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rid hydrogels assembled with
conducting polymer hollow spheres and silica
aerogel microparticles for solar steam generation†

Mengyao Tan,‡ab Jin Wang, ‡b Wenhui Song,c Jianhui Fang*a

and Xuetong Zhang *bc

The design and synthesis of solar steam generation materials have received considerable attention due to

their capacity to produce freshwater from seawater or contaminated water by a straightforward utilisation

of solar energy. The practical application of these materials, however, is restricted by their low evaporation

efficiency and non-durable floating capacity on water. Herein, flexible and self-floating polyvinyl alcohol

(PVA) based hybrid hydrogels for solar steam generation are designed and synthesized by assembling

two types of functional particles within the network: conducting polymer hollow spheres (CPHSs) for

achieving solar absorption and heat conversion, and silica aerogel microparticles for density reduction

and efficient energy conversion confined to a small amount of surrounding water. Following a freezing

process, functionalized hybrid hydrogels with macro-sized channels are generated, contributing to rapid

water supply. The Janus surface nature, with one side being hydrophilic (contact angle ca. 60�) and

another hydrophobic (contact angle up to 135�), of the hybrid hydrogel was found due to the formation

of a gradient distribution of silica aerogel particles via controlling the gelation conditions. Consequently,

the density of the hybrid hydrogels is controlled in the range of 0.8–1.0 g cm�3 and the thermal

conductivity of the corresponding xerogels in the range of 0.030–0.035 W m�1 K�1, depending on the

content of the silica aerogels. High water production of the hybrid hydrogel at a rate of 1.83 kg m�2 h�1

under 1 sun illumination has been demonstrated, which is an important step towards a cost-effective

solution for the scarcity of clean water.
Introduction

Solar energy is a promising source for boosting the evolution of
sustainable and renewable energy technologies. Solar-to-electric
conversion systems, such as perovskite solar cells,1,2 dye-
sensitized solar cells,3,4 and organic solar cells,5–9 and solar-to-
thermal conversion processes, such as domestic heating,10

water desalination and remediation,11–13 have received consid-
erable attention from both the academic and industrial
community. Among the solar energy applications, solar steam
generation has attracted increasing interest because freshwater
could be directly produced from polluted or saline water.
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Though signicant progress has been made in enhancing solar
mediated water evaporation, many challenges remain to be
overcome, mainly in the following areas: (1) enhancing the solar
absorption and improving light–heat conversion efficiency; (2)
conning the converted energy to a small amount of water; (3)
ensuring sustainable and rapid water supply to the localized
heated area; and (4) synthesizing materials with long life span
and capable of self-oating on water.

To tackle these problems, great efforts have been made
through development and application of new functional mate-
rials. For instance, ultra-black semiconductors,14 plasmonic
nanoparticles,15–17 and nanocarbon materials18–21 have been
investigated for enhancing solar absorption. Carbon-based
materials,22,23 conducting polymers,24 bio-inspired struc-
tures,25,26 and aerogels27–30 have been used to improve energy
connement by heat localization. Freezing and carbonization
have been applied to produce large channels for rapid water
supply,31–33 and superhydrophobic modication was used to
fabricate self-oating membranes34 for solar steam generation.
Despite the improvement, more functional and robust mate-
rials and devices based on them are still desirable to solve all
the challenges. Interestingly, aerogels are a kind of highly
porous material possessing extremely low density and low
J. Mater. Chem. A
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thermal conductivity, and they have been used as either bulk or
powdery materials in the elds of thermal insulation, super-
hydrophobic modication, catalyst support, etc.35–41 By taking
these advantages, it is hypothesised that, as illustrated in
Fig. 1a, if aerogel microparticles can be incorporated in a device
for solar steam generation, the product will be light weight and
self-oating on water, and the heat may be conned by the
aerogels for localized heating. To prove this hypothesis, herein,
a series of energy-converting composite hydrogels based on
polyvinyl alcohol (PVA) were designed and synthesized, which
could self-oat on water. Conducting polymer hollow spheres
(CPHSs)42–44 were used as a robust solar energy absorption and
light–heat conversion agent, while superhydrophobic silica
aerogel microparticles were applied to afford a hydrophobic
upper surface with further weight reduction, and thus the
hybrid hydrogels were proven to be self-oating on water so that
the water could be efficiently evaporated. Finally, freeze-and-
thaw treatment of the hydrogels was performed in order to
produce macro-sized channels within the hydrogel network for
more rapid water supply. A unique macro-sized Janus surface
hydrogel with a hydrophilic bottom layer (contact angle ca. 60�)
and a hydrophobic top layer (contact angle up to 135�) was
Fig. 1 (a) The proposed functional CPHS/aerogel/PVA hybrid hydro-
gels for solar steam generation: hydrophilic channels are introduced
by freeze-and-thaw cycles and used for rapid water supply; CPHSs are
used as a solar energy absorbent, and aerogel microparticles for
reducing density and thermal conductivity. (b) Schematic diagram of
the synthetic approach for producing the CPHS/aerogel functional-
ized hydrogels.

J. Mater. Chem. A
achieved via controlling the distribution of aerogel microparti-
cles across the thickness of the membrane under different
gelation conditions. As a result, a high water-production rate of
1.83 kg m�2 h�1 under 1 sun illumination (1 kW m�2) has been
achieved. The densities of the hybrid hydrogels were in the
range of 0.85–1.0 g cm�3 and the thermal conductivity of the
corresponding xerogels in the range of 0.030–0.035 W m�1 K�1,
depending on the amount of silica aerogels.

Experimental
Materials

PVA with an alcoholysis degree of 98–99% (mol mol�1), pyrrole,
aniline, HCl (37%), glutaraldehyde, and ammonium persulfate
(APS) were purchased from Sigma-Aldrich. Triton X-100 (TX-
100) was purchased from Beijing Chemical Works. Aniline
and pyrrole were distilled under reduced pressure before use.
De-ionized water was used in all the experiments. Poly(aniline-
co-pyrrole) hollow spheres (CPHSs) were prepared according to
the literature,42–44 and the TEM morphology of the CPHSs is
shown in Fig. S1 (ESI†). Hydrophobic SiO2 aerogel microparti-
cles (see Fig. S2 for the SEM images in the ESI†) were synthe-
sized according to our previous work, the contact angle is 149�

and the BET surface area is 576 m2 g�1 (Fig. S3, ESI†).45,46 All
other reagents were used without further purication.

Preparation of hybrid hydrogels containing CPHSs and silica
aerogel microparticles

In a typical process, 8 mg SiO2 aerogel microparticles were
added to 8 g PVA aqueous solution (10 wt%), followed by the
addition of 2 ml of PPy–PANI hollow sphere aqueous solution
(60 mg ml�1). The components were mixed by vigorous stirring.
Subsequently, 400 ml of HCl (1 M) serving as the catalyst and 192
ml of glutaraldehyde (10 wt%) serving as the crosslinker were
added to the solution. The mixture was kept at 20 �C and the
hydrogel formed in 2 h. The obtained PVA hydrogel was washed
with DI water. The puried gel was directionally frozen by liquid
nitrogen from the bottom side and then thawed in DI water at
a temperature of 30 �C. The freeze-and-thaw process was
repeated 10 times.

Characterization

The morphology of the samples was characterized using
a scanning electron microscope (SEM) (S-4800) operated at 10
kV and a transmission electron microscope (TEM, Tecnai G2
F20 S-Twin) operated at 200 kV. An infrared camera was used to
take infrared photographs. The thermal conductivity at room
temperature was measured using a transient hot wire method
(XIATECH TC3000, China); the data were collected three times
with a 5min interval between eachmeasurement. Water contact
angles were measured using a contact angle meter (DSA 100,
KRUSS Corporation, Germany). The dynamic rheological
measurements were carried out on a Physica MCR301 apparatus
at 25 �C. The storage modulus (G0) and loss modulus (G00) of the
hydrogels were measured at a frequency ranging from 0.1 to
10 Hz with a strain amplitude of 100 Pa at 27 �C. The optical
This journal is © The Royal Society of Chemistry 2018
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transmittance and reectance spectrum of the CPHS hybrid
hydrogel was recorded in the range of 200–2000 nm with a Shi-
madzu UV3600 spectrophotometer attached to an integrating
sphere (ISR-3100). The absorption efficiency was then calcu-
lated using A ¼ 1 � R � T, where R and T are the reection and
transmission efficiencies, respectively.

Water evaporation performance of the hydrogels

The steam generation experiments were performed with a solar
simulator (Newport 94043A) and the light intensity was kept at 1
kW m�2 (1 sun). All the test data were obtained at an ambient
temperature of 22 � 2 �C and a relative humidity ofz48%. The
hybrid hydrogels with a diameter of 3.5 cm and thickness from
2 to 7 mm were oated on water in a cylindrical polystyrene (PP)
container with a diameter of the water surface of ca. 3.7 cm for
solar steam generation. The mass change during water evapo-
ration was measured using a high-accuracy balance (Quintix
224-1CN, 0.1 mg accuracy). All evaporation rates were measured
aer stabilization under 1 sun for 60 minutes.

The corresponding energy efficiency (h) for solar to vapor
generation can be calculated using the following formula:

h ¼ _mhv/CoptP0 (1)

in which _m is the mass ux, hv is the vaporization enthalpy of
the water in the hydrogels, P0 is the solar irradiation power of
one sun (1 KWm�2), and Copt refers to the optical concentration
on the absorber surface.

Results and discussion

Due to their high water contents (up to 80 wt%) and highly
porous structures, hydrogels have been recently adopted as
ideal matrices for solar steam generation.32,33 However, due to
their higher densities than water, it's difficult for them to oat
on water for a long time. In this work, a simple and facile
approach to the design and production of self-oating
composite hydrogels with densities lower than 1 g cm�3 was
developed by the introduction of superhydrophobic silica aer-
ogel microparticles (SAMs). For instance, a PVA composite
hydrogel containing 15 wt% SAMs was achieved. Due to its low
density (0.5 g cm�3), it could stably self-oat on water for 1 year
(see Fig. S4, ESI†). However the composite PVA hydrogels with
high content of SAM were hydrophobic inside, which is disad-
vantageous for a sustainable and rapid water supply in the local
heated area. Thus, a low silica aerogel content ranging from
0.08 to 0.4 wt% was applied in this work. Following the
approach illustrated in Fig. 1b, a mixture of aerogels, CPHSs,
a cross-linker and a catalyst with aqueous PVA was kept at 20 �C
to slow down the gelation process to provide enough time for
aggregation and migration of the SAMs towards the upper side
of the composite hydrogels. Aer gelation for 2 h, the obtained
functional hydrogels appeared black with the rougher upper
surface of the hydrogels being hydrophobic (with a contact
angle of ca. 135�), and the smoother bottom surface of the
hydrogels being hydrophilic (with a contact angle of ca. 60�), as
shown in Fig. 2a and b. The results indicated that a phase
This journal is © The Royal Society of Chemistry 2018
separation occurred during the gelation process andmore SAMs
might aggregate and migrate towards the upper layer of the
hydrogels, which is conrmed by the SEM-EDS results in the
following section. As expected, the hybrid hydrogel was light
weight (0.85–1.0 g cm�3) and self-oating on water (Fig. S5
ESI†), and the low density of the hydrogel may be ascribed to the
aerogels and indicated that water did not ll in the pores of
aerogels due to their hydrophobicity. When the hydrogels were
used for solar steam generation, the bottom side of the hydro-
gels was partially submerged in water while the upper side was
exposed to air. If the hydrogel membrane was put the other way
around, by submerging the upper side in water, the hydro-
phobic nature of the upper surface may play an opposite role of
prohibiting the sustained water supply.

The viscoelasticities of the hydrogels in terms of storage
modulus, G0, and loss modulus, G00, as function of frequency
under shearing are shown in Fig. 2c. The dynamic rheological
frequency sweep of the hydrogels shows a stable storage
modulus, G0, and loss modulus, G00, with little dependence on
the range of frequency tested. The G0 value is signicantly
higher than the G00 value (almost zero) in all cases, indicating
dominance of the elastic behaviour with little energy loss at
small strain owing to their chemically crosslinked polymeric
network. The high elasticity of the hydrogels was also conrmed
by a static mechanical test, with a recoverable compression
strain of more than 60% (Fig. S6 ESI†). The hydrogels could be
reversibly distorted into various shapes (Fig. S7 ESI†).

SEM images in Fig. 2d–f show the morphology of the dehy-
drated hydrogels. As seen from the cross-section image
(Fig. 2d), there are a number of macro-sized channels (from
several to hundreds of micrometers) in the vertical direction,
which resulted from the directional freeze-and-thaw treatments
of the hydrogels. Besides, there are also various interconnected
micro-pores with size lower than 10 mm (Fig. 2e and f) on the
walls of large channels. These structures were envisaged to
facilitate water transport.31–33 As shown in Fig. S8 (ESI†), all the
functional hydrogels possessed high saturated water contents
(Qs), e.g. 3.63, 3.55, 3.24, and 2.86 g g�1 for the hydrogels with
aerogel contents of 0.08, 0.16, 0.24, and 0.4 wt%, respectively,
indicating that the Qs can be tuned with the amount of silica
aerogels. In addition, the water transport in the hydrogels was
evaluated by the dynamic analysis of their swelling process. The
swollen time from the half-saturated state (0.5Qs) to the satu-
rated state (Qs) can reveal the water transport in the hydrogels.32

The water transport rate (V) can be calculated using

V ¼ 0.5Qs/t (2)

where t is the half-swollen time. As shown in Fig. S9 (ESI†), with
one gram of the freeze-dried hydrogel (xerogel), the hydrogels
show a V of 0.030, 0.026, 0.019, and 0.017 g min�1, indicating
the tunable water transport properties of the functional
hydrogels.

The SEM-EDS 2D images of the hydrogels (Fig. 2g and h)
show that carbon and nitrogen elements were homogeneously
distributed, which indicated that the CPHSs were well dispersed
in the hydrogels (the nitrogen was from the CPHSs). However,
J. Mater. Chem. A
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Fig. 2 Photo images of the (a) upper surface and (b) bottom surface of the CPHS/aerogel functionalized hydrogel, inset is the contact angle
image; (c) dynamic shear rheology behaviours of the hydrogels, the curves of storage modulus (G0) and loss modulus (G00) vs. frequency, samples
1–4 correspond to the hydrogels with CPHS contents of 0.4, 0.8, 1.2, and 1.6 wt%; SEM images of the hydrogels: (d) cross-section of the
hydrogel, (e) upper surface of the hydrogel, and (f) bottom surface of the hydrogel; SEM-EDS 2D images of the cross-section of the hydrogel: (g)
carbon, (h) nitrogen, and (i) silicon; (j) Si and N contents of different parts of the hydrogel from SEM-EDS spectra.
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the signal of silicon was signicantly stronger in the upper side
of the hydrogel, which indicated that the silica aerogels were
aggregated and migrated towards the top of the hydrogel,
possibly due to the low density of the aerogels (ca. 50 mg cm�3)
and their non-wettability by water. The distribution of Si and N
across the membrane thickness was quantied using the SEM-
EDS spectra, as shown in Fig. 2j, with the content of silica
(corresponding to the silica aerogels) signicantly decreasing
from 1 wt% in the top layer to 0.1 wt% in the bottom layer. The
SEM image of the top layer of the hydrogel in Fig. 2e and S10
ESI† further indicated that the aerogel microparticles were
enriched on the top surface of the hydrogel and remained intact
as the porous structure could be clearly observed, while they
were almost unobservable in the bottom layer of the hydrogel
(see Fig. 2f and S11, ESI†). The gradient distribution of the
aerogels may explain the reason for the Janus surface nature of
the hydrogel (with a hydrophobic top layer and a hydrophilic
bottom layer). Opposed to Si content, the content of nitrogen,
which corresponds to CPHSs, was increased from 1.8 to 2.7 wt%
from the top to the bottom of the hydrogel (Fig. 2j). Such an
inverse dual-gradient hybrid structure is prone to provide
multiple functionalities to the hydrogels, which is envisaged to
have an inuential role in the solar steam generation perfor-
mance, as systematically investigated in the following section.

Functional hydrogels with different contents of CPHSs, silica
aerogels, and thickness were synthesized and investigated for
J. Mater. Chem. A
solar steam generation. An impressive evaporation rate up to
1.83 kg m�2 h�1 with a high solar energy conversion efficiency
of 82.2% had been obtained in the case of the hydrogel with
a thickness of 5 mm, and 1.2 wt% and 0.08 wt% CPHSs and
aerogels, respectively. The resulting hydrogel could self-oat on
water (Fig. 3a) and its temperature increased rapidly under 1
sun solar illumination (Fig. 3b–d). The temperatures of the
hydrogel and the bulk water were real-time monitored. As pre-
sented in Fig. 3e, the temperature of the top surface increased
from ambient temperature (23.3 �C) to 33 �C in several minutes
and nally up to 40 �C, and the temperatures inside the
hydrogel and at the bottom surface of the hydrogel also
signicantly increased to 35 �C. In comparison, the temperature
of the bulk water slowly increased and was lower than 30 �C
even aer 1 h. The results indicated that heat transportation
from the hydrogel to the bulk water was limited, possibly due to
the low thermal conductivity of the hydrogel (around 0.20 and
0.54 W m�1 K�1 for the upper side and the bottom side,
respectively, Fig. S12 ESI†), thanks to the presence of silica
aerogels. Besides, it could be seen that the temperature of the
top side of the hydrogel rapidly increased to 35 �C in 10min and
then reached a balance. The result may indicate that the light-
to-heat conversion and the water evaporation reach equilib-
rium in 10 min.32 Fig. 3f shows the water evaporation rate (ER)
of the hydrogel under 1 sun and in the dark. The ER values of
pure water under similar conditions are also presented. First,
This journal is © The Royal Society of Chemistry 2018
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Fig. 3 (a) Photo of the solar steam generation measurement under 1 sun illumination: infra-red images of the functional hydrogels kept under 1
sun illumination for: (b) 0min, (c) 30min, and (d) 60min; (e) temperature–time curves of different parts of the functional hydrogel and bulk water
under 1 sun illumination; (f) evaporation rate of water through the hydrogels under different conditions (in the dark or under 1 sun), in the
presence/absence of hydrogels as indicated.
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the ER of pure water in the absence of hydrogel was investi-
gated, and the ER of water was 0.14 and 0.32 kg m�2 h�1 in the
dark and under 1 sun, respectively. Impressively, the ER of
water in the presence of the hydrogel reached 1.83 kg m�2 h�1

under 1 sun, a remarkable increment of 5.7 times. The ER
value of the hydrogel in the dark only slightly increased to
0.38 kg m�2 h�1, possibly due to the absorption of infrared
radiation from the surrounding environment. As conrmed by
the absorption spectra of the hydrogel shown in Fig. S13 ESI,†
the averaged absorption is 90% across 200–2000 nm. It should
be pointed out that in all the experiments, the bottom side of
the hydrogels was submerged in water unless it is pointed out,
because the bottom side of the hydrogels is hydrophilic, which
facilitated water transportation to the hydrogels and resulted in
higher ER values (as illustrated in Fig. S14, ESI†).

In comparison, if no silica aerogels were introduced, the
CPHS functionalized hydrogels would sink into water (Fig. S15,
ESI†). Regardless of the presence of CPHSs as a photothermal
conversion agent, water could not be evaporated through the
hydrogel, and the ER in this case was only 0.74 kg m�2 h�1

(Fig. S16, ESI†). On the other hand, if no CPHSs were intro-
duced, the aerogel functionalized hydrogel could self-oat on
water (Fig. S17, ESI†). However, due to the lack of a photo-
thermal conversion agent (CPHSs), the ER in this case was even
more lower, only 0.56 kg m�2 h�1 (Fig. S16, ESI†). Besides, the
superior performance of the hollow spheres over the solid
spheres was also conrmed by parallel experiments. Solid
microspheres based on polypyrrole (PPy), polyaniline (PANI),
and PPy–PANI copolymers were prepared according to the
literature43,47 (Fig. S18, ESI†). The ER values of the hydrogels
derived from PPy/aerogel, PANI/aerogel, PPy–PANI/aerogel, and
CPHS/aerogel were measured and the values were 1.0, 1.19,
1.22, and 1.47 kg m�2 h�1, respectively, as shown in Fig. S19,
ESI.† Clearly, the results conrmed that much higher ER values
could be obtained when hollow spheres were introduced into
This journal is © The Royal Society of Chemistry 2018
the hydrogel, in that vapor bubbles might have been simulta-
neously generated from the interior and exterior of the nano-
shell of the hollow spheres, thus minimising light scattering
and enhancing light absorption.48 If CPHSs alone were used for
solar steam generation, the microspheres were quickly wetted
by water and they sank in water (Fig. S20, ESI†), and an ER value
of 0.77 kg m�2 h�1 was obtained (Fig. S21, ESI†), which is
almost the same as that of the hybrid hydrogel without the silica
aerogels (Fig. S16, ESI†). The reason may also be that water
evaporation did not occur directly from the CPHSs, and the bulk
water was heated up (the heating of the water was not localized,
see Fig. S22, ESI†).

Apart from the aforementioned parameters, the contents of
the CPHSs and aerogels, and hydrogel thickness may also
greatly impact the ER values of the hydrogels. To optimise the
formulation and structure of the hydrogel, the effects of the
variation of functional components and thickness of the
hydrogel on the evaporation capacities of the hydrogels were
investigated, and are presented in Fig. 4. As seen in Fig. 4a, the
ER values increased with the increment of CPHS content, and
reached a maximum when the content of CPHSs was 1.2 wt%.
Further increasing the CPHS content did not increase the ER.
The effect of silica aerogels on the ER is shown in Fig. 4b. The
lowest content of aerogels, 0.08 wt%, appeared to contribute to
the highest evaporation capacity of the hydrogel. Further
increasing the amount of aerogels resulted in lower ERs,
possibly due to a trade-off effect of increasing hydrophobicity,
which reduced both the saturated water content in the hydrogel
and the water transportation rate, as conrmed in the above
section, Fig. S9, ESI.† It should be pointed out that bulk aerogels
have been used for solar steam generation;27–30 however, their
ERs were relatively low (0.9–1.4 kg m�2 h�1) and the conversion
efficiencies were lower than 75% under 1 sun illumination. The
possible reason may be that the aerogels were lled with water
when they were used for steam generation, in which they
J. Mater. Chem. A
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Fig. 4 (a) ER values related to the content of hollow spheres of the hydrogels with the same thickness (5 mm) and silica aerogel content
(0.08 wt%). (b) ER values related to the content of silica aerogels of the hydrogels with the same thickness (5 mm) and hollow sphere content
(1.2 wt%). (c) ER values related to the thickness of the hydrogels with the same aerogel content (0.08 wt%) and hollow sphere content (1.2 wt%).
(d) Solar energy conversion efficiency of the hydrogels with different thicknesses, consisting of 0.08 wt% silica aerogels and 1.2 wt% hollow
spheres.
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became hydrogels and the excellent thermal insulation prop-
erties of the aerogels were decreased. But in our work, the aer-
ogels remained intact as conrmed by their low densities and
SEM images (Fig. S10, ESI†). Based on the optimised composi-
tion of the hydrogel, the effect of thickness of the hydrogel on
the evaporation rate was also evaluated, as shown in Fig. 4c,
with the ER value peaking at a thickness of 5 mm. If the
hydrogel was too thin, it could easily roll up under illumination.
If the hydrogel was too thick, water transportation rate also
reduced due to a longer diffusion distance. The corresponding
solar energy conversion efficiency showed a similar tendency as
shown in Fig. 4d, reaching 82.2%when the thickness was 5mm,
with optimised CPHS and aerogel contents of 1.2 wt% and
0.08 wt%, respectively.

The freeze-and-thaw process, which introduced macro-sized
channels in the vertical direction in the hybrid hydrogels, could
also signicantly increase the ER value. In contrast, there is no
porous structure in the hydrogels without freeze-and-thaw
treatment (Fig. S23, ESI†), and the ER value of the corre-
sponding hydrogel was 1.27 kg m�2 h�1 (Fig. S24, ESI†). The
results indicate that introducing a porous structure in the
hydrogel by freeze-and-thaw is an efficient approach to improve
its steam generation efficiency.33
J. Mater. Chem. A
Furthermore, the high ER and conversion efficiency of the
functional hybrid hydrogels could be repeatedly achieved for 30
cycles with no sign of decline, indicating their high stability as
shown in Fig. 5a. The repeat test of the hydrogels was conducted
each day for 2 hours. In fact, the hydrogel could oat on water
for 6 months, and there was no sign of sinking into the water,
which was ascribed to the presence of superhydrophobic silica
aerogels in the hydrogel matrix. Based on these results, the
working mechanism of the multi-functional hydrogels for solar
steam generation is proposed as illustrated in Fig. 5b. Firstly,
the CPHSs distributed within the PVA hydrogel network play an
essential role in transforming solar energy into thermal energy.
The localized water around the CPHSs heated up and the
evaporation rates were elevated. Secondly, the aerogels afford
the self-oating capacity to the hydrogels, providing an inter-
face between the hydrogel and air, so that the vapor could be
directly transferred to the environment and collected. Besides,
the aerogels may signicantly decrease the thermal conductivity
of the hydrogels, and thus the heat converted by the CPHSs
could be well conned to their surrounding water. Thirdly,
vertically aligned macro-sized channels induced by freeze-and-
thaw cycles facilitate water transport into the network towards
the upper surface of the hydrogel. As a consequence, such
This journal is © The Royal Society of Chemistry 2018
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Fig. 5 (a) Reusability of hydrogels under 1 solar irradiation for 30
cycles, each cycle was tested for 2 h. (b) Schematic illustration of solar
steam generation based on the functional hybrid hydrogels.
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a coherent assembly of a heterogenetic structure offers an
appealing ER of 1.83 kg m�2 h�1, which is among the highest
values in the eld.11–13

Conclusion

In summary, a series of CPHS and aerogel functionalized hybrid
hydrogels were designed and synthesize for rapid solar steam
generation. The desirable functions of solar steam generation
materials, e.g. high photothermal conversion efficiency (up to
82.2%), self-oatability, low heat transfer to the surrounding
environment, a fast water transport rate (up to 0.03 g min�1),
and a high ER of the hydrogel (up to 1.83 kgm�2 h�1), have been
achieved in an optimised functional hydrogel, contributed by
a unique assembled heterogenetic structure of a 3D network
consisting of an inverse dual-gradient distribution of CPHSs,
silica aerogels, and vertical macro-channels across the
membrane thickness. The obtained hydrogels were robust,
exible and could self-oat on water, with an upper hydro-
phobic and bottom hydrophilic Janus surface. The proven
concept of introducing energy concerting particles and hydro-
phobic aerogel microparticles with an inverse-dual gradient
distribution into a hydrophilic hydrogel matrix may lead to
fabrication of various new families of functional hydrogels that
could self-oat on water, and may be an important step towards
a solution for the scarcity of clean water.
This journal is © The Royal Society of Chemistry 2018
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