaporation rate of 3.60 kg m™“ h™ " in
a water reservoir containing 10 wt% brine. At a practical level, the designed 3D evaporator achieved

DOI: 10.1035/d4ta00875h a high outdoor water yield rate of 10.69 kg m~2 day™’ This performance represents a major step
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Introduction

The lack of fresh water is a critical challenge in the quest to
build a sustainable world, particularly in regions predominantly
covered by desert."* To overcome this global challenge, seawater
desalination,*® wastewater purification,” and atmospheric
water harvesting,®**> have been proposed as environmentally
friendly approaches to collect fresh water. Among them, solar-
driven seawater desalination emerges as a highly promising
approach to generate fresh water, due to the abundance of solar
energy and the high efficiency of the desalination process
during the daytime when the sunlight intensity is high
enough.”**

Over past decades, various interfacial solar-driven evaporator
structures, including nanoparticle dispersions,'*'” 2D
planes,*®?* and 3D architectures***” have been developed to
improve evaporation performance. These innovations focus on
improving solar thermal conversion,*®*° regulating water
supply,®** reducing latent heat,***” minimizing heat loss,
latent heat recovery,””** and reducing salt-accumulation on the
evaporators**° in long-term desalination. However, the state-
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towards the commercialization of all-weather water harvesting and desalination.

of-the-art solar-driven evaporators are time-dependent, with
their efficiency fluctuating daily due to changes in sunlight
intensity.*~*> This results in a limited operational timeframe,
significantly impacting their performance in all weather
conditions.*>*® In addition, high salt accumulation, particularly
from high-salinity seawater (>3.5%), on the evaporators signif-
icantly reduces solar absorption, leading to less efficient fresh
water generation. Therefore, the development of a highly effi-
cient, all-weather evaporator capable of stable performance
under high-salinity conditions is urgent.

Inspired by the capillary phenomenon of porous structures
in nature and the arch bridge structure in architecture, we
introduced a novel and highly efficient 3D bridge-arch-
structured dual-side evaporator for all-weather desalination
via solar-thermal heating in the daytime and Joule heating in
the nighttime. The solar absorptance of the Cu foam was
limited, and can be greatly improved by establishing black CuO
blade nanoplates,” but the evaporation enthalpy is too high and
limits the evaporation rate. Polypyrrole (PPy) can be sprayed on
the surface of the Cu/CuO foam to form Cu/CuO-PPy foam to
further reduce the evaporation enthalpy.”® The combination of
CuO and PPy both increased the solar absorptance and reduced
the evaporation enthalpy, which greatly improved the evapora-
tion rate. The Cu/CuO-PPy foam was bent into a 3D bridge-arch
structure, and dual-side evaporation can be achieved and
thermal conduction loss to the bulk water body can be reduced.

Our design achieved an exceptionally high solar absorptance
of 0.944, due to the synergistic absorption effects of CuO and

This journal is © The Royal Society of Chemistry 2024
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polypyrrole (PPy) on the Cu foam substrate. With our unique
architecture, a continuous high evaporation rate with high-
salinity brine can be achieved and salt accumulation can be
easily dissolved into the water reservoir. During the daytime, the
indoor solar-driven water evaporation was up to 4,10 kgm >h ™"
under one sun. In the nighttime, the water evaporation rate via
Joule heating was up to 6.50 kg m > h™" at a voltage of 1.9 V. At
a practical level, our designed 3D bridge-arch evaporator
showed a high-water evaporation rate of ~3.60 kg m > h™" in
10 wt% brine for 8 hours under one sun. In addition, the all-
weather water yield was up to 10.69 kg m ? day '. These
achievements are a major step towards the commercialization
of all-weather desalination evaporators for fresh water
collection.

Results and discussion
Property characterization of the 3D dual-side evaporator

The fabrication schematic and working principle of our design
are shown in Fig. 1A and B, respectively. To achieve all-weather
evaporation via solar thermal and Joule heating, the evaporator
should be electrically conductive and have high solar absorp-
tance. Therefore, copper foam was selected as the framework
material, owing to its flexibility and robustness, which also
enables it to be easily folded into a 3D structure. To enhance
solar absorption and water supply capabilities, the original Cu
foam underwent a modification process. Initially, it was
chemically etched to form CuO on the Cu foam. This was fol-
lowed by in situ polymerization to apply a coating of PPy on the
Cu/CuO foam. Completing this process, a dual-side 3D evapo-
rator was created by folding the Cu/CuO-PPy foam into the
desired shape. Detailed fabrication processes can be found in
the Experimental section.

The chemically etched Cu foam significantly enhanced light
absorption, attributable to the bandgap reduction and the
generated needle-like CuO surface chemistry (Fig. 1C-E). By in
situ polymerization, the black PPy particles can be attached to
the Cu/CuO foam (Fig. 1F). The high content of N and S
elements around the Cu/CuO-PPy foam also confirmed the
formation of in situ polymerized PPy particles (Fig. S17).
Without the needle-like CuO, the Cu-PPy foam exhibited
a relatively smooth skeleton (Fig. S21) with a limited solar
absorptance of ~0.874. In contrast, the solar absorptance of the
Cu/CuO-PPy foam reached a maximum of ~0.944, surpassing
that of Cu/CuO (~0.894) and Cu (~0.372) (Fig. 1G). Conse-
quently, the evaporation enthalpy of water in the Cu/CuO-PPy
foam was reduced to 1245 J g7, significantly lower than that
of the water reservoir (2443 ] g~ ). This reduction is attributed to
the foam's multi-level micro-structure and the presence of
intermediate water which has a low hydrogen bonding energy
from the PPy, as shown in Fig. 1H and S3.t

The wetting ability of the water/evaporator interface and the
supply of water against gravity are crucial factors in the evapo-
ration process. With our design, the contact angle (CA) was 0° in
the dried Cu/CuO, Cu-PPy, and Cu/CuO-PPy foams, in which
water droplets would rapidly spread out at 34 ms. However, the
non-treated Cu foam exhibited a strong hydrophobicity with
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a contact angle (CA) of 124° even after 60 s (Fig. S4F). Con-
cerning water supply capability in the evaporator, the wicking
velocity of the Cu/CuO-PPy was 0.042 m s ' with a saturated
waterfront level of 37 mm (Fig. 1I), while it was 0.033 m s~ for
Cu/CuO with a saturated waterfront level of 23 mm (Fig. S57).
Lacking sub-micro needle-like CuO, the Cu-PPy foam failed to
generate sufficient capillary force (as shown in Fig. S21) to
supply water against gravity, similar to the issue with the orig-
inal Cu foam (Fig. S67).

The solar-thermal conversion performance over a wide
incident angle was also investigated to illustrate the feasibility
of our design. Given the achieved multi-level microstructure of
the Cu/CuO-PPy foam, the temperature only dropped by 16.1 °C
from a vertical incident angle of 0° to 60.1 °C under a simulated
solar intensity of one sun, when the oblique incident angle was
75° (Fig. 1]). This demonstrated high suitability in the practical
scenarios with sunrise and sunset.

Indoor daytime evaporation performance evaluation via solar
thermal heating

To understand the mechanism of evaporation enhancement
through the solar thermal heating process, we evaluated the
indoor solar-driven evaporation performance using different
architectural evaporators under simulated solar intensity
(Fig. 2A). The evaporation rate was 4.10 kg m > h™' by a dual-
side 3D evaporator (Fig. 2B) under one sun. Based on the
energy balance,** the evaporation efficiency was calculated to
be 86.6% (Note S17).

For a single-side evaporator and 2D evaporator, the evapo-
ration rates were only 2.91 kg m > h™' and 2.44 kg m > h™*,
respectively, under 1 sun (Fig. 2B). Spraying PPy onto the Cu/
CuO foam significantly enhanced the solar evaporation rate,
increasing it from 2.00 to 2.44 kg m~2 h™* for the 2D evaporator
(as shown in Fig. S7t) under one sun. This improvement is
attributed to the increased evaporation area, enhanced solar
absorption, increased water supply, and reduction in evapora-
tion enthalpy brought about by the PPy coating.

Furthermore, the energy-mass transfer behavior was
investigated to optimize the overall evaporation performance.
When the width of the 3D dual-side evaporator was fixed at
1.5 cm (Fig. 2C), the evaporation rate peaked at a folding angle
of 45° with 4.10 kg m > h~" under one sun (Fig. 2D). When the
folding angle was fixed at 45° (Fig. 2E), the evaporation rate
peaked at the evaporator height of 1.8 cm with 4.10 kgm > h™*
under one sun (Fig. 2F). These results indicated that the taller
3D dual-side evaporator would result in a lower water supply
rate (Fig. 1I), while a shorter counterpart led to a smaller
evaporation area (Fig. 2B). Therefore, energy-mass transfer
processes should be balanced to boost the evaporation
performance. As a tradeoff, the dual-side 3D evaporator with
the geometric parameters of a folding angle of 45°, height of
1.8 cm, and width of 1.5 cm was selected for further perfor-
mance evaluation.

Based on the optimized parameters, the designed dual-side
3D evaporator showed excellent solar-driven evaporation
performance under different solar intensities (Fig. 2G). The
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Fig. 1 Characterization of the 3D evaporator. (A) Fabrication process schematic of the 3D evaporator; (B) energy and mass transfer schematic
diagram of the all-weather evaporator with solar thermal heating in the daytime and Joule heating in the nighttime; (C) optical photographs
(width: 2 cm) of the evaporator with different compositions; (D)—-(F) scanning electron microscopy (SEM) images of the evaporator with different
compositions: (D) the original Cu foam, (E) Cu/CuO foam, and (F) Cu/CuO-PPy foam; (G) absorption spectra of the evaporator with different
compositions; (H) measured evaporation enthalpy of pure water and water in Cu foam, Cu-PPy foam, Cu/CuO foam, and Cu/CuO-PPy foam; (I)
time-dependent waterfront levels of Cu/CuO and Cu/CuO-PPy foam based on capillary water transport property measurements; (J) temper-
ature distribution of the Cu/CuO-PPy foam evaporator at various incident angles (0°, 15°, 30°, 45°, 60°, and 75°) under one sun.

evaporation rate was 2.55 kg m~> h™" under half sun and 5.68 kg
m 2> h™! under two suns (Fig. 2H). Our designed evaporator
showed excellent evaporation performance, which is far beyond
the state-of-art designed materials (Fig. 2I and Table S17), for
example, plasmonic materials,®** semiconducting mate-
rials,*>%%%* carbon materials and conjugated polymers,** and
hybrid photothermal materials.®***

Indoor nighttime evaporation performance via Joule heating

Due to our unique electrically conductive designed Cu/CuO-PPy
evaporator, it can be heated by Joule-heating using a DC power
supply (Fig. 3A). This led to an efficient evaporation potential
under dark conditions. The electric resistance of the Cu/CuO-
PPy foam was only ~0.175 Q (Fig. 3B). The dried Cu/CuO-PPy
foam achieved steady temperatures of 37.2 °C, 58.1 °C, 72.2 ©
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Fig.2 Evaporation performance via solar thermal heating. (A) Schematic diagram of the setup for the water evaporation performance test with
dual-side 3D, single-side 3D, and 2D planar evaporators; (B) mass change curves of dual-side 3D, single-side 3D, and 2D planar evaporators
based on the Cu/CuO-PPy foam under one sun; (C) mass change curves and (D) evaporation rates of dual-side 3D evaporators at different
folding angles under one sun; (E) mass change curves and (F) evaporation rates of dual-side 3D evaporators at different heights under one sun;
(G) mass change curves and (H) evaporation rates of dual-side 3D evaporators under half sun, one sun, and two sun; (I) evaporation rates of the
designed 3D evaporator compared with published data: () plasmonic materials,>~° (Il) semiconductor materials,>?%%%2 (Ill) carbon materials and

conjugated polymers,®*=¢> and (IV) hybrid solar-thermal materials.®6-%8

C, and 97.0 °C (size: 20 mm x 20 mm x 1 mm) at 0.4 V, 0.9 V,
1.3V, and 1.8V, respectively (Fig. 3C). The results indicated that
the Cu/CuO-PPy foam can be used for Joule heating with rela-
tively low voltages. In addition, current-voltage (CV) curves of
the Cu/CuO-PPy foam in dried and wet states were also
measured (Fig. 3D). The resistance in the wet state (~0.162 Q)
was slightly smaller than that in the dried state (~0.175 Q). The
evaporation rates of the designed dual-side 3D evaporator
induced by Joule heating were 1.59 kg m~> h™" (0.5 V), 2.73 kg
m>h ' (0.9V),416 kgem >h™ ' (1.4 V),and 6.50 kg m > h™"
(1.9 V), as shown in Fig. 3E and F. Due to the poor water
transport capacity of the Cu foam and Cu-PPy foam, evaporation
experiments for these materials weren't conducted. Since the
Cu/CuO foam exhibited lower electrical conductivity and
a higher evaporation enthalpy than Cu/CuO-PPy, its evaporation
rate was lower than that of the Cu/CuO-PPy foam (Fig. S87).
Local Joule heating inside the evaporator can be observed,
which results in heating of the evaporator without increasing
the temperature of the water reservoir. The evaporation

This journal is © The Royal Society of Chemistry 2024

temperature at the surface layer of the 3D dual-side evaporator,
facing the outdoor environment, increased from 26.3 °C at 0.5V
to 36.4 °C at 1.9 V, as shown in Fig. 3G.

Salt-accumulation evaluation

To evaluate the salt accumulation of the 3D dual-side evapo-
rator, indoor solar-driven evaporation with different brines was
conducted (Fig. 4A). The water evaporation rates were 4.10 kg
m>h™",3.73kgm>h™",3.60kgm >h",and 3.53 kgm > h~"
with brine concentrations of 0 wt%, 3.5 wt%, 10 wt%, and
26.5 wt%, respectively. This showed that the designed evapo-
rator can maintain a high evaporation rate in high salinity
water. The long-term daytime stability of the evaporation was
also analyzed. Upon continuously evaporating 10 wt% brine
water for 8 hours (Fig. 4B), the evaporation rate was between
3.51 and 3.65 kg m~> h™'. In addition, the spectral absorptance
of the Cu/CuO-PPy foam changed little before and after soaking
in seawater for 12 h (Fig. S97).

J. Mater. Chem. A, 2024, 12, 9574-9583 | 9577
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In addition, the crystallized salt on the surface of the evap-
orator can be easily dissolved in the water reservoir due to the
high ion transport performance in the porous 3D structure
(Fig. 4C). For example, 2.5 g NaCl crystal can immediately
redissolve and return to the water reservoir (10 wt% brine) in
40 min at nighttime. This result indicated that even if salt
accumulation occurred after long-term water evaporation, the
salt could diffuse back into the water reservoir, which effectively
avoided salt accumulation.

Outdoor water yield performance of the 3D dual-side
evaporator

The all-weather outdoor evaporation performance evaluation
setup is shown in Fig. S10.f The experiment was conducted in
the daytime with an average solar intensity of 798.5 W m 2 and
relative humidity of 40.4% (Fig. 5A). The surface layer of the 3D
dual-side evaporator, facing the outdoor environment, main-
tained a temperature similar to ambient (42.5 °C versus 42.0 °C)
due to evaporative cooling. Meanwhile, the water reservoir
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reached a higher temperature of 52.7 °C due to solar heating, as
illustrated in Fig. 5B. This resulted in a higher evaporation rate of
4.95 kg m~> h™ ", surpassing the indoor rate of 410 kg m > h™*
under an increased solar intensity of one sun, shown in Fig. 5C.
During the nighttime, the water evaporation via Joule heating
was conducted at 1.7 V under an average relative humidity of
72.6% (Fig. 5D). The surface layer of the 3D dual-side evaporator
facing the outdoor environment exhibited a maximum temper-
ature (41.2 °C) due to the local Joule heating, while the water
reservoir maintained a temperature of 34.4 °C (Fig. 5E). This led
to an outdoor evaporation rate of 6.34 kg m > h™" (Fig. 5F), which
was a similar level to the indoor performance (6.50 kg m™> h™")
under Joule heating upon applying the same voltage. These
results showed that the designed dual-side 3D evaporator ach-
ieved excellent evaporation performance in practical scenarios.
The outdoor water yield performance was evaluated based on
the achieved evaporation performance (Fig. S11). During the
daytime via a solar thermal process, the water yield rate
increased with solar intensity. At a peak solar intensity of
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Fig.5 Outdoor evaporation performance. (A) Meteorological parameters (solar intensity and relative humidity), and (B) temperature monitoring
of the surface layer of the 3D dual-side evaporator facing the outdoor environment (labelled ‘top’), water reservoir, and ambient environment at
11:30-14:30, 2023-07-11; (C) mass change of the dual-side evaporator in the outdoor experiment via solar thermal heating; (D) relative humidity,
and (E) temperature monitoring of the surface layer of the 3D dual-side evaporator facing the outdoor environment (labelled ‘top’), water
reservoir, and ambient environment at 19:30-22:30, 2023-09-30; (F) mass change of the dual-side evaporator in the outdoor experiment via
Joule heating (1.7 V). (G) All-weather water yield rate per hour during the daytime via solar thermal heating and nighttime via Joule heating (1.7 V).

(H) Total water yield per day for five days of experiments.
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approximately 760 W m™2, the peak water yield rate reached
1.04 kg m~> h™ ', resulting in an average daytime water yield rate
of 0.72 kg m~> h™". During the nighttime, the water yield rate
stabilized at ~0.20 kg m~> h™" due to a constant Joule heating
power (Fig. 5G). Furthermore, the daily water yield was assessed
over five additional days, yielding results between 7.04 and
10.69 kg m~> day ' (Fig. 5H), influenced by different meteoro-
logical conditions (Fig. S121). This resulted in an average
harvest of around 10 kg of drinkable pure water per square
meter outdoors, with the total energy consumption for Joule
heating amounting to approximately 0.2 kW h, thereby incur-
ring a negligible electricity cost. Notably, the water yield rate
was substantially lower than the evaporation rate. This can be
ascribed to the rate discrepancy between the evaporation and
condensation sides.

Conclusion

In summary, we developed a highly efficient 3D biomimetic
bridge-arch-structured dual-side evaporator for all-weather
desalination via solar thermal and joule heating. The as-
designed Cu/CuO-PPy foam demonstrated a high solar absorp-
tance (~0.944), low evaporation enthalpy (1245 J g~ '), and high
water supply rate (0.042 m s ). The 3D structure enabled dual-
side evaporation with minimal thermal conductive loss to the
water reservoir. By optimizing the geometric dimensions to
balance the evaporation area and water supply, a high indoor
evaporation rate of 4.10 kg m~> h™ " was achieved under one sun.
Additionally, the indoor evaporation rate through Joule heating
(1.9 V) reached 6.50 kg m > h™". The Cu/CuO-PPy foam-based 3D
evaporator also demonstrated an excellent evaporation rate of
~3.60 kg m~> h™" for 8 hours with a water reservoir containing
10 wt% brine. Outdoor experiments also showed that our
designed 3D dual-side evaporator can achieve a high evaporation
rate, with a maximum water yield rate reaching 10.69 kg m~>
day '. This demonstrates its potential as a solution for all-
weather water harvesting using solar thermal and Joule heating.

Materials and methods
Fabrication of Cu/CuO-PPy foam

The Cu foam with a pore diameter of ~0.1 mm and a thickness of
1 mm was provided by YunZongCheng Technology (Jiangsu,
China). Cu foam was immersed in a mixture of NaClO,, NaOH,
NazPO,-12H,0, and DI water (3.75:5: 10 : 100 wt%) at ~95 °C for
10 min. Polypyrrole (PPy) was polymerized and sprayed on the Cu/
CuO foam. 2.74 g of (NH,),S,05 was dissolved in 5 mL of DI water,
and was labeled as monomer A. Then, 0.84 mL of pyrrole was
completely dissolved with 5 mL of isopropyl alcohol (IPA) and
1.84 mL of phytic acid (50 wt% water), and was labeled as mono-
mer B. Next, monomers A and B were sprayed on Cu/CuO foam in
the order B-A-B-A to obtain the designed Cu/CuO-PPy foam.

Characterization

SEM images were recorded by an MIRA3 LMH EDS: one Max 20
manufactured by TESCAN. The accelerated SEM voltage was
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20.0 kV with magnifications of 100x, 500x, 5kx, and 100kx.
Optical measurements were performed using a fiber optic
spectrometer (0.3 pm-1.0 um for PG2000, 1.0 um-1.7 um for
NIR-1700) with an integrating sphere (IS-50-10-R). For the mid-
infrared band (1.7 pm-2.5 pm), the spectra were measured by
a Fourier transform infrared spectrometer (Nicolet iS50) with
a gold integrating sphere and a wide-band MCT detector (Pike
Technology). A high-speed camera was used to photograph the
process of water dripping on the surface of the four samples,
and then the contact angle was calculated using the high dosage
method. The enthalpy of evaporation was measured by DSC 214.
The wet sample was put into the crucible and measured at
a linear heating rate of 10 K min ™" in the temperature range of
20 °C-160 °C, and the area integration of the heat flux curve and
the horizontal coordinate time axis can be used to obtain the
evaporation enthalpy of each sample. The Cu/CuO foam and
Cu/CuO-PPy foam were cut into a long strip shape of 35 mm by
10 mm wide, and the upper end was fixed on an iron rack with
a clip. A colorimetric dish filled with water was placed directly
below, and a scale was placed behind it as a reference. The
height was adjusted so that the lower end of the sample was in
contact with the water surface. The liquid level rise heights of
the foam were characterized using a camera. Finally, software
called Nano Measure was used to measure the corresponding
liquid level height at different times.

Indoor evaporation experiments

A solar xenon lamp (CEL-S500) was used to simulate sunlight,
and a solar meter (TES-1333R) was used to measure the solar
intensity. The ambient temperature during the indoor test was
24-26 °C and the relative humidity was 55-65%. The Cu foam
was folded into different evaporators. Then, the evaporator was
fixed on the insulation foam. The two sides of the evaporator
penetrated the insulation foam and touched the water reservoir.
The evaporator along with the insulation foam was floated in
the square cavity, which was placed on the electronic balance
(SQP, Sartorius) by adding an insulation foam between the
cavity and the balance to reduce heat loss. The continuous mass
change of the evaporation system was recorded with an elec-
tronic balance connected to a PC for real-time monitoring. The
ambient temperature and relative humidity were recorded with
a hygrometer (TRSi, TA622B). The real-time temperature change
was recorded by K-type thermocouples connected with a data
acquisition instrument (34970A, KEYSIGHT). Infrared images
were recorded by an infrared thermal imager (1400, FLUKE). A
DC power supply (HCP1024H, Henghui) was used to apply
different currents at the two sides of the evaporator without
sunlight.

Outdoor evaporation experiments

Outdoor evaporation experiments mirrored the indoor setup,
with the key difference being the replacement of the solar
simulator with natural sunlight. Outdoor experiments were
conducted on a rooftop at Changsha, Hunan Province on July
11, 2023, for 3 h in the daytime and 3 h at night. The real-time
solar irradiance was recorded by a solar radiometer, and the
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ambient humidity was recorded by a hygrometer. The ambient
temperature, the surface temperature of the evaporator, and the
temperature of the water reservoir were recorded by K-type
thermocouples. For water yield experiments, the evaporator
with a 3D origami structure was put in a transparent acrylic
container. The bottom of the device was sealed with poly-
ethylene film to prevent steam from escaping. The water was
collected actively per hour and weighed. The outdoor water
collection experiments were carried out on a roof at Changsha,
Hunan Province on September 17 to 19, October 15 to 16, and
October 18, 2023.
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