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Synthesis of photothermal materials with high efficiency and anti-
corrosion stability is key for photothermal corrosive-water evapora-
tion, but remains a great challenge. Herein, for the first time, we
developed mesoporous FesSi aerogel as a new photothermal material
for remarkably efficient and stable corrosive-water evaporation. The
as-prepared FesSi aerogel presented narrow mesopores with a size of
2-3 nm that could greatly reduce the thermal conductivity to 0.04 W

1K=, which is the lowest reported value so far, and depressed the
latent heat of water evaporation. The obtained FesSi aerogel sup-
ported on melamine foam demonstrated outstanding seawater
evaporation rate of 2.08 kg m~2 h~! and high solar-thermal utilization
efficiency of 91.8% under one solar level irradiation, exceeding those
of most of the photothermal materials. Notably, owing to the strong
corrosion resistance, the support-free hydrophobic FesSi aerogel
displayed utrastable solar-thermal water evaporation performance,
with more than 1 kg m~2 h™! of water evaporation and outstanding
cycling stability in two highly corrosive solutions, namely, 0.5 M H,SO,4
and 1 M NaOH. Therefore, we believe that the FesSi aerogels have
great potential for wide industrial applications such as seawater
production, brine management and water

desalination, salt

purification.

Introduction

Fresh water is one of nature's most important gifts to mankind

and is essential for our survival." However, the current

drinking water is being overly contaminated, resulting in the
serious shortage of fresh water.> Corrosive water (e.g.,
seawater) is a nearly unlimited source for fresh water
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production.® Converting solar energy to heat by photothermal
materials for water evaporation has been gradually recognized
as a green and promising way for seawater desalination and
other corrosive-water evaporation.*® In this regard, one great
challenging issue is to simultaneously improve the water
evaporation efficiency and stability of photothermal mate-
rials.*” Thus far, more studies have focused on increasing
sunlight absorption with black photothermal materials, such
as metallic nanoparticles and carbon based materials, to
convert more heat for promoting water evaporation effi-
ciency.*** However, most reported photothermal materials
have generally presented high thermal conductivity."*** In
such cases, sunlight-converted heat energy was partly lost to
the air, by thermal conduction of the photothermal materials
instead of being used for water evaporation.’'® It is known
that appropriately tuning the porous structure can decrease
the thermal conductivity of photothermal materials.'®
However, the size of pores reported for photothermal mate-
rials are at micrometer level, which could reduce the thermal
conductivity to only 10 W m~" K~ '.1314171% Apart from the
requirement of improved water evaporation efficiency, pho-
tothermal materials should possess excellent anti-corrosion
properties towards corrosive solutions, such as acids and
bases, to extend their applications in different media.>*>*
Nevertheless, rational design and fabrication of such a stable
photothermal material with wide wavelength range for light
absorption and extremely low thermal conduction remains
elusive.

In this study, we report a novel, inexpensive photothermal
material, Fe;Si aerogel, with properties such as narrow mes-
opores of 2-3 nm size, full absorption of sunlight, and
outstanding anti-corrosion resistance, as a new photothermal
material for highly efficient and stable water evaporation from
various types of corrosive solutions. Importantly, the meso-
porous structure of the Fe;Si aerogel could greatly reduce the
thermal conductivity to 0.04 W m~"' K™, which is the lowest
value reported for photothermal materials, and even well
comparable to thermally insulating foams.*>** As a result, our
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Fe;Si aerogels exhibited excellent thermal storage capacity.
Additionally, the Fe;Si aerogel supported on melamine foam
showed outstanding seawater evaporation rate of 2.08 kg m >
h~" and superior solar-thermal efficiency of 91.8% under one
solar irradiation, exceeding the traditional theoretical limit of
photo-thermal water evaporation.'® Remarkably, Fe;Si aerogel
was stable not only in seawater but also in highly
systems (e.g., H,SO,, NaOH) efficient
photothermal water evaporation due to its excellent corrosion
resistance.

corrosive for

Experimental section
Chemicals

Fe;Si particles and melamine foam were purchased from CHINO
new material Itd. and Zhengzhou SHIKE Co., Ltd. respectively.
Ethylsilicate (TEOS), polyethylene glycol (PEG 2000), n-heptane,
ammonia, glucose and NaCl were purchased from Kermel. All
chemicals, including hydrochloric acid (YaoHua chemical
industry), alcohol (FengChuan chemical industry), iron nitrate
(Fuchen chemical industry), and trimethylchlorosilane (Macklin),
were used without further treatment.

Synthesis of Fe;Si aerogel

First, 10 mL TEOS was mixed with 40 mL alcohol. Subse-
quently 0.33 mL concentrated hydrochloric acid and 0.7 mL
deionized water were added to the above mixed solution. After
stirring, the obtained solution was transferred to a heated
plate and stirred for 4 h at 85 °C and then, 10 g PEG 2000 and
3 g ferric nitrate were added; after dissolving them, 5 mL
ammonium hydroxide was rapidly added into the solution.
Then, the resulting sample was aged for 3 days at 65 °C, and
directly annealed at 500 °C for 6 h in air. Then, the obtained
Fe-doped SiO, aerogel was grinded to powder and annealed in
H, atmosphere with 100 sccm at 400 °C for 3 h. Finally, Fe;Si
aerogels were obtained. For comparison, we also synthesized
pure SiO, aerogel, using the same procedure but without
adding Fe precursor.

Seawater evaporation

Simulated seawater comprising pure water with 3.5 wt% NaCl was
used in this experiment. The glass Petri dish with diameter of
42 mm and depth of 11 mm was placed on the electronic balance
as seawater container. Then, 11 mL seawater was added to this
Petri dish. Melamine foam of 40 mm diameter and 9 mm
thickness was chosen as the support for Fe;Si aerogels (50 mg),*”
which were coated on the top surface of melamine foam, about
2 mm higher than the surface of seawater. Then, the Petri dish
was illuminated by a simulated solar light source (xenon lamp,
Perfectlight Co., Ltd, Fig. S11) with 1.0 kW m™2 power (power at
center of water surface). The water evaporation mass was recor-
ded by an electronic balance with precision of 0.01 g.

Hydrophobic modification of Fe;Si aerogel

Self-floatable hydrophobic Fe;Si aerogel was prepared for highly
corrosive-water evaporation. In this case, Fe;Si aerogel was
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treated with trimethylchlorosilane n-heptane solution for
72 hours, and the samples were dried at 200 °C in the air for
12 hours.

Corrosive water evaporation

The concentration of sulfuric acid and sodium hydroxide
solutions were 0.5 and 1 M (mol L™ "), respectively. The glass (for
H,S0,) and plastic (for NaOH) beakers of 40 mm diameter were
placed on the electronic balance. Then, 50 mL of each corrosive
solution was added into the corresponding beaker. Then, 50 mg
hydrophobic Fe;Si aerogel, free of melamine foam support, was
added into each beaker and illuminated by simulated solar light
source (xenon lamp) with 1.16 kW m~ light intensity (center
water surface power). The water evaporation data was recorded
by the measurement from electronic balance. After five test
cycles, the evaporated water mass was added in beakers again
before the next five test cycles.

Characterizations

The as-prepared samples were studied by powder X-ray
diffraction (XRD), which was performed on a Bede D1 system
operated at 20 kV and 30 mA with Cu Ka radiation (1 = 1.5406
A). Transmission electron microscopy (TEM, JEOL F200) was
used to identify the morphology and crystallinity of the
nanostructures, energy-dispersive X-ray spectroscopy (EDS)
mapping was also performed. Scanning electron microscopy
(SEM) images were obtained with the FEI Nova NanoSEM450
(Czech Republic, European Union). The Brunauer-Emmett-
Teller (BET) surface area and pore size were measured by
a Micromeritics Tristar 3030 system. Ultraviolet-visible-near
infrared absorption spectrum was recorded on Hitachi
Limited U4100 (Japan). Contact angle measurements were
recorded to test the hydrophobic property using Data Physics
OCA 15EC (Germany). Infrared (IR) images were obtained
using a Fluke Ti300 infrared camera (America). The emissivity
of Fe;Si aerogel and bulk Fe;Si was tested as follows. First, we
placed the samples in dark environment and tested the
temperature with a thermocouple. Then, we used the IR
camera to test the temperature of materials. Next, we changed
the emissivity of the IR camera to make the IR temperature
equal to the temperature showed by thermocouple. The
emissivity was corrected as 0.88 and 0.92 for Fe;Si aerogel and
bulk Fe;Si, respectively.

Thermal conductivity calculations

Thermal conductivity («) was calculated based on k = D x C,, x
d,”® where the thermal diffusivity D was measured using the
laser flash technique in a Linseis LFA1000 system, the specific
heat capacity C, was measured using a Netzsch DSC200F3
differential scanning calorimeter, and the bulk density d was
determined by measuring the dimensions and mass of the
samples and then reconfirmed by the Archimedes method. We
pressed 0.27 g pure bulk Fe;Si particles and 0.03 g Fe;Si aerogel
to obtain standard disks at 12 MPa for 3 min. The calculated
intensities of disk made by pure Fe;Si particles and Fe;Si aer-
ogel were 4213 and 577 kg m >, respectively.

This journal is © The Royal Society of Chemistry 2018
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Results and discussion

Fig. 1a shows the synthesis scheme of Fe;Si aerogel. First, the
Fe-doped SiO, aerogel with high Fe dopant concentration (Fe/Si
ratio = 1/6) was synthesized through a sol-gel process. XRD
pattern revealed that the sample was in amorphous silica
phase® (Fig. 1b) and SEM image showed porous particle
morphology (Fig. 1c and d). The BET surface area of Fe-doped
Si0, aerogel was 550 m* g~ * and the average mesoporous size
was 8.8 nm (Fig. S2a, bt). The Fe 2p XPS spectrum of
Fe-doped SiO, aerogel showed two characteristic peaks of Fe
2psn at 710.8 eV and Fe 2p,,, at 725 eV, suggesting Fe(ur)
doping into SiO, aerogel (Fig. S2dt). Following this, black
colored Fe;Si aerogel was successfully prepared by annealing
Fe-doped SiO, aerogel in hydrogen gas at 400 °C for 3 h.
Fig. 1e shows the XRD pattern of the Fe;Si aerogel. There are
three sharp peaks at 45°, 65° and 82°, corresponding to the
(110), (200) and (211) lattice planes of Fe;Si (JCPDS 35-0519).
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A wide amorphous peak appearing at 23° verified the pres-
ence of amorphous SiO,. Furthermore, the crystalline Fe;Si
phase well-wrapped by amorphous SiO, was revealed by the
high resolution TEM image (Fig. S3at). Additionally, SEM
images of Fe;Si aerogel exhibited a disordered and unsys-
tematic particle morphology (Fig. 1f). A mesoporous struc-
ture could be clearly observed in high-magnification SEM
image (Fig. 1g), similar to the morphology of pure SiO, aer-
ogel (Fig. S3bf).

Nitrogen adsorption and desorption isotherms of Fe;Si aer-
ogel revealed a high BET surface area of 498 m” g ' (Fig. 2a),
and narrow mesoporous size distribution of 2-3 nm (Fig. 2b),*
caused by the volume expansion during the alloying process of
Fe and Si. The temperature-dependent total thermal conduc-
tivity (k) for Fe;Si aerogel is shown in Fig. 2c. The k value of bulk
Fe;Si with macropores was 15 W m ™ K~ ' (50-400 °C temper-
ature range, Fig. S47). Notably, the k value of Fe;Si aerogel over
the entire temperature range (50-400 °C) was about

Fe-doped SiO, aerogel

H, annealing
_—

Fe;Si aerogel

(a) Schematic of the synthesis process for FezSi aerogel. (b) XRD pattern, (c) SEM image, and (d) high-magnification SEM image of

Fe-doped SiO, aerogel. (e) XRD pattern, (f) SEM image, and (g) high-magnification SEM image of as-fabricated FesSi aerogel.
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Fig. 2 (a) Nitrogen adsorption and desorption isotherms, (b) pore size
distribution, (c) temperature-dependent total thermal conductivity and
(d) ultraviolet-visible-near infrared absorption spectrum of meso-
porous FesSi aerogel.

0.04 W m~ ' K, which was two orders of magnitudes lower
than that of bulk Fe;Si and very close to that of thermal insu-
lators, e.g., polystyrene foam (0.041 W m ™" K~ ').3*3* This result
confirmed that the narrow mesopores could significantly
reduce the thermal conductivity of materials. It should be
emphasized that as a black material, mesoporous Fe;Si aerogel
showed a full absorption of light from 500 nm to 2400 nm
wavelength (Fig. 2d), displaying full sunlight absorption
capacity. With the irradiation of 1.0 kW m~? standard sunlight
(one solar intensity), the temperature of pure Fe;Si aerogel
could be as high as 102 °C (Fig. S51). To the best of our
knowledge, Fe;Si aerogel showed the highest surface tempera-
ture under one solar irradiation, demonstrating almost full
conversion of light into heat energy.

To conduct photothermal seawater evaporation, we first
coated mesoporous Fe;Si aerogel on the top surface of the
melamine foam (Fe;Si aerogel/melamine foam, Fig. 3a). It
should be noted that the top surface of the melamine foam
was higher than the air-seawater interface to maintain the
floatability of the Fe;Si aerogel. A simulated sunlight source
with 1.0 kW m~> energy intensity was used to illuminate the
Fe;Si aerogel/melamine foam immersed in seawater. The top-
view infrared (IR) picture showed the temperature of only
21 °C for seawater under sunlight irradiation, and of 54 °C for
mesoporous Fe;Si aerogel layer on melamine foam (Fig. 3b).
Furthermore, the side-viewed IR picture exhibited a drastic
temperature change from 51 °C for the Fe;Si aerogel layer to
23 °C for the melamine foam (Fig. 3¢c). This suggested that the
light converted to heat energy was mainly localized in the
Fe;Si aerogel layer. For comparison, we also synthesized and
coated bulk Fe;Si on melamine foam (bulk Fe;Si/melamine
foam, Fig. S61). It was disclosed that with the increase in
irradiation time, the surface temperature was stable at 52 °C
for mesoporous Fe;Si aerogel/melamine foam, which was
much higher than that of bulk Fe;Si/melamine foam (45 °C),
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Fig. 3 (a) Photograph of FesSi aerogel supported on melamine foam
in solar-vapor desalination unit. (b, c) The corresponding top-view and
side viewed infrared (IR) images (obtained by IR camera) in solar-vapor
desalination unit after 5 minutes of 1.0 kW m~2 sunlight illumination. (d)
The temperature evolution and (e) seawater evaporation performance
of FesSi aerogel, bulk FesSi and pure SiO, aerogel supported on
melamine foam under 1.0 kW m™2 solar illumination, in comparison
with melamine foam only.

SiO, aerogel/melamine foam (25 °C, Fig. Sée, ff) and indi-
vidual melamine foam (25 °C) (Fig. 3d). As a result, the water
evaporation rate of Fe;Si aerogel/melamine foam was about
2.08 kg m~>h™" (Fig. 3e), which was 6.7 times higher than that
of melamine foam (0.31 kg m > h™') and much higher than
that of SiO, aerogel/melamine foam (0.53 kg m~> h™') and
most of the reported photothermal materials, e.g., hollow
carbon (1.45 kg m~? h™"),* graphene oxide/carbon nanotubes
(1.25 kg m~> h™"),% graphene foam (1.4 kg m~> h™"),%” Ti, 0,
(1.32 kg m~> h™"),%® and Mg reduced TiO, (0.8 kg m > h™")*
(Table S11). It is worth noting that the seawater evaporation
rate of hydrophobic Fe;Si aerogel/melamine foam obtained
even at a high interface temperature of 78 °C was only
~1.49 kg m > h™* (Fig. S77), which was about 71% of that of
pristine Fe;Si aerogel/melamine foam at the low temperature
of 52 °C (2.08 kg m~> h™', Fig. 3d, e). Notably, the water
evaporation efficiency of Fe;Si aerogel/melamine foam
exceeded the traditional theoretical limit of photothermal
water evaporation efficiency under one solar irradiation
(=1.5 kg m~> h™").” This was mainly attributed to the reduc-
tion of the latent heat of water evaporation by confining the
transport of small sized water clusters in the mesoporous
channels.*”*! To validate this, we tested the latent heat of
seawater evaporation of mesoporous Fe;Si aerogel/melamine
foam, the obtained value was only 1520 kJ kg™', which was
much lower than that obtained for bulk Fe;Si/melamine foam
(2215 kJ kg™') and for melamine foam (1909 kJ kg™ %)
(Fig. S81). Furthermore, the solar-thermal utilization effi-
ciency of mesoporous Fe;Si aerogel/melamine foam was as
high as 91.8% (Fig. 3e), which was much higher than that of
bulk Fe;Si aerogel/melamine foam (70.7%), under same
sunlight irradiation of 1.0 kW m ™2 (Table S21). Importantly, it
was revealed that, under 1, 2 and 3 times of solar irradiation
(1 to 3 kW m™?), the seawater evaporation masses gradually
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increased from 2.08 to 2.75 and 3.3 kg m~> h™" (Fig. S91).
These results demonstrated that the mesoporous Fe;Si aero-
gel holds great potential for seawater evaporation.

Apart from seawater, the efficient evaporation of other
corrosive liquids is also of wide significance in pure-water
production, brine management, and pollutant treatment.
Melamine foam is not stable in corrosive water; thus, it could
not be used as a support for mesoporous Fe;Si aerogel in
H,S0, and NaOH. Considering the fact that our mesoporous
Fe;Si aerogel presented high water-evaporation efficiency,
strong acid/alkaline resistance, and anti-oxidation ability, we
further examined the water evaporation performance of
support-free, self-floatable hydrophobic mesoporous Fe;Si
aerogels in 0.5 M H,SO, and 1 M NaOH. The monolith of pure
Fe;Si aerogel without hydrophobic treatment exhibited a low
water contact angle of 33° (Fig. S107). After hydrophobic
modification, hydrophobic Fe;Si aerogel demonstrated a high
water contact angle of 110° (Fig. 4a) and in this case, all
particles were readily floating on the surface of water (Fig. 4b).
Fig. 4c and d exhibit the photograph and IR picture of
hydrophobic Fe;Si aerogel floating on the surface of H,SO,
solution under light irradiation (1.16 kW m™? intensity).
Notably, Fe;Si aerogel presented excellent heat accumulation
capacity, and a record air-water interface temperature of
84 °C, much higher than the maximum value reported (68 °C)
in literature under similar sunlight irradiation.” In addition,
the heat loss from thermal radiation for Fe;Si aerogel was
0.44 kW m 2 in both 0.5 M H,SO, and 1 M NaOH solutions
(with surface temperature of 84 °C), which was significantly
greater than that from the hydrophilic Fe;Si aerogel/

Fig. 4 The water contact angle of (a) hydrophobic FesSi aerogel. A
water droplet was loaded on the surface of a sample disc, which was
prepared by pressing materials. (b) Photograph of the floating state of
hydrophobic FesSi aerogel. (c, d) Photograph and IR images of
hydrophobic FesSi aerogel floating on the surface of H,SO, after
10 minutes of 1.16 kw m~2 sunlight illumination.

This journal is © The Royal Society of Chemistry 2018
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melamine foam in seawater (0.08 kW m ™2, 52 °C, see calcu-
lation details in ESIY).

After 3 hours of sunlight irradiation, the evaporated water
amount in 0.5 M H,SO, and 1 M NaOH reached 4.05 and
3.64 kg m™?, respectively (Fig. 5a and b). To highlight the
outstanding cycling stability, the first five cycles of photo-
thermal water evaporation (each cycle conducted for 3 h) for
hydrophobic Fe;Si aerogels were conducted. The mass of
water evaporation was verified to decrease from 4.05 to
3.57 kg m~? in 0.5 M H,SO, solution and from 3.64 to
3.08 kg m~?in 1 M NaOH solution after the five cycles (Fig. 5¢
and d). Remarkably, with another 5 cycle-test, both solutions
showed water evaporation performance similar to that of the
first five cycles (Fig. S111). This excellent cycling stability was
attributed to the exceptional anti-corrosion properties of
stable structure and high hydrophobic nature of the Fe;Si
aerogel (Fig. S121). For comparison, we also tested the
stability of porous carbon for corrosive water evaporation in
H,S0, and NaOH solutions (Fig. S131). It was clearly seen that
after 1 day, the porous carbon was completely deposited at the
bottom of both H,SO, and NaOH solutions, suggesting its
inability for corrosive-water evaporation due to the poor anti-
oxidation properties in alkaline and oxyacid solutions.*®**
Hydrophobic Fe;Si aerogel showed stable solar-thermal water
evaporation efficiency of 1 kg m™ 2> h™" in both highly corrosive
systems, namely, 0.5 M H,SO, and 1 M NaOH. This value is
lower than that of Fe;Si aerogel supported on melamine foam
in seawater (2.08 kg m~2 h™"). This low value of hydrophobic
Fe;Si aerogel is not only caused by the high interface
temperature but also possibly by the increase in latent heat
(2592-2697 kJ kg™') of corrosive-water evaporation, e.g.,
H,SO, solution (Fig. S14f%), resulting from hydrophobic
treatment and free support of Fe;Si aerogel. These results
demonstrated the wide industrial applicability of hydro-
phobic Fe;Si aerogel in highly corrosive solutions. It is worth
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Fig. 5 (a, b) The water evaporation performances of hydrophobic

FesSi aerogel floated on (a) 0.5 M H,SO4 and (b) 1 M NaOH, under
1.16 kw m~2 solar illumination. (c, d) Cycling performances of hydro-
phobic FesSi aerogel floated on (c) 0.5 M H,SO4 and (d) 1 M NaOH,
under 1.16 kw m~2 solar illumination.
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noting that this is the first demonstration of a photothermal
material used for corrosive-water evaporation.

Conclusions

In summary, we synthesized an ultrastable and efficient photo-
thermal material, viz., mesoporous Fe;Si aerogel, possessing
outstanding anti-corrosion ability, full sunlight absorption (up
to 2400 nm), low thermal conductivity (0.04 Wm ™' K~ ') and the
ability to reduce the latent heat of water evaporation. As a result,
the as-synthesized Fe;Si aerogel showed a record air-water
interface temperature of 84 °C, exhibiting excellent thermal
storage ability. Fe;Si aerogel supported on melamine foam
displayed unprecedented photothermal evaporation rate of 2.08
kg m~> h™' and solar-thermal utilization efficiency of 91.8%
from seawater under 1.0 kW m™> of sunlight irradiation.
Importantly, our support-free hydrophobic Fe;Si aerogels
possessed superior corrosion resistance, outstanding water-
evaporation efficiency (1 kg m~? h™") and excellent cycling
stability, and was the first demonstration of a photothermal
material that could maintain stability in corrosive H,SO, and
NaOH solutions. Therefore, Fe;Si aerogels have great potential
for industrial applications in the direction of conversion of solar
illumination into water evaporation in different complex
environments.
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