
Science Bulletin 64 (2019) 391–399
Contents lists available at ScienceDirect

Science Bulletin

journal homepage: www.elsevier .com/locate /sc ib
Article

Highly efficient and stable solar-powered desalination by tungsten
carbide nanoarray film with sandwich wettability

Nana Han a, Kai Liu b, Xinping Zhang c, Meng Wang c, Pan Du a, Zhaohui Huang a, Daojin Zhou a, Qian Zhang a,
Tengfei Gao a, Yin Jia a, Liang Luo a, Jianjun Wang b,⇑, Xiaoming Sun a,⇑
a State Key Laboratory of Chemical Resource Engineering, College of Energy, Beijing Advanced Innovation Center for Soft Matter Science and Engineering, Beijing University of
Chemical Technology, Beijing 100029, China
b Institute of Chemistry, Chinese Academy of Sciences, Beijing 100190, China
c Institute of Information Photonics Technology and College of Applied Sciences, Beijing University of Technology, Beijing 100124, China

a r t i c l e i n f o a b s t r a c t
Article history:
Received 17 October 2018
Received in revised form 26 December 2018
Accepted 14 February 2019
Available online 7 March 2019

Keywords:
Solar-powered desalination
Tungsten carbide
Nanoarray
Sandwich wettability
Surface plasmon resonance
https://doi.org/10.1016/j.scib.2019.03.008
2095-9273/� 2019 Science China Press. Published by

⇑ Corresponding authors.
E-mail addresses: Wangj220@iccas.ac.cn (J. Wan

(X. Sun).
Solar-powered desalination is a promising way to resolve the worldwide water crisis for its low con-
sumption and simple facility. Considering the fragility and aggregations of traditional materials, which
may decrease efficiency, we herein introduce a robust tungsten carbide (WC) nanoarray film as a stable
and efficient photothermal material, whose absorption is over 97.5% throughout almost the whole solar
spectrum range (220–2200 nm) due to nanoarray structure and thus enhanced localized surface plasmon
resonance. Besides, for the first time, we modified the film with sandwich wettability. It accelerates evap-
oration by reducing water’s reflection of light, enlarging hydrophobic-hydrophilic boundaries, and
depressing heat dissipation. Combining high absorption with unique wettability, the WC nanoarray film
offers high solar-to-vapor efficiency of 90.8% and produces drinking water at the rate of (1.06 ± 0.10)
kg m�2 h�1 from man-made seawater and (0.98 ± 0.18) kg m�2 h�1 from heavy metal sewage under
one sun (AM 1.5) while 98% performance remains after 1 h � 100 times’ reutilization.

� 2019 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction similar to other plasmonic nanostructures [32]: the plasma
Water scarcity has become one of the most serious global chal-
lenges, while solar-powered desalination (SPD) has raised broad
research interests [1–4]. Photothermal materials (PTM) with broad
solar absorption have recently attracted significant interest [5],
such as carbon materials and plasmonic metal materials [6–17].
However, the absorption of sunlight over 95% throughout large
solar spectrum is still challenging [8,10,12] and the long-term sta-
bility under illumination is still an issue [18–23]. The more practi-
cal problem is that most of the reported SPD materials are usually
powders or possess brittle structures that are inadequate for reuti-
lization during desalination [6,8–10,24–27].

Tungsten carbide (WC) nanoparticles are non-toxic [28], and
WC is frequently used in hard coating preparations due to its high
chemical stability [29] and mechanical durability, with excellent
elastic modulus (700 GN m�2) and hardness (2200 Hv) [30]. Fur-
thermore, WC possesses tolerance to laser and distinct local sur-
face plasmon resonance (LSPR) [31]. The LSPR is size-tunable,
Elsevier B.V. and Science China Pr
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response range is broadened as WC particle size decreases from
>10 lm to sub-micrometer [31], which makes nanostructured
WC a promising candidate for SPD as an ideal PTM.

The development of thermal management strategies through
both material and system designs has further improved the overall
efficiency [5]. Traditionally, PTMs, such as gold nanoparticles, are
dispersed in bulk water. Thus high intensity of light is needed to
heat up the whole volume of water for evaporation [25]. In 2014,
Chen and co-workers [8] pushed the light-to-vapor efficiency to
65% under one sun by localizing the heat at water surface, and
the heat dissipation into bulk water is reduced. In 2016, Zhu and
co-workers [24] pushed the efficiency to �80% by confined 2D
water path by blocking heat transfer into bulk water. Another crit-
ical factor for evaporation is the surface wettability control on SPD
film structures [7,33]. The patterned hydrophobic-hydrophilic sur-
face has been proved favorable for water evaporation by elongating
the hydrophobic-hydrophilic boundaries (HHB) [34–37]. However,
such HHB effect has never been applied for SPD materials design.

Here, we introduce a robust plasmonic WC nanoarray film as a
stable and high efficient PTM, whose absorption is over 97.5%
throughout almost the whole solar spectrum range (220–
2200 nm), which is among the best reported in literatures
ess. All rights reserved.
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(Table S1 online). Furthermore, we introduce a sandwich wettabil-
ity structure for the first time: a discrete hydrophobic-hydrophilic
top layer promotes evaporation with elongated HHBs and reduced
sunlight reflection; a discrete hydrophobic-hydrophilic bottom
layer can keep a gas cushion to reduce heat dissipation; and a
hydrophilic middle layer works as a pump to intake water through
capillary force for localized evaporation. Fig. 1 displays the
schematics and process flow. The WC nanoarray film with sand-
wich wettability structure (Sandwich WC) offers high solar-to-
vapor efficiency (90.8%) and SPD rate ((1.06 ± 0.10) kg m�2 h�1),
with cyclic stability among the best reported (Table S2 online)
under one sun (AM 1.5). This work should be beneficial to promote
wide application of SPD and give inspiration for further optimiza-
tion of SPD materials to improve SPD efficiency.

2. Materials and methods

2.1. Materials

Tungstic acid was purchased from Aladdin Industrial Corpora-
tion. Anhydrous sodium sulfate, hydrogen peroxide, and
hydrochloric acid were purchased from Beijing Chemical Works.
Polytetrafluoroethylene (PTFE) dispersion, nano graphite, and car-
bon fiber paper (CFP) were purchased from Alfa Aesar. Melamine
was from Tianjin Guang Fu Fine Chemical Research Institute.

2.2. Synthesis of WC nanoarray film

Synthesis of WC nanoarray film is similar to our reported work
[38]. First, WO3 nanoarrays on CFP were synthesized by hydrother-
mal method. With magnetic stirring, tungstic acid powder
(0.625 g) was dissolved in 20 mL 12 wt% hydrogen peroxide solu-
tion by heating at 95 �C for 3 h. Then, the solution was transferred
into a Teflon reaction kettle with 0.2 g anhydrous sodium sulfate,
115 lL hydrochloric acid, and a piece of 2 cm � 2 cm CFP added
in. WO3 nanoarrays were obtained after being heated for 12 h at
180 �C. Then, WC nanoarray film was got by WO3 nanoarrays and
melamine being heated at 900 �C for 3 h with Ar gas flowing in a
tube furnace.

2.3. Materials characterization

The morphologies were examined by JEOL JEM 2100 operating
at 200 kV and Zeiss SUPRA-55 operating at 20 kV. X-ray diffraction
(XRD) patterns were acquired by Shimadzu XRD-6000 at 10�/min.
Mass change is measured by Mettler Toledo ME204E scale con-
nected to the computer by software SerialPortToKeyboard from
Fig. 1. Schematics and a process flow. (a) WC nanoarray film. The hierarchical nanoarra
enhance the absorption of light. (b) Sandwich wettability structure. The apparent we
hydrophobic and hydrophilic domains. The top layer accelerates evaporation by elongatin
sunlight. The hydrophobic modification with water gates at the bottom reduces heat diss
hydrophilic to reserve water for localized evaporation. (c) Solar-powered desalination o
Mettler Toledo Company. The light source is xenon lamp with
CEL-AM1.5 light filter from Zhongjiaojinyuan Company. The light
power is controlled by CEL-NP2000 optical power meter from
Zhongjiaojinyuan Company. Olympus SZX16 is applied for water
droplet imaging. Fluorescence images are captured by a confocal
laser scanning microscope (CLSM, Olympus FV 1000) with the sam-
ples dyed by Rhodamine B. The wavelength of the exciting and
detecting light were 552 and 650 nm. Temperatures are tested by
Flir A650SC. ICP tests were carried out by iCAP 6000 Series ICP
Spectrometer from Thermo SCIENTIFIC (ppm) and 7700 Series
ICP-MS from Agilent Technologies (ppb). Light absorption from
220 to 2,200 nm is measured by UV-3600 UV–VIS-NIR Spectropho-
tometer from Shimadzu Company.

2.4. Transient spectrum test

Transient spectrums were performed using a femtosecond
pump–probe system with a Ti:Sapphire amplifier from Coherent
Inc. (Legend Elite), which provides pump pulses centered at about
798 nm with a bandwidth at FWHM of 10 nm, pulse length of
about 150 fs, a maximum pulse energy of 1 mJ, and a repetition
rate of 1 kHz. A portion of the 800 nm pulses was focused to heavy
water with a thickness of 1 mm to produce super-continuum
pulses extending from 340 to 1,200 nm, which were used as the
probe in the transient absorption (TA) measurements. The pump
was focused onto the sample with a diameter of about 0.5 mm
and the pump fluence was limited to 650 mJ cm�2, ensuring no
damage to the sample. The probe beam was focused into a spot
of about 100 lm in diameter within the pump spot on the sample.

2.5. FDTD simulation

All parameters are estimated values. Model for FDTD simulation
is shown in Fig. S1 (online), in which the nanobelt is 560, 208,
32 nm in length, width and thickness, separately. The diameter
and thickness of nanoparticles on the belts are 16 and 4 nm.
Parameters of WC material are as follows: the type is Debye-
Drude, conductivity is 126,000 S m�1 [39], infinite Freq. relative
permittivity is 5.5, static relative permittivity is 5.5 [40], the relax-
ation time is defined as 340 fs from TA, and density is 15.66 g cm�3

from standard PDF card.

2.6. Wettability control

The modification process was performed on 140 �C heating
stage when 5 wt% PTFE dispersion was sprayed from 20 cm height
onto the sample surfaces. Then the modified samples were heated
y structure and localized surface plasmon resonance (LSPR) of WC nanoarray film
ttability of the top and bottom layers are both hydrophobic, with discrete micro
g the hydrophobic-hydrophilic boundaries (HHB) and reducing water’s reflection of
ipation to the bulk water by forming a gas film. The middle layer of the film remains
f man-made seawater (MMS) and heavy metal sewage (HMS).
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for 30 min at 350 �C to stabilize PTFE. Temperature, flow rate, pres-
sure, height, PTFE concentration and times of spraying were opti-
mized to balance the evaporation with water supply from the
bottom surface and realize the best performance.

3. Results and discussion

3.1. Characterizations

Scanning electron microscope (SEM) image in Fig. 2a shows the
uniform growth of WC nanoarray on porous CFP substrate. WC
Fig. 2. Characterization of WC nanoarray. (a) SEM of WC nanoarrays on porous CFP. (b) SE
data of WC nanoarray film. (e) Light absorption of WC nanoarray film in contrast with CF
of WC nanoarray film and NG under AM 1.5 light with 260 s illumination. (g) Solar-therm
frequency oscillation (BFO) between femtosecond probe photon and WC plasmon resona
759 to 855 nm. Right are two enlarged curves at kp of 810 and 764 nm. (i) FDTD calcu
intensities with different light input.
nanoarrays are composed of thin WC nanobelts, which are
10–20 nm thick, hundreds of nanometers wide and several
micrometers long, as displayed by transmission electron micro-
scopy (TEM) image in Fig. 2b. The nanobelts are composed of WC
nanoparticles with size distribution from several nanometers to
tens of nanometers (Fig. 2c). This hierarchical structure can trap
incident light with multiple reflections. Such strategy has led to
enhanced light absorption in silicon nanostructures, carbon
nanotubes and other materials [40–42]. In the XRD patterns
(Fig. 2d), peaks at 26.4� and 54.5� are features of graphite
(PDF No. 41-1487). The peak at 42.5� comes from carbon
M of WC nanobelt. (c) TEM of WC nanobelt composed of WC nanoparticles. (d) XRD
P and NG. Background is the AM 1.5 solar light spectrum. (f) Solar-thermal response
al stability of WC nanoarray film under AM 1.5 light for continuous 500 h. (h) Beat
nt electrons. Left is the dynamics of BFO at a series of probe wavelengths (kp) from
lated electric field distribution with 500 nm light input and (j) max electric field
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(PDF No. 54-0501). All other peaks are indexed to a hexagonal WC
phase (PDF No. 51-0939). WC nanoparticles have been proved with
LSPR [31], and hierarchical nanostructures with LSPR are proved
favorable for the hybridization of LSPR and non-radiative plasmon
decay, which can enable efficient and broadband plasmonic absorp-
tion [12,43]. The high resolution TEM-energy dispersive spectrome-
ter (HRTEM-EDS) element mapping displayed in Fig. S2 (online)
implies that tungsten atoms are mainly distributed at the nanopar-
ticle regions, which are bridged by carbon with slight nitrogen
doping. Our previous work [38] verifies in detail about the state of
nitrogen doping, which is always used to enhance the hydrophilicity
of carbon materials [14,38,44]. Some important works in solar-
powered evaporation apply hydrophilicity in accelerating evapora-
tion by favoring water infiltration and transport [14–17].

WC nanoarray film shows high light absorption >97.5%
throughout a broad range (220–2,200 nm) in the solar spectrum
(Fig. 2e), which is rarely reported for SPD (Table S1 online). The
temperature-rising behavior compared with nano graphite (NG)
captured by an infrared camera under AM 1.5 light is shown in
Fig. 2f and Supplementary Movie 1 (online), where WC nanoarray
film displays much faster temperature elevating speed and finally
higher temperature. The temperature of WC nanoarray film ele-
vates by 37.3 �C above room temperature, which is 8.1 �C higher
than that on NG (29.2 �C above room temperature). In Fig. 2g, the
sample shows no significant degradation after continuous 500 h
stability test under AM 1.5 light which confirms the reported sta-
bility [31]. It is worth noting that, 80 �C in Fig. 2g is the tempera-
ture after stabilization.

Transient spectrums in Fig. 2h show the beat frequency oscil-
lation (BFO) process between excited WC electrons and probe
pulses (wavelengths from 759 to 855 nm), where fast light
responses (0.5–1.2 ps) in every curve indicate plasmon resonance
of WC. From the enlarged view of the 810 nm dynamic curve
with 340 fs time period (upper right in Fig. 2h), the oscillation
wavelength of the excited electrons in WC is calculated to be
about 804 nm, which is roughly equal to the wavelength of the
pump pulse ((800 ± 5) nm at FWHM). Coverage of oscillation in
the pump pulse range suggests that the BFO is resulted from
the interference between the pump and probe pulses via the
conductive electrons in WC. From the enlarged view of the
764 nm dynamic curve with 260 fs time period (lower right in
Fig. 2h) , the oscillation wavelength of the excited electrons in
WC is calculated to be 772 nm, which is much lower than the
pump pulse. The shift from 804 to 772 nm suggested that the
intrinsic plasmonic oscillation of the electrons in the as made
WC is much shorter than 800 nm [45]. Detailed analysis and cal-
culation can be found in Supporting Information (online). Similar
BFO behavior has been observed on Au nanoparticles, which are
known with strong LSP [45].

Hybridization effect of LSP, which enhances light absorption,
caused by the hierarchical structure of WC nanoarray could be rec-
ognized by the enhanced electric field intensity between nanoparti-
cles and between nanobelts from the FDTD simulation at k = 500 nm
(Fig. 2i). FDTD simulations at various wavelengths (200 to 900 nm)
indicate the LSP peak at about 500 nm (Fig. 2j), which is in accor-
dancewith thepredicted trend fromthe aboveBFOcurves. The trend
indicated by above BFO and FDTD simulation results are verified by
absorption spectrum of WC nanobelts suspension in UV–visible
range with extinction peak at �500 nm (Fig. S3 online).

3.2. Wettability enhanced evaporation

Sandwich wettability structure constructed by finite depth PTFE
modification is designed to elevate SPD performance of WC
nanoarray film. F element distribution (the indicator of PTFE
distribution) of the optimized Sandwich WC is shown in Fig. 3a
(the side view), where the �100 lm surface layer (i.e., the bottom
and top side) possesses higher F element concentration than the
middle layer, indicating more PTFE modification. It should be noted
that the distribution of F on the surface is discontinuous, suggest-
ing the spray-coating process induced tiny PTFE dispersion dro-
plets that enable isolated hydrophobic islands. The discrete
distribution of F is essential to elongate HHBs at the top surface
and build air cushion with water gates at the bottom surface
(Fig. S4 online). The hydrophilic middle layer (with low F concen-
tration) can pump up water by capillary force and reserve water for
localized evaporation.

Enriched HHBs can also be reflected by the absorption dynamics
of water droplets on the modified WC nanoarray film (Fig. 3b). The
absorption time on original superhydrophilic WC nanoarray film
without PTFE modification is as short as 1 s (Fig. S5 online). The
absorption time lasts longer (e.g., 66.40 s) as the surface turns
apparently hydrophobic. More importantly, the isolated hydropho-
bic zones induced by the spray-coating method can help to break
the large droplets into smaller ones, which avoids the formation
of continual water film and keeps rich HHBs during evaporation
(Supplementary Movie 2 online). As shown in Fig. 3b and c, during
the earlier stages (Stages 1–3), both the droplet diameters and con-
tact angles (CA) decrease, while the contact line (CL) keeps roughly
constant (Fig. 3d). When CAs become too small (too flat), the dro-
plet is cut into two by the hydrophobic lines (Stages 3–4), which
induces a jump in CA and splitting of CL (Fig. 3d). The droplet is
finally absorbed by the WC nanoarray film with the smallest avail-
able diameters in sub-millimeter, which are in accordance with the
domain size analysis based on F element distribution (Figs. 3a and
S6 (online)).

To further visualize the actual wetting state of the film, we
dipped the SandwichWC into Rhodamin B aqueous solution, which
would dye the hydrophilic zones and show red fluorescence under
the confocal laser fluorescence microscope (CLFM), as control sam-
ples of Superhydrophilic WC and Superhydrophobic WC evidenced
(Fig. S7 online). The top view of sandwich WC film is mainly dark
with discrete red dots, which are tens of micrometers in diameter
(Fig. 3e). These discrete red dots confirm the discrete wettability
and imply enriched HHBs of the surface. The side view in Fig. 3e
shows the hydrophilicity of the middle layer, where the dark areas
in the side view are mainly caused by roughness (Supplementary
Movie 3 online).

The sandwich wettability, as fully evidenced by the droplet
absorption dynamics and CLFM, enriches the HHBs and keeps
water in the middle layer for localized evaporation, and finally
enhances the water evaporation performance (Fig. 3f). Because
the evaporation rates in Fig. 3f were measured in open air, the
value on bare water surface is higher than some reported values
[9,11,24] due to the low RH in the environment (11%, 25 �C).
Besides NG and blank water, a superhydrophilic (without PTFE
modification) and a superhydrophobic sample were also made
and used as the control. Their evaporation rates to the air in open
circumstances at 25 �C and 11% relative humidity (RH) are measured
by the setup in Fig. S8 (online), where a tissue is used to support and
pump up water to the sample on it. The tissue helps reducing heat
dissipation into the bulk water and pumping water to the films
[24]. All three WC nanoarray films show better performance than
NG, which confirms the superiority of the WC nanoarray material.
As expected, Sandwich WC shows the best performance at an evap-
oration rate of (2.80 ± 0.02) kgm�2 h�1, which is 22%, 34%, 53%, and
131% higher than superhydrophilic WC, superhydrophobic WC, NG
and blank water. The boosted performance of Sandwich WC over
superhydrophilic and superhydrophobic samples confirms the
superiority of the sandwich wettability structure.



Fig. 3. Wettability enhanced evaporation. (a) SEM of the side view of Sandwich WC and the corresponding EDS mapping of F element distribution. Scale bars: 200 lm. (b)
Processes when a water droplet is absorbed by Sandwich WC and the according schematic diagram (c), contact line diameter changes and receding contact angle changes (d).
(e) CLFM images of sandwich WC nanoarray film which is dyed by Rhodamin B aqueous solution. Red parts imply hydrophilic domains. Scale bars: 250 lm. (f) Solar-powered
water evaporation performance.
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The evaporation rate on Sandwich WC outperforms most
reported works [6–9,24,46]. To further estimate the solar to vapor
efficiency of the material more precisely, the effect of RH [47] and
air convection are reduced by evaporation test in a quasi-closed
system (Fig. S9 online): when the evaporation occurs, the air in
the system is saturated with vapor soon. As the control, an opened
system test was carried out with the cover remained on the top
(Fig. S10 online) under the same illumination. The evaporation rate
in the quasi-closed system ((1.15 ± 0.03) kg m�2 h�1) is about
51.6%±0.8% of that in an open system ((2.24 ± 0.02) kg m�2 h�1)
(Fig. S11 online). This large difference demonstrates the strong
effect of air convection and low humidity in evaporation, that it
is important to control the environment or at least offer descrip-
tion of the state of environment in studies about solar-powered
evaporation in the open air. Assuming that this ratio is the same
when Sandwich WC is directly under 1.5 AM light without a cover
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on the top, the evaporation rate in a quasi-closed system of Sand-
wich WC would be (1.45 ± 0.03) kg m�2 h�1. When the latent heat
of water evaporation (�2,260 kJ kg�1) is applied to calculate the
solar-to-saturated vapor efficiency [8], the efficiency of Sandwich
WC is about 90.8%, which is among the best results reported
(Table S2 online).
3.3. Mechanism verification of wettability effect

Fig. 4a shows the working state contrast between Sandwich WC
and the superhydrophilic sample. The middle layer is remained
superhydrophilic to pump up water through the bottom water
gates and reserve water for localized heating and evaporation.
Combining the advantages of the high heat conductivity of WC
(84.02 WmK�1) [30] and foam-like structure [48], the middle layer
can transfer heat to the confined water immediately. Otherwise, if
the middle layer is hydrophobic (the superhydrophobic sample),
there should not be enough water for localized heating and evap-
oration. So, finite depth PTFE modification (i.e., roughly 1/4 of total
film thickness) is critical for the design.

The discrete wettability on the top surface has two advantages
(Fig. 4a). First, the discrete hydrophilic and hydrophobic domains
elongate the HHBs, which are reported favorable to evaporation
[34,35,49]. Second, the reflection by water film on superhy-
drophilic sample is reduced on Sandwich WC (Fig. 4b). This indi-
cates that the absorbance of a ‘‘black” material might be very
different in air or on water when they are applied to SPD. As shown
in Fig. 4b, wide range of lights are reflected to some extent on the
superhydrophilic sample when it changes from dry to wet. In
contrast, there is no much difference between the dry and wet
Sandwich WC.
Fig. 4. Mechanism of wettability effect. (a) Schematics of the effect of sandwich wetta
reflection of light on the surface. The bottom layer is designed to reduce heat dissipatio
water gates and reserve water for heating and evaporation. (b) Reflection curves of Sup
superiority of the wettability design on the top layer. (c) and (d) show the temperature-r
with PTFE) and Sandwich WC on water saturated tissues.
The bottom surface of Sandwich WC is designed to reduce heat
dissipation to the bulk water [6,8,9,50]. Fig. 4c shows the final spa-
tial temperature distribution near the water surface with WC film
on top of a water-saturated-tissue-paper (2-dimensional water
path [24]) under the light. The Janus sample without bottom air
cushion but with the same hydrophobic surface was used as the
control sample to Sandwich WC from the side view. Fig. 4c illus-
trates a relatively uniform temperature distribution underneath
the WC film. In contrast, Fig. 4d shows a much more localized
high-temperature zone of Sandwich WC under the light. C1 and
C2 points in Fig. 4c and d refer to the central point of films and
the film/water interface. The larger temperature difference
between C1 and C2 in Fig. 4d than in Fig. 4c verifies that the
hydrophobic bottom of Sandwich WC reduces heat dissipation to
the water underneath, as drawn in Fig. 4a.
3.4. Desalination performance

Fig. 5 shows the desalination performance of Sandwich WC. All
tests are measured under AM 1.5 light. The evaporation of 3.5 wt%,
17.5 wt% and saturated NaCl solution to the open air are measured
by the setup in Fig. S8 (online). 3.5 wt% is the average salt content
of seawater, whose evaporation rate is about 2.4 kg m�2h�1

(Fig. 5a). The decreased evaporation rate of 17.5 wt% and the satu-
rated NaCl solution may be caused by the decreased chemical
potential of water in the solution and the deposited NaCl crystals
on the surface of the film. This trend in evaporation rate implies
that drying up a bottle of saline water for desalination is not as effi-
cient as distilling slowly flowing saline water with a constant low
salt concentration and washing and reutilization is inevitable dur-
ing desalination. Fig. 5b shows the mass of collected purified water
bility structure. The top layer is designed to elongate the HHBs and reduce water
n. The middle layer is remained hydrophilic to pump up water through the bottom
erhydrophilic WC and Sandwich WC when they are dry or wet, which confirms the
ise processes from the side views of a Janus sample (only the top surface is modified



Fig. 5. (Color online) Desalination performance of the sandwich sample. (a) Evaporation of 3.5 wt%, 17.5 wt% and saturated NaCl solution to the open air. 3.5 wt% is the
average salt content of seawater. (b) Collected purified water distilled from man-made seawater (MMS) and HMS. (c) Content of the MMS and HMS before and after
desalination. (d) Cyclic stability test. Illumination for all tests is AM 1.5.
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distilled fromman-made seawater (MMS) and heavy metal sewage
(HMS) by the setup shown in Fig. S12 (online). The rates of distilled
water production are (1.06 ± 0.10) kg m�2 h�1 from MMS and
(0.98 ± 0.18) kg m�2 h�1 from HMS under normal sunlight.

Fig. 5c shows the salt content before and afterMMS and HMS are
distilled. Na, Mg, K, Ca contents are all below 1 ppm, which is
approximately three orders of magnitude below the drinking water
standards defined by the World Health Organization (1‰) and the
USEnvironmental ProtectionAgency (0.5‰) [10]. As, Cd, Pb contents
are all below themaximum contaminant level of drinking water set
by the National Primary Drinking Water Regulations of America.

With continuously hours of desalination from 3.5 wt% NaCl
solution, obvious deposition of NaCl cystals would appear at the
surface, as shown in Fig. S13 (online). The NaCl crystals could be
washed out by the original 3.5 wt% NaCl solution, and this process
doesn’t affect the performance much, as Fig. S13 (online) shows.
So, for Sandwich WC, washing the sample after each hour’s desali-
nation (which can be realized easily by automation control in
industrial) to keep the evaporation rate at a high level is an effi-
cient way to make the best use of solar energy. Fig. 5d shows the
1 h � 100 cycles distillation stability test of 3.5 wt% NaCl solution
when the sample was rinsed by saline water and reused for each
cycle. The production rate of purified water is around 1.1
kg m�2h�1 with 2% decrease at the end of the stability test, which
is among the best cyclic stability reported (Table S2).
4. Conclusion

In this work, non-toxic WC is recommended for SPD for the first
time. Nanoarray structure and LSPR accelerate WC’s absorption to
over 97.5% throughout a large range in the solar spectrum. High
elastic modulus, hardness, chemical stability and tolerance to laser
enable WC a robust plasmonic solar-thermal material, which
remains almost the same after 500 h illumination. With effective
sandwich wettability structure, solar-to-vapor efficiency is acceler-
ated to 90.8% by reducing water’s reflection of light at working
state, enlarging the hydrophobic-hydrophilic boundaries, and
depressing heat dissipation at the same time. As a result, the Sand-
wich WC film produces drinking water at a high rate from man-
made seawater and heavy metal sewage under normal sunlight
(AM 1.5) with outstanding cyclic stability. This system still has
potentials for further improvement, for example, if the current
simple desalination system could combine with smart water col-
lecting systems [51], the desalination efficiency will be further
improved. The material and wettability innovation should give
inspiration for further improving solar power desalination
efficiency.
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