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and effective salt-rejecting
absorber with rationally designed nanoarchitecture
for efficient and durable solar vapour generation†

Xiaoying Song,ab Hucheng Song,*b Ning Xu,b Huafeng Yang,ab Lin Zhou,b

Linwei Yu, ab Jia Zhu, b Jun Xu *ab and Kunji Chenab

Harvesting solar energy as heat has shown fascinating applications for the purification of polluted or saline

water to address the water scarcity issue globally. One of the current challenges is to realize highly efficient

solar absorbers with simultaneous efficient omnidirectional light harvesting, salt-resistance and water

extraction capability. In the present study, inspired by the natural lotus leaf, we propose a self-floating

silicon–copper membrane consisting of hierarchical nanoscale hybrids with effective salt-resistant

characteristics. We demonstrate its efficient absorbance (>93%) in a wide spectral range (200–2500 nm)

and omnidirectional character (0� to 80�). We obtained a salt-water evaporation efficiency as high as

86% under one sun irradiation. The front surface of the membrane was free of salt accumulation in salt-

water even after long-term operation and complete evaporation of water. More interestingly,

a significant performance improvement of �7.8% was achieved even after an ultra-long durability test in

saltwater up to 310 days, which is attributed to the formation of a salt-induced robust super-hydrophilic

interface layer on the water-pumping structure, thus enabling more efficient evaporation. The present

hierarchical nanostructure design offers highly efficient solar photo-thermal conversion in wide angles

and an excellent salt-rejecting technique, which can be easily recycled for highly efficient and stable

solar vapour generation.
Introduction

Harvesting and conversion of solar energy are considered as one
of the most promising strategies to meet the ever-growing
global demand of inexhaustible and ecofriendly energy.1–3

Among the various strategies, the use of solar-driven steam
generation devices, as an attractive approach to address energy
and water scarcity issues globally, has been widely investi-
gated.4–6 In principle, ideal photo-thermal materials must have
efficient and broad solar spectrum absorption, which is the
most critical step for desalination. Therefore, engineering black
absorbers were explored for highly efficient solar vapour
generation, including metal plasmonic nanoparticles, carbon-
based materials and other materials.7–13 In pursuit of high
photothermal efficiency, a heat localization concept was
subsequently proposed by Chen's group and applied to obtain
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more efficient steam generation.14 Ni et al. recently demon-
strated a relatively high steam temperature up to 100 �C under
one sun irradiation by a oating solar receiver made of inex-
pensive bubble wrap.15 The further development of solar steam
generation devices includes polypyrrole-coated stainless steel
mesh,16 black titanium oxides,10,17 oatable carbon spheres,18

plasmonic metal NPs,11,19 and copper-based,20 graphene-
based21–25 and wood-based membranes26,27 as well as hierar-
chical nanostructured gels.13 As representative works, Zhu et al.
reported plasmonic metal-NP enhanced broadband absorbers
via the three-dimensional (3D) self-assembly of multiscale
structured metal (Al and Au) NPs, which overcome the inher-
ently narrow absorption bandwidth of plasmonic metal NPs,
demonstrating efficient broadband absorption (>96%, 200–
2500 nm) and about 60% photothermal efficiency under one
sun irradiation.11,19 However, plasmonic material absorbers
usually require a concentrating system with an optical concen-
tration of 10–1000� for highly efficient steam generation, which
are expensive ($200 per m2).28 Owning to their excellent light
absorption and thermal conductivity properties, light carbon-
based (especially graphene-based) materials have been exploi-
ted as highly efficient solar vapour generation membranes
without optical concentration.7,21–23,26,27,29 For example, Hu et al.
reported a graphene-oxide/carbon nanotube aerogel that
exhibited a �83% photothermal conversion efficiency under
This journal is © The Royal Society of Chemistry 2018
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one sun irradiation due to its effective broadband absorption
(�92%) and good heat localization property.21 Zhu et al.
designed a solar steam generation device composed entirely of
natural wood with a carbonized top, which exhibited natural
advantages in the extraction of water, showing an efficient solar
steam generation efficiency of �65% under one sun-irradia-
tion.26 To further realize effective energy connement, Yu et al.
recently prepared porous gels with hierarchical water pathways,
in which a record vapour generation efficiency up to 94% was
achieved under one sun irradiation.13

Most of these studies have demonstrated relatively high
evaporation efficiencies even under one sun irradiation, but the
reported solar energy photothermal conversion capability of
absorbers only occurs at an incident angle of sunlight approx-
imately perpendicular to the absorber surface. However,
sunlight irradiates the surface of absorbers along all directions
andmost of the grazing light is lost. Ren et al. suggested that the
absorption capability of grazing light in hierarchical graphene
(h-G) foam could be improved to some extent by secondary
nanosheet structures grown on the three-dimensional (3D)
skeleton, which demonstrated about 85% light absorption
efficiency.22 However, currently, the omnidirectional photo-
thermal conversion capability of absorbers in extracting fresh-
water from seawater remains a signicant and poorly studied
challenge for solar vapour devices. In addition, the durability of
absorbers without salt accumulation has become the most
critical challenge for the long-term use and further application
of solar vapour generation devices, which must be addressed in
current research.30–32 Seawater contains 3–3.5 wt% total dis-
solved salts (NaCl and CaCO3). In most of the previous solar
Fig. 1 Lotus leaf-inspired hierarchical nanoscale design for solar desalin
lotus leaf, which grows in mud, yet is never contaminated. (b) Lotus lea
porous membrane for solar desalination. The black HCS NP/NW structur
root-like HCS NW/NW structures as a water-pumping surface are in co
harvesting of the HCS NW gradient structure, which is then converted i
hierarchical porous channels enable efficient water-pumping and liq
photographs showing the excellent anti-salt capability of the HCS NWpo
membrane, which constrain the water distribution to the near top-surfa

This journal is © The Royal Society of Chemistry 2018
photothermal devices, salt may clog the channels for water
pumping and vapor escape and even further accumulate on the
light-receiving surface during the evaporation process.31 This
salt-covered surface will sacrice light harvesting capability,
and prevent water pumping and vapor transfer, ultimately
deteriorating the evaporation performance and limiting the
long-term use of the devices. In addition, saline (or seawater)
conditions usually corrode the structure of membranes,30 and
this effect has been poorly studied for solar vapour generation.
Therefore, the stability and durability issues of absorbers need
to be addressed before solar evaporation structures can be
utilized competitively for solar vapour generation.

Silicon constitutes 28% of the Earth's mass. Its high abun-
dance, lack of toxicity and low cost coupled with its unique
electrical, optical and thermal properties make silicon a fasci-
nating prospect among the semiconductors for converting
sunlight into light, heat and electricity. In particular, three-
dimensional nanowire (3D NW)-structured silicon has shown
huge potential for efficiently harvesting solar energy.33 Mean-
while, this NW-architecture also exhibits a super-hydrophobic
surface, which is helpful for improving the stability of solar
vapour generation devices.17,34 Herein, a highly efficient,
durable and self-oating hierarchical copper–silicon (HCS)
nanoscale membrane was created by mimicking the marvellous
hierarchical micro-/nanostructures existing in nature such as
lotus leaves, as shown in Fig. 1a. In this design, the inter-
connected micro-pores (Fig. 2g) embedded in the layer-
structured copper foam (CF, Fig. 2h), as hierarchical water
pathways, can constrain the water distribution to the near
surface of the LRS, ensuring efficient water supply and vapor
ation. (a) Schematic demonstrating the self-cleaning capability of the
f-inspired hierarchical nanoscale design of copper–silicon nanowires
es act as an efficient 3D light-receiving surface to harvest sunlight. The
ntact with the top surface of the water. (c) Omnidirectional solar light
nto thermal energy and heats up the seawater at interface, where the
uid–vapor generation close to the air–water interface. (d) Optical
rousmembrane. (e) Hierarchical water pathways of the HCSNWporous
ce of the membrane.

J. Mater. Chem. A, 2018, 6, 22976–22986 | 22977
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Fig. 2 Morphology and structural characterization. (a) SEM image, photograph and the contact angle of the black light-receiving surface (LRS)
with Al2O3-coated CuNP/Cu–Si nanowire hierarchical structures. (b and c) TEM and STEM images, respectively, and corresponding element EDX
mappings of LRS with a single Al2O3-coated Cu NP/Cu–Si nanowire structure. (d) SEM image, photograph and the contact angle of the dark
brown water-pumping surface with hierarchical Al2O3-coated c-SiNW/Cu–Si nanowire structures. (e) Cross-section SEM image of the root-like
water-pumping surface and corresponding high-resolution SEM image of RLS with a single Al2O3-coated c-Si NW/Cu–Si NW structure. (f) STEM
image and corresponding element EDX mappings of the single Al2O3-coated c-Si/Cu–Si nanowire hierarchical structure. (g) Low-magnification
SEM image of the HCS NW porous membrane with interconnected micro-pores and hierarchical channels for water pumping. (h) Schematic
diagram of the hierarchical water pathways, where the water (for example, flux 6) can be pumped from the nearest five passages (flux 1 to flux 5).
(i) Cross-section SEM image of the HCSNWporousmembrane demonstrating expeditedwater extraction by the hierarchical and interconnected
micro-pores embedded in the layer-structured membrane.
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generation (Fig. 1c). The HCS NW gradient structure (consisting
of black NP/NW and dark brown NW/NW structures) was
prepared on porous CF (Fig. 1b). Furthermore, the super-
hydrophobic black NP/NW structure (Fig. 1b and 2a) as an
LRS causes the membrane to naturally oat on the water and
the dark brown root-like NW/NW structure as the water-
pumping surface is in contact with the top surface of the
seawater (Fig. 1b and 2d). Optically, such unique hierarchical-
NW gradient structure guarantees highly efficient and broad-
band solar absorption at an arbitrary incident angle, as shown
in Fig. 1c, via (1) light trapping effect of the 3D NW gradient
network, (2) multiple interaction between light and hierarchical
22978 | J. Mater. Chem. A, 2018, 6, 22976–22986
nanowires and (3) visible light enhancement of plasmonic
metal nanoparticle structure. In addition, this hierarchical
metal/semiconductor nanoscale design could result in
a considerable enhancement in the light-introduced tempera-
ture increase and solar-thermal energy conversion efficiency.35

Importantly, the membrane exhibits both a super-hydrophobic
light-receiving surface (SLRS) and super-hydrophilic root-like
surface (SRLS) in one single-layer structure aer a change in
its salt-induced wetting property (Fig. 1b). With this design, the
HCS NW porous membrane exhibits a large contact surface
(Fig. 1b), efficient hierarchical water supply and vapor genera-
tion channels (Fig. 1c and e), effective omnidirectional and
This journal is © The Royal Society of Chemistry 2018
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broad solar light absorption (Fig. 1c), as well as an effective salt-
rejecting capability (Fig. 1d), resulting in a highly efficient and
long-term stable desalination performance.
Fabrication and characterization of the
HCS NW membrane

The membrane was prepared using a hierarchical bottom-up
strategy, which included four basic processes (see ESI
Fig. S1†). First, copper oxide (CuO) NWs were prepared on the
porous foam substrate via a typical thermal oxidation process.
Then, the sample was loaded into a plasma enhanced chemical
vapor deposition (PECVD) system and an amorphous silicon
lm was deposited on the freely growing CuO NWs via the glow
discharge deposition of SiH4. In the next step, crystal silicon
nanowires (c-Si NWs) were graed on amorphous silicon (a-Si)-
coated copper oxide (CuO) core–shell NWs via a typical Sn
catalyzed vapor–liquid–solid (VLS) process and then a high-
temperature H2 annealing process was employed to reduce
the copper-oxide/silicon complex structures. Aer coating an
Al2O3 thin layer via atomic layer deposition (ALD), a single-layer
structured Cu–Si porous membrane was obtained, which con-
sisted of two typical NW-hierarchical structures: Al2O3-coated
Cu NPs/Cu–Si nanowire light-receiving structures (black, LRS)
and Al2O3-coated c-SiNW/Cu–Si nanowire root-like structures
(dark brown, RLS) grown on both sides of the porous copper
foam.

The detailed characterization of the hierarchical copper–
silicon nanowire hybrid membrane is presented in Fig. 2. The
membrane consists of two typical functional structures for solar
desalination: a black light-receiving surface with a water contact
of �156� (Fig. 2a) and a dark brown root-like surface with
a water contact of �155.8� (Fig. 2d). The black light-receiving
surface consists of hierarchical copper nanoparticle assem-
bled copper–silicon nanowire structures (black, Al2O3-coated
Cu NP/Cu–Si NW). The root-like water-pumping surface
consists of crystal silicon nanowire-graed copper–silicon
nanowire structures (dark brown, Al2O3-coated c-Si NW/Cu–Si
NW). It was noticed that the self-anchored NPs tend to be closely
packed along the sidewalls of the Cu–Si alloy nanowire for the
black LRS (Fig. 2a). The XRD characterization suggests that the
NPs are copper (see ESI Fig. S2†), where the emergence of three
sharp diffraction peaks located at 43.5�, 50.5� and 72.4� is
ascribed to the strongest diffraction peaks of the copper crys-
talline planes.36,37 As a common non-precious material, Cu NPs
can also result in a strong plasmon hybridization effect and
excitations with high-density localized surface plasmon reso-
nances (LSPR).38 In addition, the Cu NPs assembled on the
nanowire network exhibit a multiscale structure with varying
nanoscale gaps and a broad diameter range from several
nanometers to �200 nm (Fig. 2a and b). This design of multi-
scale metal nanoparticle structures can broaden the absorption
spectrum of the material.9,10 The elemental prole analysis
along the assembled nanoparticles and nanowire trunk clearly
reveals a three-dimensional hierarchical NP/NW architecture,
including an oxygen and aluminum element-coated Cu NP core,
This journal is © The Royal Society of Chemistry 2018
oxygen and aluminum element-coated Cu–Si alloy nanowire
trunk and partial doping of tin (Fig. 2c). For the dark brown
water-pumping surface, whiskered c-Si NWs (with diameters of
approximately 30–80 nm) were graed on the Cu–Si alloy
nanowire trunks (delivering a diameter of approximately 180
nm), as shown in the partial enlargement in Fig. 2e. High-
resolution transmission electron microscopy (HRTEM,
Fig. S3†) showed the hierarchical architecture, including cubic
Si NW branches along the [211] growth orientation, corre-
sponding to d ¼ 0.27 nm, and a Cu–Si alloy nanowire trunk,
which includes a uniform a-Si:H shell layer and discontinuous
and hollow Cu cores. This was further conrmed by the X-ray
diffraction (XRD) spectra (see ESI Fig. S2†). The root-like
water-pumping structure with an Al2O3 coating layer was
further conrmed by elemental prole analysis of a single
nanowire structure (Fig. 2f). Notably, a 3D hierarchical network
of water pathways was established in the HCS NW membrane,
where the interconnected pores (�50 mm, Fig. 2g) embedded in
the 3D layered CF (�300 mm, Fig. 2h) to nally form hierarchical
water pathways and vapor generation channels. As a result,
water is localized the near surface of the LRS via the layer-
structured CF with embedded interconnected micro-pores
(Fig. 2i), where the water can be pumped from the nearest ve
passages (Fig. 2g and h), thus shorting the water-pumping
pathway and ensuring expedited water extraction for solar
desalination.
Broad solar absorption and efficient
photo-thermal utilization

The absorption spectrum of the HCS NW porous membrane is
shown in Fig. 3a, in which the black and dark brown lines
correspond to the absorption spectra of the LRS (Al2O3-coated
Cu NP/Cu–Si NW) and RLS (Al2O3-coated c-Si NW/Cu–Si NW),
respectively. The absorption efficiency was calculated using the
equation (A ¼ 1 � R � T), where A is the absorption efficiency, R
is the reection efficiency and T is the transmission efficiency.
As shown in Fig. 3a, the HCS NW membrane demonstrated
efficient broadband absorption, where the average absorption
efficiencies of the LRS and RLS exceeded 93% and 90%,
respectively, in a wide wavelength rage from 200 nm to 2500 nm
(see ESI Fig. S4a and S4b,† respectively). Remarkably, the LRS of
the membrane demonstrated the lowest transmittance (�2.8%)
and reectance (�3.4%) at 200–2500 nm, thus effectively
enabling a broad solar absorption (�93.8%). This light
absorption capability is superior to that of hierarchical CuO/c-Si
NW (HCOS NW), a-Si-coated CuO NW (a-Si/CuO NW) and CuO
NW membranes (see ESI Fig. S4c†) as well as other Si-based
materials.

This indicates that the absorption of the membrane was
dramatically enhanced by the unique hierarchical nanowire
structures, even though these structures were grown on the
porous CF substrate (Fig. 2g). The light absorption enhance-
ment is directly associated with the absorption property of the
materials and the unique structure design of the membrane.
Optically, in our design, the light could be “trapped” within the
J. Mater. Chem. A, 2018, 6, 22976–22986 | 22979
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Fig. 3 Solar absorption and photothermal performance of the HCS NW membrane under one sun irradiation. (a) Absorption spectrum of LRS
(black, Al2O3-coated Cu NP/Cu–Si NW) and RLS (dark brown, Al2O3-coated c-SiNW/Cu–Si NW) of the HCS NW porous membrane. (b) Cor-
responding local enlarged detail of (a). (c) Schematic of the sunlight incident angles and IR image of the device under one sun irradiation (AM 1.5, 1
kW m�2) at 0�, 20�, 40�, 60�, 70� and 80�. (d) Temperature change in the LRS of the HCS NW membrane under one sun irradiation (with an
incident angle of 0–80�) on and off cycles, where the temperature probe was placed on the center of the membrane surface.
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gaps of the nanowire networks with gradient hybridization
building blocks instead of bouncing off or penetrating the
structure.39,40 Meanwhile, the hierarchical nanowire gradient
structure further increases the interaction length between light
and the material, resulting in strong multiple internal reec-
tions until it is absorbed completely.33,41 Fig. 1c shows the
advantages of our structure design for the maximization of
omnidirectional solar light harvesting and collection. Among
them, the Cu NPs, as reported in noble-metal nanostructures,
show great advantages in enhancing visible and near infrared
light absorption due to their strong vis-NIR absorption.38 The
local enlarged absorption spectra suggest that the black LRS
with Cu NPs could more effectively absorb the broad solar
spectrum (LRS, 93.8% solar-energy absorption efficiency in
Fig. 3b) than the dark brown RLS. This enhancement can be
attributed to the plasmonic Cu NP structure with various and
broad nanoscale size gaps (Fig. 2a and b). This multiscale metal
NP structure can enable a high density of hybridized LSPR, thus
resulting in a broad solar absorption spectrum.37 Meanwhile,
the intrinsic Al2O3 coating layer can further lead to a redshi
and widen the metal-based LSP resonant models (Fig. 2c).11

Therefore, the total absorption of the membrane was signi-
cantly enhanced by the multiple interaction between light and
hierarchical-NW network, plasmonic metal-NP structure and
22980 | J. Mater. Chem. A, 2018, 6, 22976–22986
light trapping effect of its 3D NW structure. In principle, light
radiation on the surface of a material is always be accompanied
heat generation due to the light interaction with lattice vibra-
tions.42 Therefore, the photothermal properties of the membrane
were also studied, especially the temperature changes under
various sunlight incident angles. Fig. 3c presents a schematic of
the solar-thermal imaging of the membrane, where a simulated
solar light (AM 1.5) with an intensity of 1000 W m�2 was
employed as the light source to irradiate the membrane and an
intensity infrared (IR) camera was used to test the temperature of
themembrane in air. The corresponding time–temperature curve
(0�, 20�, 40�, 60�, 70� and 80� light incident angles) is shown in
Fig. 3d. Up on one sun irradiation, the HCS NW porous
membrane demonstrated an ultra-uniform temperature distri-
bution (Fig. 3c) and gradually decreasing temperature from
�65.1 �C to�50.8 �C (Fig. 3d) when the incident angle increased
from 0� to 60�. This indicates the highly efficient light absorption
and robust photothermal conversion capability of the HCS
membrane for a wide range of sunlight incident angles up to 60�.
Even when the incident angle was increased to 80�, an ultra-
uniform photothermal temperature distribution (�44.8 �C) was
obtained, which is 1.7 times room temperature (�27 �C). In
addition, the light-induced temperatures increased rapidly to
a steady-state value when the light was on (Fig. 3d). This clearly
This journal is © The Royal Society of Chemistry 2018
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suggests that the HCS NW structure can effectively convert solar
energy to heat in all directions by its unique structure at a wide
incident angle range from 0� to 80�, thus ensuring efficient
photothermal utilization by the use of a steady-state and large
surface HCS NW membrane.
Efficient and durable solar vapour
generation under one sun

Fig. 4a shows the solar-driven vapour generation system
composed of steam generation, condensation separation and
water collection units, where the HCS NW membrane is spread
on the surface of the saltwater as the solar driven interface
heater to evaporate water.

In this design, the super-hydrophobic property of the HCS
NW structures makes the membrane naturally oat on
seawater. The large surface of the HCS NW porous membrane
signicantly enhances the liquid–vapor change occurring close
to the air–water interface. The hierarchical network of water
pathways formed by the interconnected microspores (�50 mm)
embedded in CF provide efficient paths for water supply,
continuous ow, liquid–vapor change and stream collection.
Thus, these advantages make the membrane particularly suit-
able for the solar evaporation process. Fig. 4b shows the mass
changes of the single-layer structured HCS NW porous
membrane in pure water and saline aer a long-time cycle and
double-layer structured device consisting of an HCS NW porous
membrane and a packaging-foam based thermal insulation
layer. Simulated solar light (AM 1.5) with an intensity of 1000 W
m�2 was used and each test lasted for 1 hour. The curves clearly
show that the solar-vapor conversion efficiencies of the HCS NW
membrane in pure water and saline reached �50.9% (with an
evaporation rate of �0.81 kg m�2 h�1 in Fig. 4b) and �58.4%
(with an evaporation of �0.93 kg m�2 h�1 in Fig. 4b), respec-
tively, aer a long cycle, as shown in Fig. 4c. Further, the solar-
Fig. 4 Performance of the HCS NW membrane under one sun irradiatio
gradient structure, as a solar vapour generation membrane, could effec
ration performances of the single-layer structured HCS NW porous mem
layer structured device consisting of an HCS NWmembrane and a packa
lasted about 1 h. (c) Corresponding efficiencies of these structures.

This journal is © The Royal Society of Chemistry 2018
vapor conversion efficiency increased to �86.0% (with an
evaporation rate of�1.37 kg m�2 h�1 in Fig. S5† and the steady-
state energy balance analysis in Fig. S11†) when a cloth-coated
packaging-foam based thermal insulation layer (insulation
foam layer and water-pumping cloth) was employed as 2D water
channels (as shown in Fig. S5b†).24 The solar-vapor conversion
efficiency (hth) was obtained using the following formula:

hth ¼ mhLV/p0 (1)

where m is the mass ux, hLV is the total enthalpy of the liquid–
vapor phase change (2260 J g�1), and p0 is the solar irradiation
power of one sun (1 kW m�2).

Fig. 5 presents the long-term saline evaporation performance
(average salinity of about 3.5 wt%) and contact angle (CA) test
results of the HCS NW membrane. Under one sun irradiation,
the total cycle numbers were maintained for about 22 cycles (15
cycles in saline, over 310 days) with each cycle sustained for over
one hour. The average solar-thermal efficiency of the rst 11
saline (aer 3 months) tests maintained a relatively stable value
up to�50.2% (Fig. 5a, with an average evaporation rate of�0.80
kg m�2 h�1 in Fig. 5b), which is consistent with the pure water
average evaporation rate (�50%, Fig. 4b). Aer 12 saline cycles
(corresponding to 120 days), the efficiency of the membrane
increased to 55.1% (corresponding to an evaporation rate of
�0.88 kg m�2 h�1 in Fig. 5b). Meanwhile, we clearly observed
that the foam sample pressed down the water surface during
this saline cycle. Aer that, the performance of the membrane
signicantly improved and a nal saline evaporation efficiency
of 58.4% (�0.93 kg m�2 h�1 evaporation rate in Fig. 5b) was
demonstrated. This result demonstrates an enhanced desali-
nation performance (�7%) even aer an ultra-long test time in
saltwater (up to 310 days), which is the best among the
comparable state-of-the-art systems published recently in top
journals (see ESI Table S1†). Fig. 5c presents the long-term CA
test results of the LRS and RLS under various environments,
n. (a) Structure of solar-vapor generation system, where the HCS NW
tively absorb an omnidirectional and broad solar spectrum. (b) Evapo-
brane in pure water and saline at the 15th saltwater cycle, and double-
ging-foam based thermal insulation layer, in which one operating cycle

J. Mater. Chem. A, 2018, 6, 22976–22986 | 22981
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Fig. 5 Solar desalination performance of the HCS NWmembrane under one sun irradiation. (a) Saline evaporation performance of the HCS NW
porous membrane, where the membrane was successively cycled for 7 cycles in pure water and 15 cycles in saline for more than 310 days. Each
cycle lasted about 1 h. (b) Average pure water mass change and average saline mass change of the membrane cycled in the double-side super-
hydrophobic area (DSS) and super-hydrophobic/underwater super-hydrophilic areal (SUS). (c) Contact angle change in the light-receiving
surface and water-pumping surface of the membrane under various environments, including initial sample, after 7 cycles in pure water and then
followed by 1 cycle and 15 cycles in saline. (d) Salinity of five critical seawater samples before and after desalination using the HCSNWmembrane.
(e) Measured concentrations of five primary ions in an actual seawater sample before and after desalination. The orange shaded area refers to the
overall typical salinity achieved by the traditional membrane desalination process and the green shaded area refers to the overall typical salinity
achieved by the traditional distillation desalination process.
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including initial sample (0 cycle), 7th pure water cycle and 15th

saline cycle. It is clear that the initial HCS NW membrane
exhibited double-sided super-hydrophobic properties with a CA
greater than 155� for LRS and RLS. Aer 7 cycles in pure water,
the CA of both surfaces slightly decreased to about 137�. During
the following saline cycle, the LRS of the membrane maintained
its hydrophobic property with the contact angle decreasing
from 121� in the 1st saline cycle to 116� in the 15th saline cycle.
However, the CA of the RLS rapidly decreased from 112� in the
1st saline cycle to 0� in the 15th saline cycle, which indicates
a surface wetting change in the RLS from super-hydrophobicity
to super-hydrophilicity aer the saline cycles. This wettability-
inversion of the RLS will result in an enhancement in water
ux and enable more efficient evaporation. Meanwhile, is also
suggested that the LRS of the membrane retained its robust
super-hydrophobic feature during the long-time saline cycles.
22982 | J. Mater. Chem. A, 2018, 6, 22976–22986
This feature makes the membrane naturally long-term oat on
water. According to the above results, the complete saline cycle
process of the membrane occurs on two typical areas, which can
be dened as a double-sided super-hydrophobic areal (DSS,
Fig. 5c) and super-hydrophobic/underwater super-hydrophilic
areal (SUS, Fig. 5c) area. To evaluate the solar desalination
result of the HCS NW membrane, ve typical critical seawater
samples were used and carefully tracked by conductivity
coupled plasma spectroscopy (ICP-OES, OPTIMA 5300 DV,
0.1 mg L�1 in accuracy), including the Baltic Sea (0.8 wt%), the
North Sea (�1.4 wt%), the World Ocean (3.5 wt%), the Red Sea
(4.1 wt%) and the Dead Sea (10 wt%). It was clearly observed
that the salinities of the ve critical seawater samples strikingly
decreased (by �four orders of magnitude, as shown in Fig. 5d)
and were approximately two orders of magnitude below the
drinking water standards dened by the World Health
This journal is © The Royal Society of Chemistry 2018
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Organization and the US Environmental Protection Agency.11

Further, seawater from the Bohai Sea (from Xiamen, China) was
used for desalination by the HCS NW membrane. Aer desali-
nation, the concentrations of all four primary ions (Na+, Mg2+,
K+ and Ga+) were signicantly reduced, which were below the
values typically obtained by membrane-based (10–500 mg L�1)
and distillation-based (1–50 mg L�1) seawater desalination
techniques.11 In addition, we observed that the concentrations
of Cu ions were below the detection limit of ICP-OES
Fig. 6 Morphology and contact angle characterization of HCS NWporou
of the LRS (Al2O3-coated Cu NP/Cu–Si NW) and RLS (Al2O3-coated c-
respectively. (c) Photograph of the dynamicmeasurements of water sprea
saline cycles, respectively. (f) Corresponding surface element content o
cycles. (g) High-resolution XPS spectra (Na 1s and Cl 2p) of the RLS and th
saline on the surface of the HCS NW membrane under Xe-lamp irradi
membrane floating on the saline under Xe-lamp irradiation.

This journal is © The Royal Society of Chemistry 2018
(0.1 mg L�1) aer desalination, indicating the successful
production of potable water using our HCS NW membrane
under solar irradiation.

Mechanism for efficient and durable
solar water evaporation

Actually, the wettability-inversion of a membrane is closely
related to the surface property of its materials, which may be
smembrane after cycles in 3.5 wt% NaCl solution. (a and d) SEM and CA
Si NW/Cu–Si NW) of the HCS NW membrane after one saline cycle,
ding for the RLS of (b). (b and e) SEM and CA of the LRS and RLS after 15
f Na and Cl of the LRS and RLS characterized by XPS after long saline
e LRS after long saline cycles. (h) In situ real-time observation of a drop
ation. (i) In situ real-time observation of the surface of the HCS NW
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caused by the evolution of its structure34 and the formation of
hydrophilic groups.29 Thus, to understand the surface property
evolutions of the HCS NWmembrane during solar desalination,
its morphology and surface chemical composition were char-
acterized aer the saline cycles. The morphologies of both the
LRS (Fig. 6a) and RLS (Fig. 6b) showed little change aer a long
cycle (7 pure water and 15 saline cycles) compared with the
membrane before cycling (Fig. 2a and d) and aer one saline
cycle (Fig. 6d and e), respectively. This indicates the robustness
of the HCS NWmembrane during the durability test with saline.
Highly ceramic-like particles were observed, which were mainly
anchored on the surface of the Cu–Si trunk of the RLS (see in
partially enlarged detail in Fig. 6b). Both sodium (Na,�1.4 at%)
and chlorine (Cl, �3.7 at%) were detected on the surface of the
RLS aer long saline cycles. However, only Na (1.5 at%) was
found on the surface of the LRS (Fig. 6f). Further, the surface
composites of the membrane were characterized by high-
resolution X-ray photoelectron spectroscopy (XPS) analysis
(Fig. S6a and S6b†). It was observed that the RLS (Fig. 6g) soaked
in saline was largely composed of carbonates, hydrocarbons
and sodium chloride (Fig. S6a and S6b†).43–46 Most of these
components are hydrophilic.29,47 Thus, the formation of these
components can be attributed to the formation of NaCl on the
RLS and chemical/photochemical reaction occurring on the RLS
of the membrane in the system including H2O, CO2 and solar
light irradiation. Notably, both NaCl (Na 1s peak located at
�1072 eV) and Na2CO3 (at �1070.8 eV) were detected on the
surface of the RLS (Fig. 6g). However, only Na2CO3 (at �1070.6
eV) was observed on the surface of the LRS of the HCS NW
membrane and no chlorine signal was found (Fig. 6g). This
indicates that the HCS NW gradient structure could act as an
ion selective membrane to allow sodium cations (Na+) to pass
through and meanwhile inhibit chloride anions (Cl�) during
solar desalination. As the result, the NaCl-induced surface
wetting change (from super-hydrophobic to super-hydrophilic)
is only favorable for the RLS. This is also thought to mainly
contribute to the substantially increased evaporation efficiency
and the robustness/stability of the HCS NW membrane aer
long-time saline cycles. Further, in situ optical microscopy was
employed to study the salt-rejecting capability of the HCS NW
membrane under Xe-lamp irradiation. Fig. 6h clearly shows the
water shrinkage and salt precipitation process of a saline drop
on the HCS NW membrane (LRS) under irradiation. The
precipitated salt-crystal was supported by the HCS NWs instead
of penetrating into the interior of the membrane through its
interconnected micro-pores (�50 mm to �200 mm, Fig. 2g) due
to the robust and stable super-hydrophobic LRS of the HCS NW
membrane (Fig. 6h and S9†). This robust and stable hydro-
phobic feature caused the pre-formed NaCl crystal particles
(Fig. 6i, 120 min and 130 min) on the surface of the LRS to
dissolve in the water in the subsequent saltwater process
(Fig. 6i, 140 min), as shown by the in situ real-time observation
on the LRS of the HCS NW membrane oating on the saline
(Fig. 6i and S8†).

This may be the main reason for the failure of the salt to
occupy the light-receiving surface of our membrane. This
capability is superior to most solar absorbers,21 where dense
22984 | J. Mater. Chem. A, 2018, 6, 22976–22986
and crowded salt crystals are formed on the whole membrane
during long-term solar irradiation. It is highly likely that the
surface composites confer zwitterionic behavior46 to our
membrane, resulting in a robust and stable super-hydrophobic
LRS, which enables effective salt-rejection and long-term
stability for solar vapour generation.

Conclusions

In conclusion, an omnidirectional light absorption and effective
salt-rejecting HCS NW porous membrane was prepared using
a hierarchical bottom-up strategy. Our design was inspired by
the natural lotus leaf, where the HCS NW gradient structures
were directly grown on the 3D CF with interconnected micro-
pores, which consists of black NP/NW light-receiving struc-
tures and root-like NW/NW water-pumping structures. This
design: (1) ensures highly efficient solar harvesting in a wide
spectral range and omnidirectional character via the strong
multiple interaction between light and hierarchical-NW archi-
tecture; (2) makes the membrane enjoy both a robust super-
hydrophobic LRS and a stable super-hydrophilic RLS in one
single-layer structure, even aer a long-time saline cycle; and (3)
provides hierarchical water pathways, which can constrain the
water distribution to the near surface of the LRS, thus ensuring
efficient water absorption and vapor generation. As a result, this
membrane could naturally oat on the water surface and effi-
ciently absorb (�93%) solar absorption in a wide spectral range
(200–2500 nm) with omnidirectional character (0� to 80�),
which is superior to that in most reported works. In addition,
this membrane exhibits effective salt-rejection even at a high
concentration of salt (20 wt%). The light-receiving surface of the
membrane was free of salt accumulation in saline water even
aer several weeks due to the robust super-hydrophobic feature
of our designed structures. A high vapour generation efficiency
(�86%) was also achieved with the HCS NW membrane under
one sun irradiation. The durability test result demonstrated an
enhanced desalination performance (�7%) even aer an ultra-
long test time in saltwater (up to 310 days), which is the best
among comparable state-of-the-art systems published recently
in top journals (see ESI Table S148–52†). This improvement is
mainly attributed to the formation of a super-hydrophilic RLS
aer salt-induced wettability-inversion. This hierarchical
nanostructured membrane offers highly efficient solar har-
vesting in a wide angle range and excellent salt-rejecting tech-
nology, which is easily recycled for long-term and efficient solar
vapour generation.

Methods
Synthesis of the HCS NW porous membrane

Commercial CF (with a thickness in the range of 0.3 mm to 0.5
mm) was rst soaked in hydrochloric acid for 30 min and then
dried under an argon atmosphere. Copper oxide (CuO) NWs
were directly prepared on the foam substrates in a conventional
furnace tube by a thermal oxidation process in air atmosphere.
Then, the sample was loaded in a PECVD system and an
amorphous silicon (a-Si) lm was coated on the CuO NW cores
This journal is © The Royal Society of Chemistry 2018
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at 200 �C with 5 sccm SiH4 and 50 sccm H2, 600 mTorr pressure
and 76 mW cm�2 RF power density. In the next step, a tin (Sn)
lm (�5 nm) was prepared on the CuO/a-Si core–shell NWs
using a thermal evaporation system. Aer that, Si NW branches
were graed on the CuO/a-Si core–shell NW trunks via an Sn-
droplet-catalyzed VLS process at 480 �C with 5 sccm SiH4 and
50 sccm H2, 600 mTorr pressure, and 76 mW cm�2 RF power
density. This was followed by annealing under an H2 atmo-
sphere at 600 �C for 240 min to reduce the CuO core into Cu to
form the HCS NW gradient structure. Finally, a thin Al2O3 layer
was deposited via thermal atomic layer deposition (ALD) using
O2 and Al(CH3)3 (TEMA) as the Al and O sources, respectively.
Optical measurements

Optical transmittance and reectance spectra of the materials
were measured in the wavelength range of 200–2500 nm with an
integrating sphere model (ISR-3100) on a Shimadzu UV3600
spectrophotometer. The absorption efficiency was then calcu-
lated using the equation A ¼ 1 � R � T, where A is the
absorption efficiency, R is the reection efficiency and T is the
transmission efficiency.
Experimental set-up for solar desalination

The test system for the solar desalination included a solar
simulator (Newport 94043A) and a high accuracy balance (Liang
Ping Tech, FA2004, 0.1 mg in accuracy). The optical power on
the surface of the membrane was measured by a standard solar
cell (Newport 91150V) and an optical power meter (Coherent
1097901). The light-to-heat conversion temperature of the
membrane was measured using a thermal infrared imager
(Fluke Ti100) and a thermocouple thermometer (Bolsen,
HT9815). The mass change in water was measured using a high
accuracy balance and then real-time transferred to a desk
computer for the evaluation of the evaporation rate and solar-
thermal conversion efficiency.
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