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A B S T R A C T   

Achieving solar-heating-enabled sustainable water purification from seawater is considered a promising strategy 
for alleviating the water crisis worldwide. Since preventing salt contamination becomes a crucial consideration 
in practical application, extensive efforts have been devoted in recent years. However, there has been an urgent 
push to realize both efficient and stable seawater evaporation in a simple and scalable way. Here, we present a 
solar-enabled confined heating strategy to efficiently purify seawater, in which system the self-closed “cover” is 
composed of breathable, photothermal, and superhydrophobic fabric (PSHF). The confined heating strategy can 
remarkably reduce heat conduction loss during the evaporation process via an effective energy management. 
Note that when the thickness of the evaporator is optimized to 4 mm, the heat conduction can reduce to 0.98%, 
and the total heat loss is only 7.1%. As a result, the evaporation rate can be reach up to 1.49 kg/m2/h with the 
evaporation efficiency of 91.68% under 1 sun irradiation. The superhydrophobic properties of the photothermal 
layer can also endow the evaporators with good salt rejection performance. In our system, the PSHF can 
significantly endure salt pollution and remain stable under long-term evaporation of 12 h. Furthermore, this 
system can also maintain long-term salt-rejecting stability for evaporation sustainability, demonstrating signif-
icant potentials in stable and efficient seawater purification.   

1. Introduction 

Desalination of seawater is a feasible strategy that can alleviate the 
water crisis worldwide.[1,2] The implement of solar energy input to 
purify seawater is expected to be a promising and sustainable approach 
considering the energy consumption and climate problem of global 
warming.[3–7] Recently, the rising solar-heating interfacial evaporation 
system can efficiently convert solar light to thermal energy to heat the 
air–water interface.[8–12] In this system, (1) strengthening the solar-to- 
thermal conversion efficiency of absorbers,[13–15] (2) minimizing 
heating loss,[16–18] (3) optimizing the water channel[19–21] and (4) 
rejecting salt blockage[22–24] are four key factors related to the 

materials and devices for sustainable and efficient purified water 
collection. Based on this, extensive efforts have been dedicated to syn-
thesize a variety of photothermal structured materials and design ver-
satile evaporators to elevate the evaporation rate and block salt 
contamination.[7,25–28] Specifically, the salt aggregate in the solar 
evaporation process accounts for unsustainable clean water generation, 
which can severely hinder the water transportation channel and weaken 
solar absorption. Thus, there has been a push to develop viable strategies 
to solve this problem. Some typical solutions are presented to alleviate 
or prevent the problem of salt contamination.[29] Generally, two main 
working mechanisms have been employed, including contact interface 
and contactless one. In the contact system, there are some specific design 
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such as Janus structured absorbers,[30–33] superhydrophobic floating 
evaporators,[34–37] biomimetic three-dimensional (3D) printing with 
localized crystallization,[38] wicking effect,[39] Marangoni effect- 
driven salt rejection,[40] edge-preferential salt crystallization,[41] 
hanging structures,[42] etc. For the contactless one, the considerable 
thermal radiation can indirectly heat the bulk water surface via con-
struction of programmed evaporators. 

Although various solar absorbers or evaporation prototypes have 
focused on stable and durable seawater purification, further efficiency 
improvement of the evaporators with good salt rejection still needs to be 
solved due to the potential energy loss such as heat convection, heat 
radiation, and heat conduction. In previous studies, the evaporator can 
achieve stable salt-rejecting evaporation, but the solar energy conver-
sion efficiency is relatively low.[30,33,43,44] In addition, there are still 
many problems in the design of the solar-driven evaporators, such as 
difficulty in large-scale preparation,[45–47] complexity in the fabrica-
tion process,[48,49] and the high cost[50,51]. Therefore, it remains a 
great challenge to simultaneously achieve high energy conversion effi-
ciency and stable salt-rejecting in a facile and low-cost way. 

Herein, we fabricate photothermal and superhydrophobic fabrics 
(PSHF) which can be produced on a large scale by a completely wet 
manufacturing strategy. The prepared PSHF has breathable and photo-
thermal conversion properties. At the same time, because of the super-
hydrophobic properties, it can reject the brine under long-term solar 
irradiation and can keep a relatively stable evaporation performance in 
brine. Furthermore, we designed a confined heating structure to achieve 
high-efficiency seawater purification. The prepared PSHF was loaded on 
the confined heating evaporator. This confined heating evaporator can 
achieve energy management by reducing heat conduction losses during 
the evaporation process. Note that when the thickness of the evaporator 
is optimized to 4 mm, the heat conduction can reduce to 0.98%, and the 
total heat loss is only 7.1%. The evaporation rate can be optimized to 
1.49 kg/m2/h, and the evaporation efficiency is 91.68% under 1 sun 
irradiation (1 kW/m2). Compared with the conventional evaporator, the 
evaporation efficiency can only reach 33.76%, and the efficiency is 
57.92% higher. The superhydrophobic properties of the photothermal 
layer can also endow the evaporators with excellent salt-rejecting per-
formance. It can remain stable under the long-term evaporation of 12 h. 
This system shows great potential for stable and efficient seawater 
purification. 

2. Materials and methods 

2.1. Materials 

The pure fabric was purchased from the Bulilai company, and its 
main ingredient is polyester. Ferric chloride (FeCl3⋅6H2O), pyrrole 
monomer, Polydimethylsiloxane (PDMS), and PFDTS (C16H19F17O3Si) 
were purchased from Aladdin. 

2.2. Preparation of PSHF 

The pure fabric was first soaked in ethanol to wash away excess 
impurities in the fabric. After drying, it was immersed in the pure pyr-
role monomer solution. After the fabric was full of pyrrole monomer, it 
was soaked pyrrole monomer/fabric in 0.1 mol/L FeCl3 solution for 
polymerization at room temperature for 1 h. After the polymerization 
was completed, then it was rinsed the excess ferric chloride on the 
surface with water and placed in the oven for 2 h (100 ◦C) to obtain 
polypyrrole fabric (PPy-Fabric). After that PPy-Fabric was immersed in 
PFDTS/toluene solution (3 wt%), and heated and reacted for 2 h. After 
successfully modified by PFDTS, the photothermal superhydrophobic 
fabric (PSHF) was obtained. 

2.3. Preparation of confined heating device with different thickness 

The PSHF was cut into a circle with a diameter of 33 mm. Then, it 
was attached to a plastic disc as a self-closed ‘cover’. A thin rubber hose 
was attached to the side of the plastic disc to transport the water. Finally, 
the bottom of the plastic disc was covered with a silicone plate of 
appropriate size, and PDMS was used for packaging to ensure that all 
connections do not leak. 

2.4. Solar-driven water purification experiment in laboratory 

The resulted solar-driven purification devices were set under the 
irradiation of Solar Simulator (HM-Xe500W) equipped with an AM 1.5 G 
filter for water purification. The mass change (m) of water during 
evaporation was recorded using an electronic scale. In the experiment, 
the simulated seawater is NaCl solution (3.5%) solution. 

2.5. Outdoor experiment for solar-driven water purification experiment 

The confined heating evaporation device with a diameter of 5 mm 
PSHF was placed in a transparent PMMA water collection box. The 
simulation seawater storage bottle was put outside the box and con-
nected the evaporator in the box through a thin tube. The real sea water 
from the South China Sea was used in this experiment. The whole 
evaporation and water collection device was exposed under the true 
sunlight irradiation to collect water for 12 h. After evaporation and 
collection, the mass of the fresh water was weighed. A light intensity 
machine (Precisa PL-132) was used to record the hourly sunlight 
intensity. 

2.6. Characterizations 

Field emission scanning electron microscope (FE-SEM) with a FE 
scanning electron microanalyzer (Hitachi-S4800, 8 kV) was used to 
observe the morphologies and microstructures of and PSHF respectively. 
The chemical composition and elemental maps of samples were 
measured by energy dispersive X-ray spectroscopy (EDS, Thermo sci-
entific, USA). X-ray photoelectron spectroscopy (XPS) analysis is 

Fig. 1. (a) Sketch of confined heating strategy. (b) Sketch of space confinement 
heating device. (c) Simulation’s image and IR image of the confined heating 
device under solar irradiation. 
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performed on a Shimadzu Axis Ultradld spectroscope, using C-O (alpha) 
as radiation resource. The contact angle of water droplets and under-
water bubbles on surfaces was carried out by a contact angle meter 
(DCAT21), using a 3 μL and 5 μL droplet as an indicator. IR thermal 
images and the corresponding temperatures were captured using the IR 
thermal camera (Optris PI 400). The concentrations of ions in the water 
were analyzed by inductively coupled plasma atomic emission spec-
troscopy (ICP-AES, NexION 300X). The absorption spectra of samples 
were performed using an ultraviolet–visible–near-infrared spectropho-
tometer equipped with an integrating sphere (Lambda 950). The ther-
mal conductivity of materials was evaluated by Laser Thermal 
Instruments (LFA457). 

3. Results and discussion 

As shown in Fig. 1a, this confined heating strategy can significantly 
improve the energy utilization efficiency during the solar-driven evap-
oration process by reducing the heat conduction loss. As shown in 
Fig. 1b, we use such a device to achieve this confined heating strategy. In 
this system, a photothermal superhydrophobic fabric (PSHF) that we 
refer to it as a self-closed ‘cover’ is introduced to heat the confined water 
layer. And a thin tube is used to transport water into the confined 
heating evaporator. At the bottom of the confined heating evaporator, 
PS foam was used as a thermal insulation layer which prevents the heat 
conduction from diffusing to the outside.Because the water layer in a 
confined evaporator is thin, the thin water layer can be heated to a 
higher temperature quickly in a short time. As the temperature division 
image of the simulated longitudinal thin water layer and the IR image of 

the confined heating shown in Fig. 1c. It can be concluded that the solar 
absorber on the surface of the confined heating device can reach 59.8 ℃ 
rapidly under the irradiation of 1 sun (1 kW/m2), and the steam can 
quickly evaporate through the gap of the fabric. 

The PSHF used in this work can be produced on a large scale and 
simply through a fully wet manufacturing strategy, with good air 
permeability and photothermal conversion performance. Furthermore, a 
well-designed prototype is achieved to conduct outdoor testing under 
natural sunlight. The self-closed photothermal cover with confined 
interface heating is effective and scalable in a simple and rational design 
strategy, demonstrating a significant effect on sustainable and efficient 
seawater desalination. 

The black PSHF used in this work can be obtained by in-situ growth 
strategy which can mainly be divided into three steps as revealed in 
Fig. 2a. Firstly, the ethanol was used to wash away the dust of pure fabric 
(Fig. S1a and S1d). After ethanol volatilization, this pure fabric was 
soaked in the pure pyrrole monomer to attach the pyrrole. To endow this 
fabric with excellent light absorption performance, the oxidation poly-
merization method is adopted by us. The surface of the fabric can be 
coated with a dense black polypyrrole layer after oxidation polymeri-
zation (Fig. S1b and S1e). Next, PFDTS was used to modify on PPy- 
Fabric. The PFDTS as a coupling agent can greatly improve the hydro-
phobicity of the material through decreases the surface energy and 
provides the essential roughness to achieve superhydrophobic property. 
[52] After modification, the hierarchical spherical microstructure of 
PSHF surface was still preserved completely (Fig. S1c, S1f and S2). As 
shown in Fig. S1g, PSHF can be produced in large scale though this all- 
wet fabrication strategy. 

Fig. 2. (a) The fabricating process of PSHF. (b) The contact angles for both sides of PPy-Fabric and PSHF. (c) Super-repellency to water drop under solar irradiation. 
(d) Breathable test of Fabric, PPy-Fabric, PSHF and bulk water for 7 days. (e) Mass change versus time curves of different material in breathing test. (f) The UV- 
absorption spectra of different samples in the wavelength range of 400 to 2500 nm and comparison with the standard AM 1.5G spectrum filter. (g) Temperature 
versus time curves of PSHF and Fabric. 
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At the same time, the smaller droplet (3 µL) was also used to press at 
the PSHF surface. Through the photos, we found that due to the high 
liquid resistance of the surface, the droplet can be easily lifted after 
pressing without any changes on the surface (Fig. S3). As shown in 
Fig. 2b, the contact angles of PPy-Fabric and PSHF show that both sides 
of surfaces have the same hydrophobic properties. Before modification 
with PFDTS, the contact angles of PPy-Fabric are 138.2◦ and 136.4◦

respectively. After modification, the contact angles of PSHF are 160.4◦

and 159.4◦ respectively, which confirms that the modification can 
convert it to a superhydrophobic surface. 

In order to prove the stability of the superhydrophobic property of 
the surface of PSHF, we tested it under solar irradiation. As shown in 
Fig. 2c, it can be observed that the water droplet had a distinct boundary 
with PSHF from the 2D IR image. We also test the time stability of the 
droplet on the surface of PSHF under 1 sun (1 kW/m2) solar irradiation. 
By observing the photo from the side view, it can be found that the PSHF 
has an obvious non-infiltrating boundary with the droplet. (Fig. S4) 
Even if the under the irradiation of 1 h, there is no obvious change. 
Therefore, under strong solar irradiation, the robust superhydrophobic 
property remains stable and doesn’t disappear. This property provides 
the basis for salt-rejecting performance in solar-driven water 
evaporation. 

Due to the PSHF can’t be wetted with water. Different from the 
surface of the conventional hydrophilic evaporator, water can’t flow 
through the photothermal surface layer during the evaporation process. 
Therefore, the vapor permeability of the photothermal surface layer is 

considered to be an important factor affecting the evaporation rate.[53] 
First of all, we used a simple method to test the vapor permeability of 
these fabric samples. Compared with the exposure system, three kinds of 
samples pure fabric, PPy-Fabric, and PSHF were covered tightly on the 
beaker with the same amount of water (Fig. 2d). As shown in Fig. 2e, 
after 7 days of observation and recording, except for the great changes in 
the mass of exposure system, the mass changes of the other three kinds of 
samples are extraordinarily close. Besides, we also used a vapor trans-
mission apparatus to verified the vapor permeability of pure fabric, PPy- 
Fabric, and PSHF in a short time systematically (Fig. S5). After 15 h of 
vapor through experiment, the water vapor through rate of pure fabric, 
PPy-Fabric, and PSHF are 1082.55 m3/day, 1056.88 m3/day and 
1043.78 m3/day, respectively. Therefore, we can conclude that the 
coverage of polypyrrole and PFDTS rarely affects its vapor permeability 
of PSHF. During the solar-driven evaporation process, vapor can still 
quickly pass through the photothermal surface layer composed of 
breathable PSHF. 

Furthermore, the excellent sunlight absorption capacity of photo-
thermal materials can significantly enhance their solar-driven evapo-
ration performance. From the UV–vis-IR absorption spectrum in Fig. 2f, 
it can be observed that pure fabric has a low light absorption. However, 
after modified with polypyrrole, the light absorption of PPy-Fabric has 
about 98% absorption of total solar energy (weighted under AM 1.5G) in 
the wavelengths from 400 to 2500 nm. Compared with pure fabric, this 
is a significant improvement. Similarly, the light absorption of PSHF is 
also about 98%. (The gray line of PPy-Fabric is covered by the blue line 

Fig. 3. (a-b) Photograph of conventional strategy and confined heating evaporation strategy. (c) The evaporation mechanism of the confined heating evaporation 
structure. (d-e) Temperature distribution of conventional strategy and confined heating strategy by COMSOL simulation under 1 sun irradiation. (f) Vertical tem-
perature distribution of the conventional strategy and confined heating strategy by COMSOL simulation. (g-h) The comparison of heat loss model between con-
ventional structure and confined heating structure. (i) Schematic diagram of micro-heating mechanism of the confined heating evaporator. 
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of PSHF due to the imperceptible changes in light absorption before and 
after modification). Therefore, the modification of PFDTS has little ef-
fect on light absorption. In addition, the temperature versus curves of 
PSHF and pure fabric under 1 sun solar irradiation are also measured in 
Fig. 2g. The surface temperature of PSHF can rapidly rise to 67.2 ◦C in 
300 s while pure fabric can only rise to 32.7 ◦C at the same time (room 
temperature is 27 ◦C). Fig. S6 shows the IR images of PSHF and pure 
fabric in this heating process. Compared with pure fabric, PSHF has 
better photothermal conversion performance. 

To explore the chemical composition of these fabric samples, X-ray 
photoelectron spectroscopy (XPS) and energy dispersion spectrum (EDS) 
were employed in our work. As shown in Fig. S7 and Fig. S8, there is 
more F element and Si element PSHF sample than that of PPy-Fabric. As 
shown in Tab. 1 and Fig S9, compared with PPy-Fabric, the contents of 
fluorine and silicon in PSHF were significantly increased. Thus, the EDS 
result illustrates that the PFDTS are successfully introduced into our 
system. Besides, XPS characterization was also conducted to explore the 
refined peaks in the surface of PPy-Fabric and PSHF. Three main char-
acteristic peaks appeared in these two samples at the binding energies of 

285 eV, 400 eV, and 532 eV belonging to C 1 s, N 1 s, and O 1 s. Besides 
that, two extra characteristic peaks appeared in PSHF samples at the 
binding energies of 689 eV and 200 eV belonging to F 1 s and Si 2p 
(Fig. S10a). Regarding the high-resolution C 1 s spectra, the PSHF dis-
played three fitting peaks at 284.4 eV (C − C bonds), 285.6 eV (C − N 
bonds), and 287.5 eV (C = O bonds) (Fig. S10b). Due to the low contents 
of F element and Si element in PSHF, C-F bond and C-Si bond don’t 
appear in the high-resolution C 1 s spectra. C–C bond and C-O bond are 
mainly provided by the original fabric, and the C-N bond can prove the 
polypyrrole has been successfully modified on the original fabric. 

The PSHF can be designed as a surface layer of an evaporation device 
because of its photothermal and superhydrophobic properties. As photos 
are shown in Fig. 3a, the PSHF has covered the water surface directly as 
a conventional evaporation device. In a confined heating evaporation 
device, PSHF is a self-closed ‘cover’ that is introduced to heat the 
confined bulk water (Fig. 3b). And Fig. 3c shows the schematic of the 
confined heating evaporation device. The water layer of limited thick-
ness is confined in a transparent plastic container, and the photothermal 
conversion layer on the top is the PSHF. The water is transferred to the 

Fig. 4. (a) IR images of 2 mm, 4 mm, 6 mm and floating structure under 1 sun irradiation. (b) Temperature distribution of PSHF when equilibrated with various 
thicknesses for floating structure 2 mm, 4 mm, 6 mm and by COMSOL simulation under 1 sun irradiation. (c) Bottom temperature versus time curves of 2 mm, 4 mm 
and 6 mm thickness structure. (d) Surface temperature versus time curves of 2 mm, 4 mm and 6 mm thickness structure. (e) Surface temperature versus time curves of 
2 mm, 4 mm and 6 mm thickness structure by COMSOL simulation under 1 sun irradiation. (f) Mass change versus time curves of bulk water and 2 mm, 4 mm, 6 mm, 
floating structure, and bulk water under 1 sun irradiation. (g-h) Two special evaporation processes (Heating process and Stable process) in a confined heat-
ing evaporator. 
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confined heating evaporator through a thin rubber tube constantly. 
To evaluate the temperature division of the two modes in the evap-

oration process, the vertical temperature distribution of the conven-
tional strategy and confined heating strategy was further simulated by 
COMSOL Multiphysics in Fig. 3d and Fig. 3e (detailed discussion in 
Supporting Information). Due to the heat conduction into the bulk water 
layer constantly in a floating structure, a part of the upper bulk water is 
heated to a certain temperature after 30 min of solar irradiation. 

In this system, a part of the solar energy is used to increase the 
sensible heat of the bulk water (increase the temperature of the bulk 
water). However, the temperature distribution of the thin water layer in 
the confined heating evaporator tended to be stable after 30 min of solar 
irradiation. In this system, solar energy can be efficiently used to in-
crease latent heat (phase change energy) of water in a thin layer, thus 
achieving efficient water evaporation. And Fig. 3f shows the vertical 
temperature distribution curve for 30 min under 1 sun irradiation. 
Compared with the water layer temperature of conventional structure 
surface which can be heated to about 45.2 ◦C, the confined evaporator 
can be heated to about 60.1 ◦C in a short time, which provides the basis 
for it to achieve rapid evaporation. 

In addition, we also calculated the heat loss of these two systems. As 
shown in Fig. 3g and 3 h, these are two schematic diagrams of the 
conventional heat loss model and the confined heating heat loss model. 
The water supply in a conventional system is through sucking water 
from bulk water by capillary force, which will keep the system in a 
water-saturated state. Thus, much energy could be lost by the system. 
Through the heat loss calculation of this conventional evaporation 
strategy, it can be calculated that the heat convection is 1.47% and ra-
diation is 1.52%, and heat conduction is 7.1% (The thickness of evap-
orator is 4 mm). However, in the confined heating evaporator. This 
system can cut off the connection between the evaporation device and 
bulk water, thus there is hardly energy dissipation into bulk water. At 
the same time, the downward heat conduction restricted to the fixed 
thickness of the water layer will be isolated by the PS foam. Through the 
heat loss calculation of confined heating evaporation strategy, it can be 
calculated that the heat convection is 2.92% and radiation is 3.20%, and 
heat conduction is 0.98%. Specific heat conduction and heat loss 
calculation methods can be obtained in the supporting material. 
Through two kinds of systems of heat loss calculation results, we can 
conclude that the confined heating type evaporator is much less than the 
conventional floating evaporative device heat conduction loss. Howev-
er, in the heat convection and radiation part, the cause of this part is 
higher than the conventional floating evaporative device due to 
confined heating evaporator can achieve higher surface temperature. 

As shown in Fig. S11a-c, there are three kinds of wetting models 
respectively. First, in Young’s model, the γ is defined as the contact angle 
of the liquid on the solid surface. On the superhydrophobic solid surface, 
Wenzel’s model, and Cassie–Baxter’s model are two different infiltration 
modes respectively.[54,55] Wenzel’s model usually has a large rolling 
angle due to the close contact of droplets with a solid surface. On the 
contrary, the Cassie–Baxter’s model usually has a smaller rolling angle 
(Fig. S11d and S11e).[56] 

When the PPy and PFDTS were modified on fabric successfully, the 
contact angle reached a constant value of ≈ 158◦. Furthermore, 
although the PSHF has highly hydrophobic, exhibited high adhesion to 
water droplets. As shown in Fig. S11f, when the fabric turned to about 
50.8◦, the water droplets still firmly adhered to the surface. This 
wettability with high water contact angle as well as high adhesion to 
water droplets of the hydrophobic fabric is regarded as Wenzel’s wetting 
behavior, under which, although substrate surface exhibits a high con-
tact angle, water can penetrate the rough surface structures of the sub-
strate and displace the otherwise air pockets present under Cassie’s 
wetting (Fig. 3i). This Wenzel’s wetting behavior of the fabric is a result 
of the combination of both the micro-sized surface structure and the 
hydrophobic modification. Under Wenzel’s wetting state, contact be-
tween the water and solid substrate surface is intimate and maximized, 

which is beneficial for the heat transfer from the fabric to water as air 
otherwise is considered as a poor heat conductor.[57] 

We used an IR camera to observe and record the temperature rise 
curve and photos of the conventional floating evaporation device under 
1 sun (Fig. S12). As a result, the surface temperature of this device can 
only reach about 45.2 ◦C for a short time rather than rise further. 
However, the confined heating evaporator has the characteristic of 
heating a thin water layer, so the water can be heated to a higher tem-
perature to achieve a higher evaporation rate. Hence, the thickness of 
the water layer may be an important factor to consider to affect the 
evaporation rate of the confined heating evaporator. Different thick-
nesses of confined heating evaporators were designed and fabricated in 
2 mm, 4 mm, and 6 mm. At the same time, we also took 2D infrared 
photos of 2 mm, 4 mm, and 6 mm evaporators that stabilized after 30 
min. The highest surface temperatures were 60.1 ◦C, 59.8 ◦C, and 
59.7 ◦C respectively (Figs. S13 and 4a). And the heat loss of these three 
evaporators is shown in Tab. 2. The calculation results show that the 
heat loss will increase with thickness. However, because the confined 
evaporator has a higher surface temperature, the heat convection and 
radiation loss will be slightly higher than that of the conventional 
evaporator. In addition, the experiment result was further simulated by 
COMSOL Multiphysics, which were highly coincided with the above- 
mentioned tendency (Fig. 4b and Fig. S14) (detailed discussion in Sup-
porting Information). It can be concluded that there is no obvious 
change in the final stable temperature for different thicknesses of the 
water layer. 

As shown in Fig. 4c, we used a temperature detector to measure the 
real-time temperature at the water layer bottom for 0 to 30 min. As a 
result, the heating rates of the confined heating evaporator with 2 mm 
and 4 mm water layer thickness are relatively close. And the evaporator 
with a layer thickness of 6 mm is slower. As shown in Fig. 4d, the IR 
image was employed to monitor the surface temperature of different 
water layer thicknesses for 0 to 30 min. The measurement results show 
that the heating rates of the confined heating evaporator with 4 mm and 
6 mm water layer thickness are relatively close. And an evaporator with 
a thickness of 2 mm is faster. In addition, the experiment result was also 
simulated by COMSOL Multiphysics, which were also coincided with the 
above-mentioned tendency (Fig. 4e) (detailed discussion in Supporting 
Information). 

In addition, the mass changes of PSHF with a series of water layer 
thickness overtime under 1 sun are also recorded in Fig. 4f. Superior to 
bulk water and floating structure, the PSHF with a series of water layer 
thickness demonstrates higher mass loss. The solar-driven evaporation 
rate and efficiency are two crucial parameters for evaluating the capa-
bility of a solar vapor generation system (Fig. S15). The following two 
formulas are used to calculate the evaporation rate and evaporation 
efficiency respectively. 

E.R. =
m
St  

η =
mhLV

qCopt 

We calculated its evaporation rate for bulk water is t 0.35 kg/m2/h 
and its evaporation efficiency is 22.32%. The floating structure is 
slightly improved compared to the bulk water sample the evaporation 
rate and efficiency are 0.53 kg/m2/h and 33.76% respectively. (The 
confined heating evaporator has a huge improvement compared to the 
floating structure. The confined heating evaporators of different thick-
nesses (2 mm, 4 mm, 6 mm) have different evaporation rates of 1.05 kg/ 
m2/h 1.49 kg/m2/h and 1.29 kg/m2/h respectively. Their evaporation 
efficiencies are 64.60%, 91.68%, and 79.37% respectively. Compared 
with the 6 mm water layer, the 4 mm water layer has a faster heating 
rate and less heat loss, so it has a better evaporation rate and efficiency. 
However, further reducing the thickness of the water layer will not only 
make the preparation process more difficult, and the actual evaporation 
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rate may be hardly increased or even decreased. Therefore, we finally 
use the confined heating evaporator with the water layer thickness of 4 
mm for further study. 

It is worth noting that, different from the mass loss curve of bulk 
water and conventional floating structure present a linear curve, the 
confined heating evaporators have a non-linear mass loss curve from 0 to 
60 min (Fig. 4g and 4 h). As for the confined heating evaporator with a 
thickness of 4 mm water layer. Among them, because the temperature 
didn’t reach the highest, the mass loss is little within 0–20 min. After 20 
min, due to the temperature of the water layer in the evaporator had 
reached the highest level, the mass loss of these evaporators had a 
sudden rise. After 20 min, the data line of mass loss tends to the straight. 
This rule of the curve is consistent with the previous temperature in-
crease regularly. Because the temperature of the surface and internal 
water layer of the evaporator has reached a balance after 20 min. When 
the temperature continues to rise, the mass loss of water per unit of time 
will also become stable. 

For the solar-driven evaporation application, quantitative experi-
ments were conducted to investigate the evaporation performance using 
a solar simulator-based apparatus (Fig. 5a). To further investigate the 
capability of the solar evaporator performance under different light in-
tensities, the relative mass change curves under different light intensity 
from 0.5 to 2.5 sun are recorded and shown in Fig. 5b. The results 
demonstrated that there is a positive correlation between evaporation 
rates and light intensity, ranging from 0.7 to 3.623 kg/m2, which 

ensured good adaptability in changeable environments. At the same 
time, the efficiency was also calculated, but it does not have certain 
correlation with the evaporation rates (Fig. 5c). The results show that 
the confined heating evaporator has good photothermal evaporative 
capacity under different intensity of sunlight. As shown in Fig S16, 
compared with the seawater exposure under 1 sun irradiation directly 
for evaporation (0.38 kg/m2/h), the confined heating evaporator has a 
similar evaporation rate in both pure water and seawater, which can 
reach about 1.49 kg/m2/h. Furthermore, in order to verify the reuse 
properties of materials, we repeated 10 cycles of the PSHF evaporator 
under 1 sun irradiation in brine. As shown in Fig. S17. In 10 experi-
ments, the results fluctuated around 1.5 kg/m2/h, which proves that this 
evaporator has the tremendous potential of reuse in the actual appli-
cation of solar driven evaporation. 

Since the evaporated durability in brine is a critical factor for the 
solar evaporators, salt-resistance evaporation experiments are con-
ducted in our system. The long-term evaporation performance of the 
confined heating evaporator loaded with PPy Fabric and PSHF were 
tested respectively in simulated seawater (3.6 wt% NaCl solution) for 12 
h. As shown in Fig. 5d. The results show that during the long-term 
evaporation process in simulated seawater, a lot of salt gradually 
accumulated on the surface of the evaporator loaded with the PPy Fabric 
photothermal layer. However, due to the superhydrophobic property of 
PSHF, it cannot be permeated by water during the long-term evapora-
tion process, so the surface of the evaporator loaded with PSHF 

Fig. 5. (a) Sketch of the confined heating evaporator with simulative sunlight in the laboratory. (b) Mass change versus time curves of confined heating evaporator 
under different optical concentrations. (c) Evaporation rate and efficiency of the confined heating evaporator under different optical concentrations. (d) Photos of the 
confined heating evaporators loaded with PPy Fabric and PSHF evaporate for 12 h in seawater. (e) Evaporation rates of seawater, confined heating evaporators with 
PPy Fabric and PSHF surface. 
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photothermal layer has no obvious change. Through the statistical 
calculation of the evaporation rate, because of the accumulation of salt, 
the evaporation rate of the PPy Fabric evaporator decreases gradually 
over time, but the PSHF evaporator still keeps stable. (Fig. 5e). 

As shown in Fig. 5f, we further analyse the mechanism of both kinds 
of evaporators. First of all, the ions and water molecules in the simulated 
seawater are constantly taken to the photothermal layer by the evapo-
ration driving force the in PPy fabric evaporator system. Then the liquid 
water is evaporated and leave the salt crystal on the photothermal sur-
face. The PSHF evaporator can prevent ions from infiltrating with the 
surface of the photothermal layer, which makes the ions concentration 
in the PSHF evaporator increase gradually. A certain concentration 
difference will form between the seawater in the evaporation system 
with the water storage tank. Ions may be constantly moving from a high 
concentration area to a low concentration area utilizing concentration 
differences. 

In order to prove this guess, the internal water ions concentration of 
PPy-fabric and PSHF evaporators were analysed by inductively coupled 
plasma mass spectrometry. The results showed that the ions 

concentration in the evaporator PPy-fabric remained below 3.5 wt% 
after 12 h evaporation. This is mainly because of the continuous crys-
tallization of salt on the surface of the PPy-fabric evaporator. However, 
the PSHF photothermal layer has strong resistance to seawater. Salt 
can’t be removed by crystallization. The results showed that the ions 
concentration in the PSHF evaporator increase slightly and concentrate 
to about 4.2%. But this concentration is still much lower than that of 
saturated NaCl solution (26.5 wt%). The guess has been proved that the 
movement of the ions due to the concentration difference exists between 
the PSHF evaporator with the water storage tank. Therefore, the 
confined heating evaporator loaded with PSHF has long-term stability in 
the brine environment. 

As shown in Fig. 6 and Tab. 3, we also compare the previous work of 
solar energy driven using superhydrophobic interface structure. Such as 
hydrophobic/hydrophilic graphene foams[30], carbon black poly-
acrylonitrile (CB/PAN) composite nanofiber[46], silver nanoparticles 
graphite modified sponge[58], hydrophilic/hydrophobic nanoporous 
double layer[32] superhydrophilic porous monolithic polymer foam 
[44], superhydrophilic porous carbon foam[37], PVDF membranes[59] 
and 2D Ti3C2 MXene membrane[60] 

To investigate the solar desalination capability of the confined 
heating evaporator in the true environment. As shown in Fig. 7a, steam 
was generated continuously from the surface of the evaporator and a 
sealed chamber was design for collecting distilled water. The bottle for 
storing seawater is placed outside the sealed chamber, and the water is 
delivered through a soft tube. When the whole device is placed in out-
door sunlight, as shown in the photos of Fig. 7b, the steam will quickly 
condense on the surface of the sealer within 1 h. The diameter of the 
evaporator used in the outdoor experiment is 5 cm. By comparing the 
evaporator before and after evaporation, no obvious salt crystallization 
was found, which proves that it has excellent stability in the actual 
environment. (Fig. 7c). The outdoor experiment was conducted from 
9:00 to 17:00 under natural sunlight with an average solar heat flux of 
916.33 w/m2. The average evaporation rate of this day can be calculated 
as 1.12 kg/m2. As displayed in Fig. 7d, based on the analysis of 

Fig. 6. The comparison of efficiency and evaporation rate for different solar- 
driven evaporator based on superhydrophobic surface previously reported. 

Fig. 7. (a) Schematic of the confined heating evaporation and water collection system with actual sunlight in outdoor. (b) Photograph of confined heating evap-
oration device in sealed chambers after 1 h. Solar steam quickly coagulates in the inner wall of the sealed chambers. (c) Photograph of confined heating evaporation 
device in sealed chambers under natural sunlight. (d) The measured ion concentration of six simulated seawater samples before and after desalination. 

C. Zhang et al.                                                                                                                                                                                                                                   



Chemical Engineering Journal 428 (2022) 131142

9

inductively-coupled plasma mass spectrometry, the concentrations of 
four primary ions in the condensed water, including Na+, Mg2+, Ca2+, 
K+, Sr2+ and B3+, were all reduced by over three orders of magnitude as 
compared with the initial concentrations of the artificial seawater. The 
resultant salinity level well complied with the standard for healthy 
drinking water, that defined by the US Environmental Protection Agency 
(EPA).[61] 

4. Conclusions 

In summary, we have demonstrated a solar-driven confined heating 
strategy. Efficient and sustainable seawater purification is achieved by a 
self-closing photothermal breathable “cover”. This “cover” consists of a 
photothermal conversion, breathable and superhydrophobic PSHF, 
which can be prepared in a simple way over a large area. The confined 
heating evaporator load with PSHF allows for efficient energy man-
agement by reducing heat conduction losses. Note that when the 
thickness of the evaporator is optimized to 4 mm, the heat conduction 
can reduce to 0.98%, and the total heat loss is only 7.1%. The surface 
temperature of PSHF confined strategy can reach to 59.7 ◦C is 14.9 

◦C higher than the conventional strategy (45.8 ◦C). The evaporation 
rate can be optimized to 1.49 kg/m2/h, and the evaporation efficiency is 
91.68% under 1 sun irradiation (1 kW/m2). At the same time, super-
hydrophobic properties of the photothermal layer can also endow the 
evaporators with good salt rejection performance. It can remain stable 
under the long-term evaporation of 12 h. The results indicate that the 
superhydrophobic confined heating system is reliable for efficient and 
sustainable seawater desalination, demonstrating significant potentials 
in sustainable water purification. 
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