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Context & scale

Interfacial solar steam generation

is regarded as a promising

strategy for addressing water

scarcity with minimized carbon

footprint. While the past few years

have witnessed significant

progress in improving

evaporation rates, water-

collection rates have often been

limited by ineffective

condensation and compromised

light absorption in the

conventional designed solar still.

Herein, we developed an invert-

structured single-stage solar

water purifier (ISWP), which

consists of a top selective

absorber and a honeycombed

bottom water condenser based

on hydrophobic nanostructured

copper. As the ISWP device not

only avoids optical loss but also

realizes enhanced heat transfer

and condensation, it achieves the

overall efficiency of solar to

collected water of �70%. This

work highlights the significance of

system-level design for solar-

driven water purification and

provides more understanding for

the mass and heat transfer of the

complete evaporation-

condensation process.
SUMMARY

Interfacial solar vapor generation is an emerging technology for
producing purified water with a minimized carbon footprint. While
the evaporation rate has been significantly increased, the rate of wa-
ter collection has been limited because of ineffective heat transfer
during condensation and compromised light absorption in the
conventionally designed solar still. In this work, an invert-structured,
single-stage solar water purifier (ISWP) is elaborately designed and
fabricated and consists of a top selective absorber and a honey-
combed bottom water condenser based on hydrophobic nanostruc-
tured copper. This inverted structure not only avoids optical loss
due to the vapor condensation but also realizes enhanced heat
transfer and condensation. As a result, it can achieve a high water-
collection rate of 1.063 kg m�2 h�1 and an overall efficiency of solar
collected water of �70% for single-stage solar purification systems.

INTRODUCTION

Rapid population growth and industrialization call for sustainable technologies for

water treatment.1–3 Interfacial solar-vapor generation has attracted tremendous

attention as a promising water-purification process with a minimized carbon foot-

print. The past few years have witnessed significant progress in improving evapora-

tion rates through designs of materials and structures.4–7 Several materials with

broad solar-absorption characteristics, such as metal nanomaterials,8–10 carbon-

based materials,11–14 polymers,15,16 etc., and effective thermal management strate-

gies have been used for efficient solar-steam generation.17–24 However, the water-

collection rate is limited by inefficient condensation and is typically only 0.3–

0.5 kg m�2 h�1.25 There are important developments to recycle the enthalpy

released during vapor condensation through themultistage process or for electricity

generation.26–28 However, for on-site personalized water solutions, it is critical to

improve the efficiency and water collection of the single-stage solar purifier.

Most, if not all, of previous single-stage solar purifiers typically use the single- or

double-sloped structure with a transparent cover placed above a solar evaporator

for both sunlight transmission and vapor condensation.29–31 However, there are

several intrinsic limitations related to this type of structure. First, the vapor mist

condensed on the cover typically leads to a high optical loss (up to 35%) for the sys-

tem.32 Moreover, because of the requirements of optical transparency, the top

covers are typically made of polymers or glass. These materials usually possess a

low thermal conductivity k (k < 5 Wm�1 K�1),33–35 which is ineffective for heat trans-

fer related to condensation. Besides, the condensates on the cover also act as
Joule 5, 1–11, June 16, 2021 ª 2021 Elsevier Inc. 1



Figure 1. The design of the invert-structured solar water purifier (ISWP)

(A) Set-up diagram. The device from top to bottom consists of the convection blocker, a selective

solar absorber, a water-supply layer, a contamination-preventive and vapor-permeable layer, and a

bottom condenser with multiple built-in condensing walls.

(B) The schematic diagram for the process of solar water purification. The solar light transmits

through the convection blocker and is captured and converted into heat by the selective absorber;

the heat is transferred to evaporate the water within the hydrophilic layer; the generated vapor

penetrates through the contamination-preventive and vapor-permeable layer and is condensed in

the bottom condenser.
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thermal barriers,36,37 further hindering the condensation. Consequentially, the over-

all efficiency of solar to collected water is only �35%, which is equivalent to �0.5 kg

m�2 h�1.32,38,39

Herein, we demonstrate an invert-structured solar water purifier (ISWP) with the

significantly enhanced overall efficiency of solar-collected water because of several

unique features. (1) The generated vapor is driven by the vapor-pressure gradient to

go downward and condensed in the bottom collector, which avoids the optical loss.

(2) Without the requirement of transparency, the bottom water collector can be

composed of honeycombed structures of highly thermal-conductive materials with

hydrophobic nanostructures, realizing preferred dropwise condensation. (3) The in-

verted condenser made up of highly thermal-conductive materials can transfer the

latent heat to the outside through effective heat conduction, which is beneficial

for the condensation process. Thus, this inverted system can achieve a water-collec-

tion rate of 1.063 kg m�2 h�1 and overall efficiency of solar to collected water of

�70%, which is high-performing among single-stage solar-purification systems.

RESULTS AND DISCUSSION

Design of the invert-structured solar water purifier (ISWP)

Figure 1 demonstrates the set-up diagram of an ISWP from top to bottom, mainly

consisting of a convection blocker, a selective solar absorber, a water-supply layer,

a contamination-preventive and vapor-permeable layer, and a bottom condenser.

Once the solar light transmits through the convection blocker, it is absorbed and

converted into heat by the selective absorber. The heat evaporates water supplied

by the confined water path. The generated vapor is then driven by the vapor-pres-

sure gradient to go downward through the contamination-preventive and vapor-

permeable layer and ultimately condensed in the bottom condenser.

In order to achieve high overall efficiency and water collection, there are a few re-

quirements for each part of the system. (1) The convection blocker, placed above
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Figure 2. Characterizations of the ISWP layer by layer

(A) Layers of PDMS film, TiNOX-coated Al plate, hydrophilic fabric, porous PTFE, and copper-based wall, which are characterized, respectively, in (B–F).

(B) The transmittance spectrum of the PDMS based convection blocker and absorbance spectrum of the selective absorber (TiNOX) at wavelengths from

330 to 2,100 nm.

(C) The scanning electron microscopy (SEM) image of hydrophilic fabrics. The insets are the microscopic images of the droplet when it is dripped on the

fabric.

(D) The SEM image and the contact angle (inset) of the contamination-preventive and vapor permeable layer (PTFE membrane).

(E and F) SEM images and contact angles of the smooth copper surface (E) and hydrophobic nano-structuring CuO (HN–CuO) surface (F) for the

condenser.
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the solar absorber, needs to possess high light transmittance and ultralow thermal

convection for minimizing the optical and convective losses for the system. (2) The

selective absorber needs to have high absorption of the solar spectrum and mean-

while low emittance of the infrared band, for maximizing energy input. (3) The water-

supply layer should have good wettability for effective water supply from the water

source. (4) The contamination-preventive and vapor-permeable layer needs to

ensure sufficient vapor transport while preventing brine dripping. (5) High thermal

conductance is desirable for the bottom condenser to transfer the condensation

heat effectively. (6) Multiple built-in condensing walls for reducing the distance of va-

por transportation.

Characterizations of each part of the ISWP

Each part of the ISWP has been elaborately designed and fabricated to meet all the

requirements mentioned above (Figure 2A). The convection blocker for minimizing

the convective losses (Figure S1) is made up of a 2mm-thick air layer (0.023 W m�1

K�1) enclosed by transparent olydimethylsiloxane (PDMS) film and two 3D-printed

photo-curable resin holders. The PDMS film shows a high light transmittance

(�94% for the solar spectrum, 330–2100nm) (Figure 2B). TiNOX-coated aluminum

plate is used as a selective solar absorber due to its high solar-spectrum-weighed

absorption (�95%) (Figure 2B) and low emittance for the infrared band (�0.002%

from 2.5 to 15 mm) (Figure S2; Table S1). As shown in Figure 2C, the confined water

path is made up of hydrophilic fibrous fabric, which can enable fast water supply by
Joule 5, 1–11, June 16, 2021 3
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capillary force (Figure S3). Figure 2D demonstrates that the PTFE has an average

pore size of 5 mm and a contacting angle of 106.1�, which is chosen as the contam-

ination-preventive and vapor-permeable layer to enable effective vapor pass while

preventing brine from dripping into the condenser.

The bottom condenser and built-in condensing walls are the key components to

enable effective heat transfer and therefore condensation. Copper, with its high

thermal conductivity (k of 404Wm�1K�1), is chosen for effective heat transfer related

to condensation. Subsequent nanostructuring and hydrophobic treatment on the

surface of the condenser are used to further promote dropwise condensation.40

Lowering the thermal resistance induced by the condensed water on the condenser

wall (k of 0.6 W m�1K�1) and accelerating the heat-transfer rate in the diffusion layer

due to the existence of noncondensable gas close to the condensation surface, hy-

drophobized nanostructured copper-oxide (HN–CuO) film is constructed on the wall

to accelerate the removal of condensate droplet and enhance the disturbance in the

diffusion layer.41,42 It is observed that the original smooth surface of Cu (Figure 2E) is

transformed into knife-like nanoplates by chemical etching (Figure 2F). Meanwhile,

the contact angle is significantly increased from 84.6� to 155.6� via subsequent mo-

lecular-scale surface modification, indicating the hydrophobicity of the HN–CuO

surface (see experimental details and Figure S4).

Solar water production of the ISWP

To evaluate the performance of the ISWP, the yields of purified water under 1-sun

illumination over time are carefully recorded. The yields of a conventional solar water

purifier made of polymethyl methacrylate (PMMA) are also tested for comparison.

The schematics and photos of the two devices are shown in Figures 3A and S5.

Compared with the conventional purifier, the ISWP with hollow copper condenser

(ISWP (Cu)) has a much higher (119% more) yield of purified water (Figure 3B).) It

is confirmed that the ISWP enables higher water production, which can be ascribed

to the following two reasons. (1) The vapor of ISWP is condensed in the bottom

condenser to prevent the block of sunlight, which is unavoidable for the conven-

tional design with a top light-transmitting cover for vapor condensation (Figure S6).

(2) The condensation wall (the wall of the condenser) located below the absorber is

made up of highly thermal-conductive copper with thermal conductivity of 404 W

m�1 K�1, which can transfer the latent heat not only by convection and radiation

to ambient, but also by more efficient heat conduction when it is placed on the

heat sink (Figure S7).

Besides the thermal conductivity (k) of the condensation wall, condensate droplets

also have a significant impact on the condensation process. The condensed water

layer on the surface has a thermal conductivity of 0.6Wm�1K�1 and acts as a thermal

barrier for transferring heat out. Furthermore, the diffusion layer due to the existence

of noncondensable gas has adverse effects on mass and heat transfer in condensa-

tion. It is expected that introducing hydrophobic nanostructures can promote drop-

wise condensation and, therefore, enhance the disturbance in the diffusion layer,

lower the thermal barrier of condensates, and lead to improved condensation per-

formance. Consequentially, an ISWP with hydrophobic nanostructures on condenser

surfaces (ISWP (HN–CuO)) shows better water-production performance than ISWP

(Cu), as demonstrated in Figure 3C. It needs to be noted that the condensation con-

dition of the ISWP contains most of the noncondensable gas (air), where the effect of

hydrophobic nanostructured CuO is weakened, leading to limited enhancement of

the condensation rate (Figure S8). Under a low-pressure condition, the hydrophobic

effect is proved to be further enhanced (Figure S9). The ISWP device also has
4 Joule 5, 1–11, June 16, 2021



Figure 3. Water production performances and heat behaviors

(A) Device diagrams of the conventional and invert-structured solar water purifiers (ISWPs).

(B) Yields of the purified water for the ISWP (Cu) after working for 1, 3, and 5 h. The performance of a

conventional solar water purifier is also tested for comparison.

(C) Water production rates over time for ISWP (Cu) and ISWP (HN–CuO). The error bars denote

standard deviations, obtained by multiple experimental measurements.

(D) Water production rates over time for ISWPs with more built-in condensing walls, which are

denoted as ISWP (Hc–Cu) and ISWP (HcHN–CuO). The error bars denote standard deviations,

obtained by multiple experimental measurements.

(E) Temperature evolutions of the evaporators and the condensing walls for the ISWPs during a 5-h

test.

(F) The respective temperature differences between the evaporating surfaces and the condensing

walls as well as those between condensing walls and the ambient for the ISWP (Hc–Cu) and ISWP

(HcHN–CuO).
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comparable high solar-water conversion efficiency under 0.5- and 1.5-sun irradiation

(Figure S10), demonstrating its adaptability in practical applications.

Vapor-transport resistance between evaporator and condenser has a great impact

on the condensation performance as well. In our ISWP, embedding more effective

condensation areas helps to shorten the distance between the evaporator and the

condensing walls and lowering the vapor-transport resistance, beneficial for

enhanced condensation performance (Note S1). Here, we construct honeycombed
Joule 5, 1–11, June 16, 2021 5
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ISWPs, denoted as ISWP (Hc–Cu) and ISWP (HcHN–CuO), respectively (Figure S11)

with many built-in condensing walls, which show excellent performance in water pro-

duction (Figure 3D). ISWP (HcHN–CuO) achieves the highest water-collection rate,

as high as 1.063 kg m�2 h�1 (at 1 sun), realizing an overall solar water-collection ef-

ficiency of over 70%. The step-by-step enhancements of the water-collection rate for

the ISWP systems are also demonstrated in Figure S12.

Heat behaviors of the ISWP

For understanding the condensation heat-transfer process of the ISWP, we charac-

terize the heat behaviors of the ISWP (Hc–Cu) and ISWP (HcHN–CuO) by recording

the real-time temperature evolutions for the evaporators (vapor), the condensing

walls, and the ambient during the 5-h test (Figure 3E). After about 1.5 h, the two pu-

rifiers reach steady states, showing different equilibrium temperatures. The temper-

ature differences of the vapor and condensing walls, and those of the condensing

walls and ambient for the ISWP (Hc–Cu) and ISWP (HcHN–CuO) are extracted as sig-

nificant data for analyzing and comparing their condensation heat transfer process

(Figure 3F). The condensation heat flow can be analyzed by the equation q= DT
R

(q, DT , and R indicate the heat flow, temperature difference, and thermal resistance,

respectively). For ISWP (Hc–Cu) and ISWP (HcHN–CuO) with the same equivalent

thermal resistance of convective, conductive, and radiant heat transfer from the

condensing walls to the ambient, a larger temperature difference between the

condensing walls and ambient of the ISWP (HcHN–CuO) indicates that more

condensation heat is transferred to the ambient, which is consistent with the

result that ISWP (HcHN–CuO) produces more clean water. Meanwhile, a smaller

temperature difference is observed between vapor and condensing wall for ISWP

(HcHN–CuO), deducing that the thermal resistance of the diffusion layer and

condensed water has been indeed greatly decreased after introducing the hydro-

phobic nanostructures. More detailed thermal analysis can be found in Figure S13.

The improvement of each process by structures/materials design for enhancing solar

purification is also summarized in Figure S14.

Utility and stability of the ISWP

To test the practical applications of the ISWP, seawater (collected from the Bohai

Sea) with a salinity of 1 wt % as the water source is used for solar desalination. During

the 5-h test, it demonstrates a comparable yield of water production for seawater

with that for pure water (Figure 4A). The purification effect for the ISWP is also eval-

uated by carefully tracking the ion concentrations in condensed water via inductively

coupled plasma optical emission spectroscopy (ICP-OES), which has an accuracy of

0.1 mg l�1. It is found that the concentrations of all the primary ions in seawater (Na+,

B3+, Ca2+, and Mg2+) are significantly reduced, meeting the World Health Organiza-

tion (WHO) standard for drinking water (Figure 4B).43 The concentrations of Ca2+

and Mg2+ are well below the detection limit of the ICP-OES.

The ISWP device operates stably during the cycling of solar desalination. This can be

ascribed to the good antisalt performance due to salt diffusion along with the water

path layer. It can be seen that no salt accumulation occurs during a 12-h test, even

when using 7 wt % NaCl aqueous solution as the water source (Figure S15). More-

over, as we put salt of 0.2 g (roughly corresponding to the amount of salt-accumu-

lation during 12-h water treatment of 1 wt % brine), the salt can be diffused back

to the bulk water via hydrophilic fabric during 8-h of dark time. Thus, the solar desa-

lination performance for the ISWP (HN–CuO) remains stable over 8 cycles, each cycle

lasting for 12 h (Figure 4C). As shown in Figure 4D, the rate of solar-powered clean

water collection for this invert-structured design is higher than most if not all of the
6 Joule 5, 1–11, June 16, 2021



Figure 4. Desalination performance for the ISWP

(A) Yields of water production for the ISWP(HN–CuO) over time when treating seawater. It shows

yields from treating seawater to those of treating pure water; the seawater was collected from the

Bohai Sea, China, with an average salinity of ~1 wt %.

(B) Ion concentrations before and after water purification. The dash green lines show the WHO

standard of ion concentrations for drinking water.

(C) Stability of the desalination performance for the ISWP (HN–CuO) over time (normalized with the

average yield, 20.72 g).

(D) Comparison of the performances for the optimized ISWP with other reported single-stage solar

purification systems.

(E) Optical photo of the ISWP prototype. Scale bar: 6 cm.

(F) Environmental conditions (temperature and solar irradiation intensity) during the outdoor

experiment.
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reported single-stage solar purification systems,32,33,35,39,44–46 because of the

unique structural design with minimized optical loss and enhanced condensation.

To further demonstrate the performance in its practical application, an outdoor exper-

iment was conducted on the roof at Nanjing University (Nanjing, Jiangsu province,

China) from March 24th and 25th, 2021 (Figure 4E). The ambient temperature and

real-time solar irradiation during the experiment are recorded by a meteorological sta-

tion, as shown in Figure 4F. The solar irradiation varied from 0 to 866Wm�2 due to the

scattered clouds and the total insolation is 5.61 KWhm�2 day�1. The water production

rates of ISWP (HN–CuO) and ISWP (HcHN–CuO) were 4.09 and 5.40 kg m�2 day�1,
Joule 5, 1–11, June 16, 2021 7
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demonstrating their good performance under practical conditions. We also estimate

the total material costs of the ISWP device (Figure S16; Table S2), which is about

$25/m2.
Conclusion

In summary, we reported an ISWP with enhanced condensation and minimized op-

tical loss, which achieves a water production rate of 1.063 kgm�2 h�1, and the overall

efficiency of the solar water collection is over 70%. With structural innovations and

significantly enhanced water-collection rates, it provides a promising pathway to-

ward portable or personalized clean-water production in water-deficient or wild

areas. The innovative treatment of the condensation surface in this work can also

be applied tomultistage devices for further enhancing their condensation efficiency.
EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and materials should be directed to

and will be fulfilled by the lead contact, Ning Xu and Jia Zhu (nxu@nju.edu.cn;

jiazhu@nju.edu.cn).

Materials availability

This study did not generate unique materials.

Data and code availability

The published article includes all datasets generated or analyzed during this study.
Fabrication of the ISWP

The ISWP consists of a convection blocker, a selective absorber, hydrophilic water

paths, a contamination-preventive and vapor-permeable layer, and a condenser.

The convection blocker is composed of transparent PDMS film and 3D-printed acry-

lonitrile butadiene styrene (ABS) frame (hollow circular in the middle, the diameter is

60 mm). TiNOX-coated aluminum plate is commercially available and is cut into a

size of 8 3 8 cm. The hydrophilic water path is made up of commercial hydrophilic

fabric. The porous PTFE membrane is used as the contamination-preventive and va-

por-permeable layer. The condenser is made up of a copper bottle with a diameter

of 6 cm. The convection blocker was stuck to the TiNOX-coated plate.
Fabrication of the HN–CuO surface

The nanostructures on the surface of the copper bottle wereprepared by filling upwith a

mixture of NaClO2, NaOH, Na3PO4$12H2O, and DI water (3.75:5:10:100 wt %), which

was already heated to�98�C. The liquidmixture was removed after 10min. The internal

wall of the copper bottle was cleaned by clean water for several times. Then, the bottle

was filled up with a solution of 1H,1H,2H,2H-perfluorooctyltrichloro silane dissolved in

methyl alcohol with a concentration of 2 vol %. The liquid was removed after 1 h. The

bottle was baked at 145�C for 1 h.
Fabrications of the conventional solar water purifier

The conventional solar water purifier is made of PMMA with the following parame-

ters: 10.5-cm length, 10.5-cm breadth, 13.0-cm height, the thickness and tip angle

of the top cover is 1.5 mm and 45�, respectively.
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Characterizations of the ISWP

The absorption and emittance spectra of the selective absorber were measured by

ultraviolet-visible spectroscopy (UV-3600, Shimadzu) attached with an integrating

sphere (ISR-3100) and infrared spectrometer (Nicolet IS50, ThermoFisher) equipped

with an integrating sphere (Model 4P-GPS-020-SL, Pike). The microscopic structures

and water contact angles of the hydrophilic layer, hydrophobic membrane (PTFE),

copper surface, and hydrophobic surface were characterized by a scanning electron

microscope (TESCAN MIRA3) and a surface tension/contact angle meter (GBX Dig-

idrop), respectively. The IR images of water-pumping processes were captured by an

IR camera (FLUKE, Tix 580). The concentrations of cations in condensates were

examined by ICP-OES (PerkinElmer Instruments, PTIMA 5300 DV). The optimized

ISWP was constructed by increasing condensation areas (by adding copper-based

sheets into the condensation container) and enhancing the convection (by making

the device float on the bulk water for simulating the condition that the device floats

on the sea).
Experimental conditions for condensation performance

A solar simulator (94043A, Newport) equipped with an optical filter for the standard

AM 1.5G spectrum was used for indoor experiments of condensation performance

tests and solar desalination, and the Xe lamp was used for long-cycle tests. An op-

tical power meter is used to measure the light intensity, and a thermocouple records

the temperature of the selective solar absorber, the outer wall of the bottom

condenser and the ambient. During these experiments, the indoor temperature is

carefully stabilized at 26.5�C G 0.5�C. After running for specific times, the solar pu-

rifier is separated, and the yield of condensate is measured by a balance. The out-

door experiment is conducted from 6 pm March 24th to 6 pm March 25th on the

roof of the Zhenjiang Building in Nanjing University (Nanjing, Jiangsu province,

China). The ambient conditions (temperature, solar irradiation) are recorded by

the meteorological station (Tuolaisi, TS-G1).
SUPPLEMENTAL INFORMATION

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

2021.04.009.
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