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A B S T R A C T   

As a renewable and efficient technology, interfacial solar heating has emerged as a new and promising avenue for 
treating undrinkable water to clean one via a variety of well-designed solar absorbers. However, it is still urgent 
to develop an accessible material system in a simple, low-cost and effective way to easily tackle water shortage. 
Inspired by natural sand with highly important role in purifying water during the natural recycling, in this work, 
we demonstrate a concept of an all-round black sand aggregate with specific collective behaviors for environ
mentally adaptable clean water collection from seawater, polluted water and even atmospheric moisture. To 
endow the raw sand desirable photo-thermal features, polydopamine and Cl� -doped polypyyrole are successively 
modified onto the sand surface for a stable structure. Owing to the specific aggregative structure of the black 
sands, a self-channelled device combined adjustable 2D/3D solar-driven evaporation can be readily achieved, 
and yield a high evaporation performance (1.43 kg m� 2 h� 1) in comparison with other reported naturally derived 
materials. Notably, the black sand aggregate could handle with oil-contained polluted water (P-WA) to guarantee 
high-efficient and sustainable water purification. Furthermore, even if in some draughty areas or deserts, the 
collective black sands could also extract water from air by absorbing atmospheric moisture and sequentially 
realizing an in situ water evaporation by heat location. The successful demonstration of multifunctional black 
sand aggregate may provide a new avenue for purified water collection under changeable environments.   

1. Introduction 

The shortage of clean water is a major public health problem, which 
severely affects the living quality of human beings in extended regions, 
including coastal cities, developed industrial districts and droughty 
areas/deserts [1–5]. As a renewable and sustainable resource, sunlight 
has become a predominant and promising alternative for treating vast 
saline or polluted water into clean one [6,7]. Over the past few years, 
sunlight-driven interfacial evaporation that directly converts solar to 
thermal energy has bloomed due to its easily accessible and 

high-efficient properties in the field of water purification, desalination 
or sterilization [8–11]. Currently, extensive efforts have been dedicated 
to construct diverse natural/synthetic-derived solar absorbers to realize 
seawater evaporation with specific features, such as high evaporation 
ratio [12,13], unique salt-rejection performance [14–16], additional 
function integration of power generation [17–19], pollutant detection 
[20], and photocatalysis [9,21], etc. 

Up to now, most research has focused on the desalination of 
seawater, it is highly important to extend the applicable area of solar- 
driven water purification to adapt to multiple environments, which 
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aims to further broaden access to clean water in wide remote or 
droughty regions. More recently, spontaneous atmospheric moisture 
harvesting towards smart and solar heating clean water collection 
enabled by saturation salt solution or salt-doped hybrid has aroused 
renewed interest, providing an attractive pathway to relieve the water 
scarcity in droughty inland regions [22,23]. However, it is still chal
lenging for realization of environmentally changeable water collection 
within one material system in a simple, scalable and low-cost way. 

Natural sea sand (SD), mainly composed of silicon dioxide, is not 
suitable for structural materials in the infrastructure filed is massively 
acquired and very cheap. However, it also can be further modified to a 
class of useful materials. The abundant hydroxyl groups on its surface 
endow the sand particle with high surface energy for intrinsic water 
attraction [24]. Moreover, the collective behaviors of sand particles can 
result in self-organized pores in micron scale and configurable shapes. 
Such porous structures can further generate desirable capillary force to 
draw water from bottom to the top layer, which can function as effective 
water-pumping channels. Hence, compared with the synthetic porous 
structures or modified porous natural materials, the locally sourced sand 
in abundance is considered as a good alternative to construct 

self-channelled functional material with simple and large-scale prepa
ration. In this work, a multifunctional photothermal sand composed of 
polydopamine (PDA) and Cl� -doped-polypyrrole (PPy) was rationally 
designed in a facile, extensive and inexpensive way, which can highly 
adapt to diverse environments for clean water collection. In our system, 
the PDA anchored on sand surface can both function as the infrared 
absorber and effective binder to bridge the gap between sand and PPy 
with π interactions and hydrogen bonds for a stable black sand. The 
collective behaviors enabled the achieved black sand aggregate effective 
self-channelled and photo-thermal property for 2D/3D solar-driven 
interfacial water purification, and the 3D aggregate demonstrated a 
high purification performance (1.43 kg m� 2 h� 1 under one sun illumi
nation) compared with other state-of-the-art naturally derived mate
rials. When the water resource suffers from pollution from cities and 
industrial areas, to achieve a high-efficient and sustainable water puri
fication, the close-packed micro-scale pores of the collective black sand 
particles allow further treatment of polluted water through efficient 
separation of water/oil hybrids for subsequent locating heating evapo
ration. Specifically, owing to synergistic effect of the introduction of 
FeCl3 and capillary force mediated by inner channels in the sand system, 

Fig. 1. a) Schematic fabrication of PPSDs. The upper insert sketches reveal that interactions between different components in PPSDs, and the lower inserts display 
ingredients of materials on the outer surfaces. b) The left part is digital photography of sands (SDs), PDA/sands (PDSDs), and PPSDs, respectively. The outer ring 
refers to SDs, and PDSDs form the inner ring, and the words “CAS” consist of PPSDs. The right part are IR thermal images of sand aggregates after five and 20 s under 
one sun illumination. c) IR images of PPSD aggregate, which prove that the achieved PPSDs has a capacity of water pumping because of its self-organized pores 
inside. The high-temperature region represents dry PPSDs, and their temperature will drop when wetted. The two-way dotted arrow in initial state indicates that the 
height of the PPSDs is ~40 mm. One-way arrows represent the direction of water flow. d) The natural sands show relatively high reflection, resulting in a lower 
absorption of sunlight. e) After sequential modification of photothermal polymer, a low reflection and high solar absorption can be observed, which wad favourable 
for photothermal evaporation. f) The achieved PPSDs aggregate can realize pollutants separation. g) The resulted PPSDs can achieve atmospheric water harvesting. 
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it can even absorb atmospheric moisture and further realize a 
self-sustaining solar steam generation in some droughty areas or deserts. 
Therefore, the concept of multifunctional black sand aggregate has 
provided a new pathway to realize an environmentally adaptive purified 
water collection in changeable circumstance. 

2. Results and discussions 

The photothermal black sand was directly obtained from natural 
sand via a scalable solution-based method, which can mainly be divided 
to two steps as revealed in Fig. 1a. Generally, the sodium hydroxide 
(NaOH) aqueous solution was firstly employed to treat the natural sand 
to fabricate a rough surface, ensuring subsequent stable polymers an
chor on its surface (Fig. S1). To endow the sand particles desirable light 
absorption, polydopamine (PDA) was firstly modified onto the sand 
surface to bind the photothermal PPy polymer via multiple π in
teractions and hydrogen bonds. Finally, the stable black sand of poly
pyrrole/polydopamine/sand (PPSD) was readily achieved. Note that the 
two critical features have played significant roles in realizing efficient 
interfacial solar-driven water evaporation, including solar-to-thermal 

conversion and water pumping. Since the successive introduction of 
photothermal polymers, the capability of solar-to-thermal conversion of 
the black sand aggregate can experience a remarkable improvement 
process. To clearly demonstrate the temperature difference among these 
samples, a specific pattern was designed in Fig. 1b. When one sun in
tensity was applied on the pattern surface, the surface temperature of 
the SDs and PDSDs can reach to 30.5 �C and 35.9 �C, respectively. 
Furthermore, with the modification of photothermal PPy polymer, the 
temperature of the achieved PPSDs can rise to 43.4 �C in just 20 s under 
1 sun illumination (Fig. 1b). Moreover, the capability of water pumping 
is also considered as an important property for the light absorbers. In our 
system, similar to the raw natural sand, the resulted PPSDs aggregate 
still maintained excellent water-pumping ability, in which the water 
molecules could be easily transported to a height of 40 mm (Fig. 1c and 
S2). 

Despite the fact that the raw sand aggregate containing water mol
ecules can also achieve a higher evaporation rate than that of the bulk 
water, the high reflection and low absorption of the unmodified sand 
severely limit the utilization efficiency of the solar energy (Fig. 1d and 
S3). For the PPSDs system, the introduction of functional photothermal 

Fig. 2. a) Digital photographs show pure 
SD, PDSD, and PPSD, respectively. The color 
gradually deepens as successive modifica
tion. The scale bar in the photographs is 5 
cm. b) SEM images of surface of SD, PDSD 
and PPSD, respectively. c) XPS survey 
spectra of SD, PDSD and PPSD, respectively. 
d) Distribution of diameter of self-organized 
pores on the cross-section in collective SDs 
aggregate (marked with a black box in the 
insert image). e) Molecular simulation re
sults of interactions between PPy and PDA 
chains in PPSDs. f) Raman spectrum of 
PPSD, PSD, SD, respectively. g, h) High- 
resolution XPS spectrum for N and C of 
PPSD.   
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polymers can effectively absorb the illuminated sunlight and remark
ably accelerate the interfacial seawater evaporation process with high 
efficiency (Fig. 1e). In addition, benefiting from the collective behaviors 
of PPSDs, the resulted black sand aggregate can be endowed with 
excellent under-water superoleophobic property, which can function as 
the oil-water emulsion separator to prevent the potential contamination 
from industrial and/or domestic polluted water for further interfacial 
evaporation (Fig. 1f). Furthermore, the exposed Cl� inside the black 
sand aggregate can even absorb atmospheric moisture induced by syn
ergism of ion hydration effect and capillary force, in which the captured 
water can be further released by localized solar heating in some 
droughty areas or deserts (Fig. 1g). 

Macroscopically, the original SD appeared yellow with a certain 
cluster. After modification of PDA, the color of sand sample turned dark 
green. Finally, the color changed to black when PPy was anchored on the 
outer surface of PDA-decorated SDs (PDSDs) (Fig. 2a). Similarly, before 
and after modification, the surface of the SD also changed dramatically 
on a microscopic scale, illustrating in Fig. 2b and S4. To clarify element 
changes on the surface of sand samples, X-ray photoelectron 

spectroscopy (XPS) analysis was conducted. As shown in Fig. 2c and S5, 
SD had the highest Si peak among three samples and almost no N signal 
was observed. Compared with the raw SD, remarkable N peak appeared 
in the spectra of the other two samples, in which the intensity of N peak 
represented an increase process. Moreover, the intensity of O peak 
slightly decreased after coating PPy, which derived from less O-con
tained functional group of PPy than PDA. Furthermore, it was noted that 
there were abundant self-organized pores of ~45 μm in diameter on the 
cross section of the sand aggregate (Fig. 2d and S6). As a result, these 
micron-scale pores enabled collective sand an excellent water-wicking 
ability and this capillary effect could be effectively maintained after 
chemical modification (Fig. S7). 

Due to the excellent adhesive property of PDA, it was introduced 
onto the surface of raw SD to stably anchor the hydrophobic PPy poly
mer. For comparison, polypyrrole/sand (PSD) was prepared by 
repeating the entire procedure as described above except for the self- 
polymerization of DA. As displayed in Fig. S8, the PPSD sample 
demonstrated a more stable state than that of PSD. The results illustrated 
that PDA can effectively bridge a robust binder between hydrophilic SD 

Fig. 3. a) The UV–vis-IR absorption spectrum of SDs, PDSDs, PPSDs in the wavelength range of 400 to 2300 nm, respectively, and comparison with the standard AM 
1.5G spectrum filter (gray). The thickness of all samples was 3 mm in this experiment. b) Mass change of SDs, PDSDs, and PPSDs and pure water under one sun 
illustration over time. c) Teq of PPSDs with various thickness from 1 to 9 mm by experiment and simulation under one sun. d) Temperature distribution of PPSDs 
when equilibrated with various thickness from 1 mm to 9 mm by COMSOL simulation (upper part) and experiment (lower part) under one sun. e) Evaporation rate (E. 
R.) of PPSDs with various thickness from 1 mm to 9 mm. f) Schematic figure of heat loss model of PPSDs-3. g) Theoretical results calculated from heat loss model of 
PPSDs show same trend as experimental results of solar-to-thermal conversion efficiency (η). 
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and hydrophobic PPy. To further evidence the potential mechanism, a 
molecular simulation was conducted to simulate the interaction be
tween PDA and PPy chains using Forcite plus module as implemented in 
Materials Studio software, which was explained in detail in Section S3. 
As shown in Fig. 2e, two molecular chains were not jointed flat as usual, 
but form a double-helix structure similar to the DNA molecule. Addi
tionally, it can be found that the long-range Van der Waals interactions 
at twist point are critical for the stability of PPSD, which includes 
hydrogen bonds, π interactions (π-π stacking, π-H), etc. (shown in inserts 
of Fig. 2e). As expected, compared to PSD, the PPSD has a better stability 
benefiting from the above-mentioned interactions. In order to further 
verify theoretical analysis, Raman spectra and high-resolution XPS 
spectra were conducted. Fig. 2f and S9 demonstrated that the charac
teristic Raman peak of C––C in pyrrole ring of PPSD had a slightly 
downshifted frequency (1588 cm� 1) compared with PSD (1593 cm� 1), 
which was consistent with the electronic effects of the π interactions 
between PDA and PPy chains. The result confirmed that there were more 
π interactions in the PPSD [25–27]. In addition, the high-resolution XPS 
spectra was also measured to verify hydrogen bonds and π interactions 
between PDA and PPy chains. As shown in Fig. 2g and S10a, owing to 
the existence of more hydrogen bonds between PDA and PPy chains, the 
N–H peak of PPSD had a stronger binding energy in comparison with 
PSD. Additionally, the C–C peak of PPSD slightly upshifted from 284.6 
eV for PSD to 284.9 eV for PPSD, which resulted from π interactions 
between PDA and PPy chains (Fig. 2f and S10b) [28]. As stated above, 
due to the introduction of PDA in PPSD, PPy demonstrated a stronger 
adhesion to the outer surface of SD, which is beneficial for its further 
application. 

The ability to absorb light is a key factor in determining the per
formance of solar-to-thermal conversion of materials [29]. From the 
UV–vis-IR absorption spectrum in Fig. 3a, it can be observed that SDs 
initially has a certain light absorption, but the sequential modification 
significantly enhanced the light absorption of sand samples. It should be 
pointed out that 3 mm-PPSDs (PPSDs-3) has 98.25% absorption of total 
solar energy (weighted under AM 1.5G) in the wavelengths from 400 to 
2500 nm, corresponding to the characteristic broad-band absorption of 
modified materials (PPy and PDA) and enhanced light scattering of the 
rough surface of the achieved PPSD aggregate. The △T refers to the 
difference between the initial temperature and equilibrated temperature 
(Teq) of solar absorber under sun illumination, which can reflect the 
ability of photothermal conversion [30]. As reflected in Fig. S11, the △T 
of solar absorber of PPSDs was six times more than that of water, which 
could reach ~13 �C under one sun irradiation. Consequently, PPSDs 
exhibited the maximum evaporation rate (E.R.), which was 2.6 times 
larger than pure water (0.46 kg m� 2 h� 1) (Fig. 3b). Note that in the 
evaporation device (illustrated in Fig. S12) in our system, the thickness 
of the solar absorber is a one of major factor affecting its evaporation 
performance. In order to evaluate the influence of thickness of PPSDs for 
evaporation performance, Teq of PPSDs with different thickness were 
measured using the IR images. As shown in Fig. 3c, when the thickness of 
PPSDs rised from 1 mm to 9 mm, Teq initially increased and then 
decreased. In addition, the experiment result was further simulated by 
COMSOL Multiphysics, which were highly coincided to the above
mentioned tendency (detailed discussion in Section S4). The IR images 
and simulated results were displayed in Fig. 3d, in which the maximum 
Teq of PPSDs with the thickness of about 3 mm can reach up to 33.5 �C. 

Fig. 4. a) The temperature changes as a function of irradiation time of PPSDs-3 under 0.5–2.0 sun illumination on and off. b) IR thermal images of PPSDs-3 when 
equilibrated under 0.5–2.0 sun. c) Temperature distribution in the vertical direction of PPSDs-3 and pure water under 1.0 sun. d) Temperature profiles of the white 
marked lines in the c) when temperatures were equilibrated under one sun irradiation. e) The mass change of water with PPSDs-3 over time at different solar power 
densities increasing from 0.5 to 2.0 sun. f) Evaporation rate (E.R.) and solar-to-thermal conversion efficiency (η) of PPSDs-3 under different optical concentration 
(Copt) varying from 0.5 to 2.0 sun. g) The measured evaporation cycle performance of PPSDs-3 under different solar concentrations. h) The evaporation durability of 
PPSDs-3 under one-sun irradiation. i) The measured concentration of four primary ions before and after desalination with PPSDs-3. The blue dashed lines represent 
the WHO standard for drinking water. 
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Similarly, the E.R. of PPSDs with different thickness also demonstrated 
an analogous parabola-like trend as Teq under one sun. If the PPSDs layer 
is too thin, its solar absorption will decrease because of the existence of 
holes in the PPSDs layer (Fig. S13). If the PPSDs layer is too thick, it will 
absorb too much water, resulting in unnecessary heat conduction inside 
the PPSDs layer, thereby reducing the overall efficiency of the solar 
evaporation system [31]. As a consequent, the PPSDs-3 exhibited the 
maximum E.R. of 1.21 kg m� 2 h� 1 (Fig. 3e and Section S5). To vertify 
this prediction, we built a heat loss model (detailed explanations were 
stated in Section S5, and the heat loss model of PPSDs-3 was illustrated 
in Fig. 3f) to analyze the thermal environment and heat transfer mech
anism. First of all, the solar absorption of PPSDs determined the input of 
heat for solar evaporation system. Then the absorbed heat can be 
transported in following ways: 1) evaporation, 2) radiative (Φ) and 3) 
convective (Qconv) heat loss to the ambient environment and 4) 
conductive heat loss to the water contained in the PPSDs (Qcond1) and 
underlying (Qcond2). According to energy conversion principle, the 
solar-to-thermal efficiency (η) can be expressed as follows: 

η¼α � Φ
qsolar

�
Qconv

qsolar
�

Qcond1

qsolar
�

Qcond2

qsolar
(1)  

, where α is the total solar absorption of PPSDs. The theoretical results 
calculated from heat loss model has the same trend as experimental 
results of solar-to-thermal conversion efficiency (η) (detailed discussion 
in Section S5), showing that the efficiency of the PPSDs initially 
increased and then decreased with the increasing thickness, and the best 

experimental performance was achieved for 3 mm with a solar-to- 
thermal efficiency of 81% (Fig. 3g). 

The photothermal evaporation performance under various illumi
nation intensities (0.5–2.0 sun) was evaluated to further explore the 
adaptability and sustainability of the solar absorber consisting of PPSDs. 
The thickness of 3 mm was chosen in following experiments because of 
the best evaporation performance. As shown in Fig. 4a, the top surface 
temperatures of PPSDs-3 quickly rose to Teq when light on for 5 min, but 
the temperature drastically decreased when light off, demonstrating the 
fast-response photothermal property of PPSDs. IR images of equilibrated 
PPSDs-3 under 0.5–2.0 sun were illustrated in Fig. 4b. It is noted that 
localized heat confinement is also critical to achieve high-efficiency 
solar evaporation [32]. And thus, the actual vertical temperature dis
tribution under one sun irradiation was also investigated. Compared 
with uniform temperature distribution of pure water, PPSDs-3 strongly 
illustrated that the heat was strictly confined on the surface of PPSDs, 
and underlying parts of the evaporation system were not heated up 
(Fig. 4c and d). Resultantly, a continuous and stable water evaporation 
could be readily achieved (Fig. 4e). The evaporation rates under 
different illuminations of 0.5, 1.0, 1.5 and 2.0 suns were 0.61, 1.21, 
1.82, and 2.34 kg m� 2 h� 1, respectively, in which a maximum evapo
ration efficiency of 82.63% under 1.5 sun is realized (Fig. 4f). 

The cycles of evaporation performance of PPSDs-3 under a series of 
solar concentration were measured as shown in Fig. 4g, in which the 
water evaporation rate after 15 cycles remained almost identical as the 
previous cycle under one sun. Furthermore, the evaporation durability 

Fig. 5. a) Physical mechanism of enhanced evaporation performance of 3D PPSDs. Due to less heat loss and expanding evaporation area, 3D PPSDs demonstrated an 
improved evaporation performance compared to 2D one. The blue “S” is the projected area, and the red “S” represents effective area. b) The transformation from 2D 
PPSDs to 3D PPSDs by shaping, similar to making sand sculptures. c) The IR thermal images of 3D PPSD under the solar intensity of 0.5.1.0, 1.5, and 2.0 sun 
irradiation, respectively. d) The measured temperatures change as a function of irradiation time under 0.5–2.0 sun irradiation. e) The measured water mass change 
with 3D PPSDs versus time under 0.5–2.0 sun irradiation. f) Comparison of evaporation rate (E.R.) of 2D (black spheres) and 3D PPSDs (red spheres), and enhanced 
factors versus solar concentrations. g) The solar-to-thermal conversion efficiency (η) of 2D and 3D PPSDs in this work versus solar concentration compared with 
values reported in previous literatures on natural, low-cost materials. 
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of PPSDs-3 was also considered in Fig. 4h, demonstrating almost con
stant evaporation performance in seven days. The aforementioned re
sults all demonstrated that PPSDs had significant potentials in water 
purification under long-term solar irradiation. Moreover, the PPSDs still 
displayed a stable evaporation performance in some harsh environments 
such as a high-salt environment or an acidic condition (Fig. S14). As 
shown in Fig. S15, the PPSDs can still maintain a stable state and 
represent a black color even under H2SO4 solution for 1 year. Further
more, the Raman spectra was also conducted to investigate the differ
ence of chemical components before and after H2SO4 immersion. It can 
be found that there is no remarkable change of characteristic peaks of 
PPSDs. To evaluate the ability of desalination, concentrations of primary 
ions in water samples before and after desalination with PPSDs-3 were 
conducted by ICP-AES. Note that the residual concentration of six pri
mary ions (Naþ, Kþ, Mg2þ, Ca2þ, Sr2þand B3þ) are far below the con
centrations defined by drinking water standard of World Health 
Organization (WHO) (Fig. 4i). 

The preparation of 3D-structure solar evaporator is one of the 
effective means to enhance the evaporation performance, owing to less 
heat loss and expanding evaporation area of 3D evaporator than 2D one 
with the same projected area [33–36]. Herein, a 3D cone structure was 
selected only as a representative proof to demonstrate that an elevation 
in water evaporation was achieved by a transformation from 2D to 3D 
structure. Different from 2D one with the same area, the effective 
evaporation area of 3D PPSDs was much larger than its projected area. 
However, for conventional photothermal materials, the preparation of 
3D structures requires a tedious process. Drawn inspiration from the 
sand sculptures on the beach (Fig. S16), a 3D structure of PPSD aggre
gate was fabricated to enlarge the effective evaporation area under the 
same projected area, as shown in Fig. 5b. The temperature of 3D PPSDs 
were also taken under various solar concentration, in which the 3D 
PPSDs still showed a fast-response photothermal effect (Fig. 5c and d). It 
should be pointed out that the Teq of 3D PPSDs could reach was lower 
than that of 2D one at the same irradiation condition, which could 
minimize heat loss to the ambient environment to enhance evaporation 
performance (Fig. S17) [33,34]. Consequently, the 3D evaporator can 
have a positive increase of evaporation rate with 0.73, 1.43, 2.25, and 

2.89 kg m� 2 h� 1 under different solar intensity of 0.5, 1.0, 1.5, and 2.0 
sun, respectively (Fig. 5e). To illustrate the difference of evaporation 
performance between 2D and 3D PPSDs, an enhancement factors were 
calculated and plotted versus the optical concentration (Fig. 5f). The 
result manifested a steady improvement of 3D structure compared with 
2D one. As shown in Fig. 5g, corresponding solar-to-thermal efficiencies 
(η) of 3D and 2D PPSDs were calculated. The η of 3D PPSDs were 
93.81%, 94.96%, 97.67%, and 96.01% under the solar intensity of 0.5, 
1.0, 1.5, and 2.0 kw m� 2 illumination, respectively, which were superior 
to values reported in previous literatures on naturally derived, low-cost 
materials [37–43]. Nevertheless, the 3D cone was not the optimized 3D 
structures, and enhancing factor of 3D structure was determined by 
following four guidelines: 1) expanding the evaporation area, 2) 
compensation for the incident angle effect and reducing the diffuse 
reflection, 3) reducing the heat loss, 4) gaining energy from the sur
rounding environment [44]. Therefore, the PPSDs aggravate has a giant 
potential to further improve its purification performance via designing 
more optimized 3D structure in the future. 

In the past years, fuel spills at sea, industrial and domestic- 
wastewater emission, etc. resulting in numerous polluted water (P- 
WA), mainly composed of oil-water hybrids, have caused concern [45, 
46]. As an effective alternative, the solar-driven purifier has been chosen 
to purify P-WA, however, if the P-WA was directly fed into the evapo
rator, its performance will show a significant decline, which owes to the 
fact that organics blocked the capillary channels pumping water [47]. 
To address above issue, a separation-assisted strategy was proposed to 
treat P-WA as displayed in Fig. 6a. Due to its characteristic of under
water superoleophobicity (Fig. S18) and inner channels mediated by 
collective effects, the PPSDs aggregate was directly applied to remove 
organics in P-WA to produce filtrated water (F-WA) via physisorption 
(Fig. 6b and S19). Then the resulted F-WA was further transferred to the 
evaporator for solar-driven clean water production. Note that original 
hydrophilic sand aggregate is enough to separate the emulsion [24,48]. 
In our work, we have conducted the control experiment to explore the 
effect of functionalized polymers on the separation performance. 
Compared with the original sand aggregate, the PPSDs presents a slight 
flux decrease. The result illustrates that the achieved PPSD aggregate 

Fig. 6. a) A consecutive progress of oil-water separation and solar evaporation to deal with polluted seawater (P-WA) for a high-efficiency freshwater collection. If P- 
WA was directly fed into the evaporator, some organics will block the capillary channels, which causes performance degradation. To address above issue, PPSDs were 
directly applied to remove organics in P-WA to produce filtrated water (F-WA), which then was transferred to evaporator for solar-driven evaporation. b) The PPSD 
aggregate was utilized for oil-water separation. c) Optical images of polluted water P-WA. d) Optical images of F-WA. e) Dynamic light scattering diameter analysis of 
P-WA and F-WA. f) Comparison of evaporation performance before and after separation (the blue one is F-WA and the red one is P-WA), showing a significant 
improvement after separation. g) The home-made continuous setup for oil-water separation and solar evaporation. 
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can also function as an efficient water-oil emulsion separator (Fig. S20). 
It is obviously found that heterogeneous fed P-WA transformed into 
colorless clear F-WA after separation with the PPSD aggregate (Fig. 6c 
and d). In addition, dynamic light scattering diameter analysis was 
conducted for the evaluation of the quality of F-WA. The results in 
Fig. 6e revealed that organic droplets (average diameter is 669 nm) in 
fed P-WA are removed completely and there are only small sizes of 
colloids below 12 nm in the F-WA after passing through the PPSDs. As a 
result, the purification performance of the evaporator with F-WA 
demonstrated a positive improvement than that with P-WA (Fig. 6f), 
which raised from 0.87 to 1.19 kg m� 2 h� 1. To overcome invalidation of 
hydrophilic separation materials, the achieved PPSDs aggregate could 
be effectively reactivated via solar irradiation and washed with ethanol 
to remove adsorbed organics (Fig. S21). Furthermore, the separation 
capacity of the resulted PPSDs aggregate could recover even after 
several cycles (Fig. S22). Next, a home-made continuous prototype for 
oil-water separation and solar evaporation are presented in Fig. 6g. The 
left part of the prototypes was for oil-water separation to produce F-WA, 
which was further transferred to the right magnified part for 
solar-driven evaporation. Meanwhile, it should be noted that the 
amount of water source from the separation device was much higher 
than the evaporation rate enabled by the solar-driven evaporator, which 
could guarantee high-efficient and sustainable purification (Section 
S6). 

In an environment without visible water source, such as the Sahara 
desert, capturing water from the air is particularly important to relieve 
the scarcity of fresh water [49]. More recently, it was reported that 
salt-doped hydrogels or integrated saturated salt solution/aerogel sys
tem could both realize an enhanced moisture extraction from the at
mosphere [22,23]. Owing to the doping of FeCl3 salt inside the PPy 
polymers, it was observed that PPSDs could also achieve an effective 
moisture-trapping from the air (Figs. S23 and S24). In our system, the 
PPSD aggregate can act as water absorbent, and the captured water 
molecules can be further released via in-situ solar-driven water evapo
ration. Schematic process of atmospheric water harvesting of PPSDs was 
illustrated in Fig. 7a, in which the atmospheric moisture was firstly 
absorbed by upper PPSD aggregate due to the solvation effect of 
Cl� -doped PPy coating. Subsequently, the absorbed water was trans
ported to underlying PPSDs via the capillary force mediated by inner 
channels. In order to investigate the capability of water uptake of the 
resulted PPSDs, we compared pure SDs and PPSDs in various relative 
humidity (R.H.) for 12 h. Wherein, a huge disparity was also increasing 
between PPSDs and pure SDs, with the improved R.H.. When the R.H. is 
97%, the water uptake of PPSDs reached to 0.87 kg m� 2 for 12 h, which 
was 0.81 kg m� 2 more than that of pure SDs (Fig. 7b). Note that com
plete desorption of the absorbed water can be effectively achieved under 
different solar illuminations. As displayed in Fig. S25, a certain amount 
of water content inside the PPSDs was adopted to investigate the 

Fig. 7. a) Schematic illustration of the pro
cess of atmospheric water harvesting of 
PPSDs. The water molecules were captured 
by the PPSDs, and the absorbed water was 
transferred to the lower layer of PPSDs by 
capillary force. b) Comparison of the water- 
uptake ability of PPSDs and SDs at 
different relative humidity (R.H.) for 12 h. c) 
R.H. and temperature changes of PPSDs and 
SDs versus time in a confined sealed 
container with a volume of ~5600 cm3. 
PPSDs and SDs were put into the container at 
the time indicated by the red arrow. d) 
Digital photos of experimental setup for fog 
collection. e) Comparison of the water- 
uptake ability of PPSDs and SDs in a simu
lated foggy condition. f) Digital photos of 
outdoor experiment of atmospheric water 
harvesting. g) The outdoor environmental 
conditions (blue spheres refer to tempera
ture, red spheres represent R.H., and black 
spheres is solar intensity) during experi
mental procedure. h) Water uptake of PPSDs 
and SDs after outdoor atmospheric water 
harvesting.   
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desorption process. When solar intensity with of 0.6, 0.8 and 1.0 kW m� 2 

was conducted, the absorbed water can be mostly released within 2 h, 3 
h and 6 h, respectively. The results illustrate that the PPSDs-based 
absorbent can be effectively recovered. 

Furthermore, a comparative experiment of lowering the R.H. be
tween PPSDs and pure SDs in a confined sealed container was also 
conducted to exhibit their ability of atmospheric water harvesting. From 
results in Fig. 7c, the R.H. in container with a volume of ~5600 cm3 

could conspicuously decline to 39.6% from ~95% with the presence of 
PPSDs under a constant temperature for 3.8 h. By contrast, pure SDs 
could not effectively lower the R.H. in the container at the same con
dition. As a common weather phenomenon in nature, fog is also 
absorbed by the resulted PPSDs. To simulate the foggy weather, a 
nanospray was adopted to produce moisture in a confined sealed 
container as illustrated in Fig. 7d. In every cycle, first, the duration of fog 
generation was 1 min, and then fog absorption was lasting for 4 min 
(Fig. S26). As expected, both PPSDs and pure SDs performed a successive 
enhancement in water harvesting as the cycle increases in a foggy 
environment, in which PPSDs had a better yield of 0.42 kg m� 2 after 9- 
times cycle, which was 1.52 times than that of pure SD (Fig. 7e). 
Moreover, the outdoor experiment was conducted to further evaluate 
the ability of PPSDs to acquire fresh water in a natural environmental 
condition. After absorbing moisture for 12 h, PPSDs and pure SDs were 
placed into a sealed collecting device, as shown in Fig. 7f, to release the 
absorbed water for 6 h under natural solar irradiation. Note that more 
vaporized water could be obtained in the home-made prototype equip
ped with PPSDs, illustrated in the magnified images in Fig. 7f. Addi
tionally, the environmental condition of outdoor experiment was 
revealed in Fig. 7g. As a result, the yield of PPSDs in outdoor atmo
spheric water harvesting was up to 1.13 kg m� 2, which was more than 
that of SDs (Fig. 7h, red columns). Surprisingly, the value obtained in 
outdoor experiment was higher than that of sealed container in lab, 
which is probably because the air flow could accelerate moisture ab
sorption in outdoor open environment. Finally, the output of water 
extraction for PPSDs can reach to ~0.43 kg m� 2, much higher than that 
of pure SD (~0.05 kg m� 2), under natural solar irradiation of 6 h on a 
cloudy day (Fig. 7h, blue columns). 

3. Conclusion 

To conclude, as a cost-effective, scalable and functional platform, the 
natural sand particles are rationally decorated to realize multifunctional 
black sand aggregate, which can adapt to diverse environments to 
collect purified water under sunlight illumination. In our system, the 
sand particles were successively modified with PDA binder and photo
thermal PPy polymers to achieve desired solar-to-thermal conversion, 
and the fabrication process of PPSD was conducted through a wet- 
method in mild condition, which is accessible to factories and easy to 
scale up. Furthermore, the collective behaviors of the particles can 
further endow the resulted PPSDs aggregate with desirable pores in 
micro scale, in which the functions of water pumping and water storage 
can be effectively realized. As a result, PPSDs can directly be utilized to 
realize an efficient solar-to-thermal conversion for interfacial water 
evaporation with the rate of 1.21 kg m� 2 h� 1. Furthermore, the con
figurable 3D geometry of PPSDs can be readily designed for an enhanced 
evaporation rate of 1.43 kg m� 2 h� 1, which is superior than pervious 
most reports on naturally derived materials. Significantly, the achieved 
PPSDs can also function as a pre-handling separator to treat the oil-water 
emulsion contamination from cities and industrial areas and further 
realize a stable localized solar heating with a remarkable improvement 
of evaporation rate the from 0.87 to 1.19 kg m� 2 h� 1. More interest
ingly, the introduction of Cl� has endowed PPSDs with the desirable 
capability of moisture absorption. In some droughty areas or deserts, 
PPSDs can effectively harvest atmospheric moisture and further release 
them by in situ solar-driven evaporation for clean water collection. In 
actual outdoor experiments of atmospheric water harvesting, PPSDs 

demonstrated a clean water collecting ability of ~1.13 kg m� 2, much 
higher than that of pure SD (~0.07 kg m� 2). Therefore, the collective 
multifunctional PPSD aggregate has realized an environmental-adaptive 
purified water collection in changeable circumstance. 
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