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Article

Salt-solution-infused thin-film condenser
for simultaneous anti-frost and solar-assisted
atmospheric water harvesting

Yong Jin,1,* Sofiane Soukane,1 and Noreddine Ghaffour1,2,*

SUMMARY

Frost is undesirable in many applications. Previous methods of de-
frosting are either energy intensive or ineffective in the long term.
Meanwhile, frost is a valuable freshwater source whose production
is delayed due to the solid state and lengthy accumulation of frost.
Here, a salt-solution-infused thin-film condenser (SSTFC) is pro-
posed for anti-frost at low energy consumption and simultaneous
freshwater production. The SSTFC is composed of a highly perme-
able lower layer for salt solution infusion and an ultrathin hydro-
phobic top layer for constraining the infused solution and incorpo-
rating condensed vapor into the underlying solution at various low
temperatures. The gradually diluted salt solution can be passively
transported for regeneration and freshwater production by solar
energy. The regenerated salt solution can be pumped back to
the SSTFC for continuous operation of the system. Energy con-
sumption can be saved by >50% compared to conventional
methods.

INTRODUCTION

Frost, a common phenomenon, is induced by condensation on cold substrates fol-

lowed by the direct deposition of water vapor from air (moist air). The formed porous

frost layer is undesirable in many engineering applications due to its low thermal

conductivity and blockage of air ducts, pipes, and so forth, which penalize heat

transfer and increase pressure drop. For instance, frost can increase the heat transfer

resistance up to 75% in the heat exchanger used in the refrigeration system,1 which

means that the coefficient of performance (COP) of the system would drop by 35%–

60%,2,3 and 20%more energy would be consumed.4,5 Considering that�15% of the

total electricity consumed globally is dedicated to refrigeration equipment,

including household refrigerators, air conditioners, and systems for cold storage

of food,6 it is beneficial to inhibit or remove frost from low-temperature surfaces effi-

ciently. Meanwhile, melted frost represents a valuable freshwater source from the at-

mosphere. Given the fact that atmospheric water accounts for nearly 10% of the

accessible surface freshwater source, harvesting atmospheric water may have its

niche for providing supplementary freshwater, especially in arid or semi-arid re-

gions.7 In fact, numerous investigations have focused on harvesting atmospheric

water using various sorbent materials8–17 and using the cooling-condensation

method.14,18–20 When frost is harvested for freshwater, it must first be melted.

Thus, there is a time delay as frost accumulation takes time before being melted.

The simultaneous inhibition of frost formation and harvesting frost for freshwater

at low energy costs remains a significant challenge, which we address with a novel

thin film condenser.

1King Abdullah University of Science and
Technology (KAUST), Water Desalination and
Reuse Center (WDRC), Division of Biological and
Environmental Science and Engineering (BESE),
Thuwal 23955-6900, Saudi Arabia

2Lead contact

*Correspondence: yong.jin@kaust.edu.sa (Y.J.),
noreddine.ghaffour@kaust.edu.sa (N.G.)

https://doi.org/10.1016/j.xcrp.2021.100568

Cell Reports Physical Science 2, 100568, September 22, 2021 ª 2021 The Author(s).
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1

ll
OPEN ACCESS

Please cite this article in press as: Jin et al., Salt-solution-infused thin-film condenser for simultaneous anti-frost and solar-assisted atmospheric
water harvesting, Cell Reports Physical Science (2021), https://doi.org/10.1016/j.xcrp.2021.100568

mailto:yong.jin@kaust.edu.sa
mailto:noreddine.ghaffour@kaust.edu.sa
https://doi.org/10.1016/j.xcrp.2021.100568
http://creativecommons.org/licenses/by-nc-nd/4.0/


There are several strategies toward frost-free surfaces: (1) engineering surface prop-

erties, including wettability21–28 and geometry29–31 to passively inhibit or delay frost

formation; (2) actively remove existing frost from surfaces by input energy32–35 such

as reverse cycle defrost,36,37 hot gas bypass defrost,37,38 and electric heater

defrost37,39; (3) dehumidifying with a desiccant.37,40 For example, recent research

explored the possibility of preparing slippery or superhydrophobic surfaces to

inhibit frost formation. Researchers also designed different surface geometries to

regulate frost growth. However, frost formation is only delayed, thus it remains inev-

itable. In fact, there are still no surfaces that can passively and completely inhibit frost

formation. Energy input is needed to actively remove an existing frost layer. The

active measures taken are either energy intensive or time consuming. Moreover,

the already existing frost layer has affected the performance of systems during the

growth process. Dehumidifying only works in limited cases since it is not easy to

reach equilibrium during dehumidification. There may still be some vapor that would

transform into frost at low temperatures. Dehumidification also fails when systems

are exposed to open environments.

To enable simultaneous anti-frost and atmospheric water harvesting, the condensed

water from atmospheric vapor needs to be kept in liquid form and transported away

from the low temperature surface at a low energy cost. In the present study, we pro-

pose a concept of salt-solution-infused thin-film condenser (SSTFC), as shown in Fig-

ure 1A, to address the challenge. The proposed SSTFC can prevent frost formation

by incorporating the condensed vapor or droplets into the salt solution. The diluted

salt solution can be transported to a regeneration device powered by solar energy in

which the salt solution is concentrated by evaporation and fresh water can be simul-

taneously collected by condensation. The regenerated salt solution can be pumped

Figure 1. Fabrication and characterization of the thin-film condenser

(A) Schematic of salt-solution-infused thin-film condenser for simultaneous anti-frost and atmospheric water harvesting.

(B) Cross-sectional SEM image of the thin-film condenser composed of microchannels and hydrophobic upper layer. Scale bar: 100 mm.

(C) Pressure drop in a single microchannel (inserted image shows a typical pressure distribution within the channel at a flow velocity of 4 cm/s).

(D) Cross-sectional and top-view SEM images of the hydrophobic layer. Scale bar: 2 mm.

(E) E-SEM image of the hydrophobic layer in the wet state. Scale bar: 10 mm.

(F) Schematic showing equal-size polystyrene microspheres floating on liquids.
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back to the SSTFC for continuous operation. To realize these functions, the SSTFC is

designed to comprise an ultra-thin porous hydrophobic top layer and a highly

porous hydrophilic lower layer on a chosen substrate. The role of the hydrophobic

layer is to incorporate and constrain the condensed water into the hydrophilic lower

layer. The hydrophilic layer is the transport media for the condensed water. Ideally,

when the hydrophilic layer is infused with proper salt solutions such as NaCl, CaCl2,

or LiCl, the SSTFC will not freeze and condensed water would be incorporated into

the salt solution at ultra-low temperatures. The diluted salt solution would be trans-

ported to free surfaces passively due to the constraining of the hydrophobic layer.

RESULTS AND DISCUSSION

Fabrication of the SSTFC

To prepare the proposed SSTFC, different fabrication techniques were used to pre-

pare the hydrophilic porous layer and the hydrophobic upper layer. Figure 1B shows

the cross-section scanning electron microscopy (SEM) image of the prepared SSTFC

composed of hydrophilic microchannels and hydrophobic electrospun layers. The

hydrophilic porous layer consists of an array of microchannels prepared by a laser

cutting machine on a copper plate. The design of the hydrophilic porous layer

must ensure a high ability to transport the condensed water. The dimension of the

copper microchannels has been purposely set to several hundreds of micrometers

for the effective transport of fluid while maintaining a much higher thermal conduc-

tivity compared to the frost with the same thickness. Figure 1C gives the pressure

drop of a single microchannel at different flow velocities obtained by solving the

Navier-Stokes equations in Comsol Multiphysics. It should be noted that the inlet

boundary condition will affect the pressure drop, which is not considered in the pre-

sent study. The detailed simulation process can be found in Note S1. Figure 1D

shows the cross-section and top-view SEM images of the porous hydrophobic layer.

The hydrophobic layer is composed of a thin layer of nylon 6 nanofiber matrix and

polystyrene (PS) microsphere islands, both of which were prepared by electrospin-

ning relevant polymer solutions. The role of the nylon 6 nanofiber matrix is to pro-

vide support for the PS microsphere islands while these PS islands act as the porous

hydrophobic layer that can constrain water or salt solution and incorporate the

condensed water into the lower layer. The values of the contact angle of different

liquids on PS are given in Note S2. The data reflect the hydrophobic nature of PS.

As shown in Figure 1E, the environmental SEM (E-SEM) image shows that these PS

islands are not wetted completely and are able to constrain the fluid within the lower

layer. One important characteristic of the distributed PS islands is the distance be-

tween neighboring islands, which determines the liquid breakthrough pressure of

the hydrophobic layer. The breakthrough pressure will set an upper limit for both

the flow velocity within the microchannels and the vapor flux during condensation

to avoid flooding of the SSTFC. To quantify the breakthrough pressure of the hydro-

phobic layer, equal-size PSmicrospheres floating on liquid are assumed, as schemed

in Figure 1F. We simplified the case by assuming spherical PS islands of a uniform

size and equilateral triangle type distribution. Then, the breakthrough pressure

was calculated to be 20–30 kPa, depending on the fluid underneath (detailed calcu-

lations can be found in Note S3). As expected, calculations show that smaller dis-

tances and high contact angles yield higher breakthrough pressures. Moreover,

ensuring adhesion between the hydrophilic and hydrophobic layers is also critical,

which can be realized by applying a thin layer of PS adhesive between the two layers

(in our case). All of our fabrication techniques, the details of which can be found in the

Experimental procedures section, are suitable for scale-up. Moreover, copper,

which can be easily corroded, is used here only to prove the concept. To achieve
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stable and anti-corrosion channels, titanium was selected. Its stability and corrosion-

resistant properties were tested and reported in Note S4.

Condensation behaviors on the SSTFC and passive transport of condensed

water

Following the successful fabrication of the SSTFC, E-SEMobservation of the conden-

sation phenomenon was carried out to assess the device efficiency in constraining

the working fluid and incorporating the condensed water into the lower layer. The

two scenarios observed with E-SEM at 0�C are shown in Figures 2A and 2B. It was

observed that no obvious water droplets were present under low vapor pressure

(650 Pa; Figure 2A; Video S1), while droplets appeared when the vapor pressure

was increased (700 Pa; Figure 2B; Video S2). The droplets can be incorporated

into the underlying liquid layer by single droplet incorporation (droplets 1 and 4)

or coalescence of multiple droplets (droplets 2 and 3) at a very small scale

(�5 mm). The mechanism of condensation on the SSTFC is illustrated in Figure 2C.

The surface of the SSTFC is represented with isolated spherical PS islands floating

on water or salt solution. Classical nucleation theory predicts that the nucleation

Figure 2. Water condensation behavior on the thin-film condenser

(A) E-SEM observation of water condensation on thin-film condenser under low vapor pressure (650

Pa). Scale bar: 5 mm.

(B) E-SEM observation of water condensation on thin-film condenser under high vapor pressure

(700 Pa).

(C) Scheme showing the mechanisms of water condensation under different vapor pressures.

(D) Images showing the anti-gravity transport of condensed water on the thin-film condenser. Scale

bar: 0.5 cm.
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energy barrier is smaller on hydrophilic surfaces than that on hydrophobic sur-

faces.41,42 Thus, condensation would preferentially occur on hydrophilic sites first

since the initial step of condensation is the formation of stable nuclei. The nucleation

density is proportional to the vapor pressure difference. Thus, under low vapor pres-

sure, condensation would occur on the hydrophilic sites only (water or salt solution in

our case) among PS islands and no droplets would appear. When the vapor pressure

is increased, the nucleation energy barrier is overcome on the hydrophobic PS

islands and droplets would form on the PS islands, as observed in Figure 2B. Part

of the PS islands was originally wetted by water or salt solution and the portion of

wetted part is determined by the contact angle of water or salt solution with PS.

The contact angles of water or salt solution on PS were measured and reported in

Note S2. Values show that nearly half of the PS islands have originally been wetted

when condensation is not occurring. When condensation occurs, the liquid surface

would further form a curved shape. Thus, the condensed droplets could be sucked

into the underlying water or salt solution by either single-droplet incorporation or

the coalescence of multiple droplets, which will have a downwardmomentum during

coalescence. Thus, condensed water can be efficiently incorporated into the liquid

layer under PS islands in both scenarios (low and high vapor pressure). Notice that

the scenario under E-SEM is slightly different from that in the atmospheric environ-

ment. The presence of non-condensable gases (oxygen and nitrogen) may hinder

the nucleation rate. Thus, droplets may not be observed under an atmospheric envi-

ronment, which will be discussed in the next sections. Due to the hydrophobic nature

and small interdistance of the PS islands, the condensed water underneath is natu-

rally transported by the curvature-induced pressure difference to somewhere with

a free liquid surface without submerging the islands. Figure 2D shows the antigravity

directional transport of condensed water by the gourd-shaped SSTFC indicated by

the growth in time of droplets on the upper part (the free liquid surface indicated by

the black arrow in Figure 2D).

SSTFC for anti-frost application

The anti-frost ability of the SSTFC infused with NaCl solution (24%) at ��10�C was

demonstrated in Figure 3A as an example. Initially, the guard-shape condenser ap-

peared frost-free while the surrounding area was covered by frost. Gradually, the

infused solution was diluted and frozen at 4,500 s after the start of the experiment.

The anti-frost performance of the CaCl2 and LiCl-solution-infused thin-film

condenser was similar to the NaCl-solution-infused thin-film condenser. The salt so-

lutions were injected into the microchannels by a syringe pump. All of the thin-film

condensers infused with salt solutions appeared frost-free due to the effective incor-

poration of condensed water and the anti-freezing property of the salt solution. The

types of salt solution that can be infused into the hydrophilic microchannels can be

selected according to the application temperature, salt solution property (freezing

point), and other factors such as cost. For example, the freezing point of a 25%

(w/w) NaCl solution is roughly �20�C. Thus, the application temperature is limited

to �20�C. Normally, the application temperature should be much less than

�20�C. When the condensation process starts, the infused salt solution would be

diluted until it reaches its freezing point. The diluted salt solution should be replen-

ished by fresh salt solution, which is discussed later. The replenishment frequency is

determined by the evolution of the salt solution concentration in time and the rela-

tionship between freezing point and salt solution concentration. Salt solution con-

centration evolution is further determined by the condensation rate and the initial

infused mass. Thus, it is critical to reach the condensation rate. We experimentally

measured the condensation rate at �10.8�C (average value) on the thin-film con-

densers infused with NaCl (24%), CaCl2 (30%), and LiCl (24%) solution with a given
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initial concentration at the same atmospheric environment. The experimental details

can be found in the Experimental procedures section. The experimental results of

the condensation rate on the thin-film condensers infused with different salt solu-

tions are shown in Figures 3B–3D. All of the condensation rates slightly decreased

with time. The results also show that the different salt solutions infused in the thin-

film condenser lead to different condensation rates. The difference is due to varia-

tions in the saturated vapor pressure of the salt solution at the same temperature.

The saturated vapor pressure of the 24% NaCl solution at �10.8�C is estimated at

214.5 Pa, while the saturated vapor pressure of the 30% CaCl2 solution and the

24% LiCl solution at�10.8�C are 162.3 and 148.3 Pa, respectively. Because conden-

sation is a mass transfer process driven by vapor pressure gradient (here, concentra-

tion gradient), vapor flux (condensation rate) over lower concentration surfaces

would be higher. Moreover, since the saturated vapor pressures of these salt solu-

tions at low temperatures are much lower than those in dry air (e.g., 20% relative hu-

midity at 20�C, 468 Pa), it also enables us to collect moisture under extreme

conditions.

We provide a comprehensive model to simulate the condensation rate on the thin-

film condenser infused with any salt solution at any temperature based on solving

Figure 3. Salt-solution-infused thin-film condenser for anti-frost application

(A) Time-lapse images showing the anti-frost performance of NaCl-solution-infused thin-film condenser. Scale bar: 0.5 cm.

(B–D) Experimental and predicted condensation rates on thin-film condenser infused with (B) 24% NaCl solution, (C) 30% CaCl2 solution, and (D) 24%

LiCl solution at �10.8�C. The area of the condenser is 10.64 cm2.

(E) Schematic showing a basic unit of the thin-film condenser in terms of liquid transport.

(F) Simulation of maximum pressure in the thin-film condenser infused with 20% LiCl solution at �18.8�C during condensation at different vapor fluxes.
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coupled momentum and species transport equations with appropriate boundary

conditions (detailed description can be found in Note S5):

DDc + u$Vc= 0 : (Equation 1)

Briefly, the surface of the SSTFC was treated as a liquid surface with effective distri-

bution (effective area) and a saturated vapor pressure, P, whose value can be given

by a modified Antoine equation:

log P = AðmÞ+BðmÞ=T +CðmÞ�T2; (Equation 2)

where A (m), B (m), and C (m) are coefficients whose values depend on the salt mass

concentration (molality m). T is the surface temperature (detailed prediction can be

found in Note S5). Vapor concentration (C) can be calculated assuming the ideal gas

behavior of vapor. The above transport equation can be solved numerically coupled

with the Navier-Stokes equation. The vapor flux J toward the surface is the conden-

sation rate, which can be expressed as

J = �
ZZ

DVc$dS: (Equation 3)

The reason why the surface can be treated as a liquid surface is given in Note S5. No

droplet formation was observed on PS islands with a LiCl-solution-infused thin-film

condenser even at �25�C (Note S5). As discussed previously, this is due to the pres-

ence of non-condensable gases, which inhibit the nucleation rate in the atmospheric

environment. Moreover, vapor pressure changes slowly as the temperature de-

creases. To make simulation less intensive, we set u to be zero, which corresponds

to the experimental condition. The simulation results matched well with the experi-

mental data, as shown in Figures 3B–3D.

It can be deduced from the condensation rate results and Figure 1C that the pressure

of liquid in the microchannels is far smaller than the breakthrough pressure in our

experimental conditions. However, we should be clear that the pressure inside the

channels would increase if the length of the microchannels or the vapor flux in-

creases. Therefore, it is critical to determine the limit at which the pressure inside

the microchannels would reach the breakthrough pressure and the SSTFC would

be flooded during condensation. Figure 3E is a schematic of a basic unit of the

SSTFC. It consists of two channel walls, the channel and nylon 6 matrix, sitting on

top of the channel walls (indicated by the black dashed square). Condensed water

would be transported to the free liquid surface through lateral and perpendicular

transport in the nylon 6 matrix and then transported in the microchannels. Because

the lateral permeability of the nylon 6matrix is smaller than that of themicrochannels

(see Note S6), condensed water would transport first through the nylon 6 matrix and

then through microchannels toward the free liquid surface. Thus, given an average

vapor flux over the SSTFC, the liquid pressure could be determined in the SSTFC

by solving three-dimensional (3D) Darcy’s law in Comsol Multiphysics. Because

the infused liquid and the operating temperature can be varied, the liquid density

and dynamic viscosity vary in different situations. Here, we demonstrate one

example of simulation of pressure within the thin-film condenser with LiCl solutions

(20%) at �18.8�C (a detailed simulation can be found in Note S6). The simulation re-

sults are shown in Figure 3F. Similar simulations can be applied to other types of

working fluid as long as the density and dynamic viscosity are known.With increasing

vapor flux, the maximum vapor pressure present in the SSTFC will increase linearly.

The maximum pressure is also found to be at the edge of the nylon 6 matrix of the

simulation domain (see the inserted images in Figure 3F, the section and top view

of the simulation domain for vapor flux of 0.008 kg/m2/s). It is reasonable that the
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lateral permeability of nylon 6 matrix is small compared to that of the microchannel.

However, due to the short transport distance (50 mm), the pressure increase is not

significant compared to the breakthrough pressure. However, themaximum allowed

vapor flux will be constrained by the breakthrough pressure as the vapor flux in-

crease will induce an increase in maximum pressure in the nylon 6 matrix. In the

case of Figure 3F, the maximum allowed vapor flux is �0.081 kg/m2/s (correspond-

ing to 190 kW/m2). This number is significantly larger than our experimental data

(0.000025 kg/m2/s) and not common in atmospheric condensation conditions, espe-

cially in frosting conditions. Therefore, the flooding of the SSTFC due to condensa-

tion is not a major concern in real applications.

Continuous operation of the SSTFC and freshwater production

After being diluted to a given concentration and reaching its freezing point, the salt

solution must be replenished with a fresh concentrated solution. Figure 4A shows

that simple pumping of the LiCl (20%) solution at certain flow rates can easily

replenish the salt solution and enable continuous anti-frost performance of the

SSTFC at �18.8�C for 3 h. In Figure 4A, the flow speed of LiCl solution (20%) was

0.02 cm/s. The replenishing flow rate is limited by the breakthrough pressure as

an increase in the replenishing flow rate will cause a pressure increase inside the

SSTFC. Thus, there is a maximum length allowed for a single microchannel design.

Meanwhile, the working fluid properties (density and viscosity at a given tempera-

ture) and the condensation vapor flux also constrain the maximum allowed length.

Figure 4B shows themaximum allowedmicrochannel length at different replenishing

flow rates and different vapor flux for a specific working fluid (LiCl solutions (20%) at

�18.8�C). The results were obtained by solving the 3D Darcy’s equation in Comsol

Multiphysics in a similar way to Figure 3F with different boundary settings (detailed

simulation can be found in Note S6). As Figure 4B shows, a higher replenishing flow

rate will have a smaller maximum allowed channel length, while a smaller vapor flux

Figure 4. Continuous operation of the thin-film condenser and freshwater production

(A) Images showing continuous anti-frost performance of the LiCl-solution-infused thin-film

condenser enabled by simple pumping for 3 h. Scale bar: 1 cm.

(B) Maximum allowed channel length as a function of replenishing flow rate and vapor flux for 20%

LiCl solution at �18.8�C.
(C) Schematic showing the freshwater collection system.

(D) Freshwater production rate for different salt solutions with different concentrations.
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will have a larger maximum allowed length. During real applications, normal replen-

ishing flow rates such as 1 cm/s will allow the maximum length of microchannel to be

�1 m, ideally.

The diluted salt solution could be easily regenerated by low-grade energy such as

solar energy or waste heat from the refrigeration system at low temperature (50�–
60�C). Meanwhile, fresh water could be collected. Due to the recent rapid progress

of solar-assisted desalination research,43 a solar-assisted device can be readily built

for the regeneration of the diluted salt solution. The theoretical freshwater produc-

tion of such a device is simulated in the sequel. Figure 4C shows a simplified sche-

matic of regeneration of salt solution using a solar radiation of 1,000 w/m2 as a

source of energy. A selective absorber with �90% absorption from 200 to

2,500 nm and low emissivity (0.07) is used to absorb solar energy and heat up the

salt solution. Vapor can flow in a 1-mm-thick air gap and condense on the bottom

layer, which can be cooled by ambient air naturally or manually forced convection.

The collection rate of fresh water is estimated using a method similar to the one

used to predict the condensation rate in Figures 3B–3D (a detailed method can

be found in Note S7). The results are shown in Figure 4D for NaCl, CaCl2, and LiCl

solutions at different concentrations. Figure 4D shows that the freshwater produc-

tion rate decreases when the salt concentration increases. The range of the fresh-

water production rate is between 0.1 and 0.6 kg/m2/h. These numbers are compa-

rable to previous results.43,44 Since the freshwater collection rate is equivalent to

the salt solution regeneration rate, the regeneration system can be designed ac-

cording to the condensation rate during the anti-frost process.43

In addition to salt solution regeneration, the major energy consumption of operating

the SSTFC is the pumping of the salt solution during replenishment, the sensible

heat of decreasing the salt solution temperature, and condensation heat transfer.

Energy for the pumping of the salt solution within the SSTFC is assumed to be equiv-

alent to the pressure drop loss. The pressure drop loss, which can be calculated with

the Darcy-Weisbach equation, is negligible compared to the condensation heat

transfer and the sensible heat required to decrease the salt solution temperature

(see the detailed calculation in Note S8). The salt solution temperature can be

decreased by the refrigeration system itself, with a typical COP of 2–3. Because sen-

sible heat is often much smaller than latent heat, it is demonstrated that the energy

required to run the thin-film condenser infused with 20% LiCl solution at�18.8�C can

be >50% less than that of a conventional heating method for melting the accumu-

lated frost (Note S8). Due to the fact that the SSTFC can be operated with different

salt solutions and at different temperatures, it is not easy to provide a full view of en-

ergy-saving data. However, a general criterion is to minimize the replenishment fre-

quency, such as the use of a high-concentration salt solution. In general, the newly

designed SSTFC can enable frost-free systems as well as simultaneously collect fresh

water with minor energy input and power density.

In conclusion, a salt-solution-infused thin-film condenser composed of a porous hy-

drophobic upper layer and a hydrophilic porous lower layer was proposed and real-

ized in the present work. In an anti-frost application, the SSTFC could incorporate

and constrain condensed water into the hydrophilic layer. The condensed water

could be transported passively to free liquid surfaces for regeneration by solar en-

ergy. Fresh water can be simultaneously collected. Continuous running of the SSTFC

is possible, with very low power density input and energy consumption, as demon-

strated in this study. In future investigations, the focus will be set on the long-term

stability of the SSTFC. Thin-film condensers made of other materials such as high
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thermal conductivity polymers with different geometries will be prepared for various

applications.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to, and will be ful-

filled by, the lead contact, Noreddine Ghaffour (noreddine.ghaffour@kaust.edu.sa).

Materials availability

All unique systems generated in this study are available from the lead contact

without restriction.

Data and code availability

All data are available from the lead contact upon reasonable request.

Preparation and characterization of the SSTFC

The SSTFC is composed of a hydrophobic upper layer and a hydrophilic lower layer.

The hydrophilic layer is an array of microchannels (total area: 2.83 3.8 cm) fabricated

by a Yb laser-cutting machine on a 2-mm-thick copper substrate, which was then

washed in 1 M HCl and ultrasonicated for 5 min. The fabricated microchannels

were heated at 300�C for 10 min in air to make them hydrophilic. The hydrophobic

layer was prepared by electrospinning. A layer of PS nanofibers was electrospun

onto the top surface of the microchannels and heated at 200�C for 5 min to serve

the adhesive layer between the microchannels and the hydrophobic upper layer.

The PS nanofibers were prepared by electrospinning 20% PS dimethylformamide

(DMF) solution (w/v) at 0.6 mL /min for 5 min. A layer of nylon 6 matrix was prepared

on top of the microchannels by electrospinning 30% nylon 6 formic acid solution

(w/v) at 0.1 mL /mL for 20min. Then, the microchannels with nylon 6matrix were heat-

ed at 180�C for 5 min to anneal the matrix and increase the adhesion between the

microchannels and nylon 6 matrix. The last step was to electrospray a layer of PS mi-

crospheres on the top of nylon 6 matrix at 0.6 mL/min for 10 min. The solution for

electrospraying was 5% PS DMF solution (w/v). The voltage for all of the electrospin-

ning/spraying was 20 kV. The distance between the syringe tip and the collector was

15 cm. The SSTFC was annealed at 110�C for 5 min to increase the adhesion of PS

microspheres to the nylon 6 matrix. The SSTFC was imaged with SEM (Quanta 600).

E-SEM

To observe the condensation behavior on the SSTFC, E-SEM was conducted with

Quanta 600. The voltage and working distance were set to 20 kV and 4.8 mm,

respectively. The SSTFC was attached to a Peltier cooling stage with silver conduc-

tive glue. The temperature of the cooling stage was set to 0�C. The SEM chamber

was evacuated to 100 Pa. The pressure was steadily increased to observe condensa-

tion at different pressures.

Anti-frost and condensation rate measurement

The anti-frost performance and condensation rate measurement on the SSTFC were

conducted in a stable atmospheric environment with a dew point of 15�C. The
SSTFCwas attached to a Peltier cooling stage by silicone thermal conductive grease.

NaCl (24%), CaCl2 (30%), and LiCl (24%) were infused into the microchannels by sy-

ringe pumping. A 1 -cm-high solid boundary was built at the edge of the SSTFC. For

the measurement of the condensation rate, condensed water could be transported

and collected in a tube. The collected water was weighed, then dried and weighed
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again. The difference between the two measured weights is considered the

condensed water from air. The surface temperature of the SSTFC was measured

by an infrared camera (FLIR a655sc) with an emissivity of 0.95.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.

2021.100568.
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