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Janus aramid nanofiber aerogel incorporating
plasmonic nanoparticles for high-efficiency

interfacial solar steam generation

Hui Zhang!?f, Lei Feng!'?f, Fengyue Wang!, Mingze Liu!,
Yingying Zhang?, Jia Zhu'?, Yanqing Lu'? and Ting Xu®#*

Interfacial solar steam generation (ISSG) is a novel and potential solution to global freshwater crisis. Here, based on a fa-
cile sol-gel fabrication process, we demonstrate a highly scalable Janus aramid nanofiber aerogel-(JANA) as a high-effi-
ciency ISSG device. JANA performs near-perfect broadband optical absorption, rapid photothermal conversion and ef-
fective water transportation. Owning to these features, efficient desalination of salty water and purification of municipal
sewage are successfully demonstrated using JANA. In addition, benefiting from the mechanical property and chemical
stability of constituent aramid nanofibers, JANA not only possess outstanding flexibility and fire-resistance properties, but
its solar steaming efficiency is also free from the influences of elastic deformations and fire treatments. We envision
JANA provides a promising platform for mass-production of high-efficiency ISSG devices with supplementary capabilities
of convenient transportation and long-term storage, which could further promote the realistic applications of ISSG technology.
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Introduction and energy crisis, which uses solar-thermal energy to ex-

Global demands for freshwater are steadily increasing to tract freshwater from sea or waste water”’. However, due

meet the growth of human population, development of to the low optical absorption and high thermal capacity

industrial manufacture and expansion of agricultural ir- of water, direct solar-thermal distill of bulk water is lack-
rigation2. Traditional water production techniques, such ing in efficiency. To evaporate bulk water, a large

as reverse osmosis>® and multi-stage flash?, rely on costly amount of energy is required, which is insufficiently sup-

infrastructures and high consumption of electric or fossil
energy. Innovation of low-cost, energy-efficient and eco-
friendly water desalination and purification devices has
now been a key issue for future human lives. Solar-in-
duced distillation is one candidate to relieve the water

plied by the photothermal absorption of water itself and
easy to be wasted into the environment. Alternatively, in-
terfacial solar steam generation (ISSG) is of high energy
utilization® . An ideal ISSG device is usually a 2D film

or a 3D block floating on water which typically consists
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of an optical absorber on the top and a water transporter
at the bottom. The absorber should perform intensive
and omnidirectional absorption with a broad operation
band covering the solar spectrum for the maximum util-
ization of solar energy. The transporter should be por-
ous, hydrophilic and adiabatic. The porous structure can
divide bulky water into micro/nano scale branches and
the hydrophilicity-induced capillary forces drive the wa-
ter branches approaching to the light absorber for effi-
cient water transportation. The adiabaticity hinders heat
conduction from the absorber to the bulky water, and
thus reduces the energy waste. Consequently, direct en-
ergy transfer from the light absorber to the water
branches facilitates the high-efficiency generation of sol-
ar steam'’.

Increasing the area of steam generators leads to a
higher total output of freshwater during the practical de-
salination or purification processes. The area scale
mainly depends on the constituent materials and the fab-
rication regimes. For example, the self-assembled plas-
monic nanoparticle membrane is an early proof-of-
concept ISSG device'?. However, it is mechanically vul-
nerable and impossible to be scaled up due to the dis-
crete configuration. Template-assisted techniques, such
as assembly of nanoparticles'*!%, deposition of metal'?; or
electro-polymerization of conductive macromolecules'®",
can realize production of steam generators with higher
mechanical strength. Nevertheless, the generators’ scales
are limited by the lithographic templates which usually
reach no more than several square centimeters. Instead,
carbon materials'®2%, biomass derivatives® %7, cellulose-
based composites*® 3, electrospun nanofibers’, hydro-
gels*>~, and aerogels®”~*! suit better for scalable ISSG
device production which are robust and template-free.
Among them, aerogel is one kind of novel materials with
great porosity and adiabaticity. It is a 3D cross-linked
network of micro/nano components with plentiful pores
where a large amount of air is trapped. As a result, aero-
gel is not only lightweight because the highly loaded air
can greatly lower the gel density, but also soft and flex-
ible. These advantages further benefit the transport of
large-scale devices, which can be easily shaped such as
cut, stretched, bent or curled. However, aerogel-based
ISSG devices are usually either limited in evaporation ef-
ficiency®’~*, or forced to be incorporated with auxiliary
equipment (e.g. solar cells* or compound parabolic con-
centrators*!) to achieve high-efficiency steam generation,
which leads to high complexity of the purification con-
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figurations.

Besides the transport, for the safety of storage, an ISSG
device should be chemically stable to avoid potential
risks of fire danger. Due to the optical absorptivity and
thermal adiabaticity, mass-stored large-scale ISSG
devices can easily trap a large amount of light energy,
which may result in severe increment of temperature. In
this case, some ISSG devices based on celluloses, carbon
materials, or flammable polymers are unfavorable. To
our knowledge, flammability is usually neglected in pre-
vious researches and only few literatures highlighted
combustion tests>**. Accordingly, developing a scalable,
flexible, and fireproof aerogel as a high-efficiency steam
generator has become challenging and crucial for wide
generalization and practical application of ISSG
technology.

Herein, we present a Janus aramid nanofiber aerogel
(JANA) as an interfacial solar steam generator. JANA is
fabricated based on the commercial Kevlar threads,
which is a commonly used flexible and refractory materi-
al at macroscale***, and Au nanoparticle using a facile
and scalable sol-gel technique. It is of a bilayer configura-
tion incorporating an intensive, omnidirectional and
broadband optical absorber and a porous, adiabatic, hy-
drophilic water transporter. Using JANA, high-effi-
ciency solar steam generation, desalination of salty water
and purification of municipal sewage are successfully
demonstrated. Moreover, JANA features high mechanic-
al strength and chemical stability, respectively resulting
in excellent flexibility and fire resistance. These advant-
ages make JANA facilitate the ISSG devices in industrial

manufacture, transport and storage.

Results and discussions

Scalable fabrication and characterization of Janus
aramid nanofiber aerogel (JANA)

Figure 1 illustrates the sol-gel process-based fabrication
procedure of JANA. Commercial Kevlar threads (Fig.
1(a)) are firstly dispersed in dimethyl formamide and
forming a yellow suspension of aramid microfibers (Fig.
1(b)). Dimethyl formamide can swell and loosen the
Kevlar threads. Afterwards, aramid microfibers are
treated with a mixed solution of dimethyl sulfoxide and
potassium hydroxide to disassemble microfibers form-
ing a dark-red and viscous sol of aramid nanofibers (Fig.
1(c)). This disassembly is caused by the deprotonation of
amide groups®. The sol is then added with phosphoric
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Fig. 1 | The fabrication process of JANA for interfacial steam generation. (a) Photograph of commercial Kevlar threads. (b, ¢) Photograph

and schematic illustration of aramid microfiber suspension and aramid nanofiber sol, respectively. (d) Photograph of aramid gel, whose top sur-

face is sprayed with Au nanoparticle suspension. (e) Photograph of JANA and schematic illustrations depicting the microscopic morphology of

the upside PANA and the downside ANA, respectively. (f) Schematic illustration of the steam generation process using JANA.

acid and glutaraldehyde. During stirring and settling,
phosphoric acid can catalyze the hydrolysis of the aram-
id nanofibers generating reactive NH, and COOH func-
tion groups, which can bond to glutaraldehyde and form
cross-linked 3D network structures, i.e. aramid gel. The
gel is then extracted by filtration and washed using di-
methyl sulfoxide to remove residual solutes. Next, the
top surface of the gel is uniformly sprayed with Au nano-
particle suspension (Fig. 1(d)), which is synthesized us-
ing a typical citrate reduction method*. The aramid nan-
ofibers and Au nanoparticles are mutually combined
based on the hydrogen bondings between the amide
groups of aramid and the carboxylic acid groups of the
citrates coated on Au nanoparticles. The chemical pro-
cess is verified by Fourier transform infrared (FT-IR)
spectroscopy results (Fig. S1 of Supplementary informa-
tion (SI)). The Au-gel composite is finally freeze-dried to
remove the inside water forming the JANA (Fig. 1(e)).
The aramid nanofiber network contains plentiful
micro/nano pores. The sprayed Au nanoparticle suspen-
sion can only penetrate to a certain depth by carefully
controlling the suspension volume. As a result, JANA is
of a bilayer configuration. As depicted in Fig. 1(e), the
black upside is a plasmonic aramid nanofiber aerogel
(PANA), i.e. the composite consisting of an aramid nan-

ofiber network and Au nanoparticles; the yellow down-

side is an aramid nanofiber aerogel (ANA), i.e. an aram-
id nanofiber network without Au nanoparticles. Figure
I(f) conceptually illustrates that JANA can float on wa-
ter and serve as an effective steam generator resulted
from the synergistic contributions of PANA and ANA.
The downside ANA contains plentiful channels to di-
vide bulky water into branches, which are guided ap-
proaching to the Au nanoparticles embedded in the up-
side PANA. Au nanoparticles can concentrate light by
plasmonic resonances and realize the photothermal en-
ergy conversion. Direct heat transfer from the light con-
centrators to the water branches leads to high-efficiency
local interfacial evaporation. Finally, the generated steam
escapes from JANA surface through the pores spread all
over the nanofiber aerogel.

Since each procedure in the sol-gel process is chemic-
ally engineered and free from lithographic technique, the
production of JANA is highly scalable. As shown in Fig.
2(a), we fabricate a large-scale JANA sample with the size
of 60 cm X 45 cm as an instance to demonstrate its
scalability. For investigation of the microscopic morpho-
logy of JANA, bottom ANA and upside PANA are re-
spectively characterized using scanning electron micro-
scopy (SEM). As shown in Fig. 2(b), ANA is a 3D net-
work comprising of aramid nanofibers, whose profiles

are well-defined. The average fiber diameter is about 54
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Fig. 2 | Characterizations for morphology, optical absorption, photothermal responses and wettability. (a) Photograph of a large-area
JANA cloth with the size of 60 cm x 45 cm. The scale bar stands for 10 cm. (b) SEM images of ANA. The scale bar stands for 1 um. (c) SEM im-
ages of PANA, in which Au nanoparticles are highlighted using yellow fake color. The scale bar stands for 1 ym. (d) Correlation between the dif-

ferential pore volume and the pore diameter in 1 gram of JANA measured using mercury intrusion method. (e) Absorption spectra of JANA

samples with different weight fractions of Au nanoparticles. The blue area represents normalized power of solar irradiating power. (f) Absorption

spectra of JANA under sources with different incident angles. (g) Correlation between the temperature variation of JANA and time using switched

illumination by a solar simulator with 1-sun output power. Insets are IR images of the JANA at different moments during the photothermal test. (h)

Photographs of an ANA and a PANA approaching to a water droplet, respectively.

nm and the length can reach a few microns, resulting in
high aspect ratios. The slender nanofibers mutually in-
terlace and form the porous network. As shown in Fig.
2(c), PANA is ANA decorated with Au nanoparticles,
which are highlighted using fake yellow color. The aver-
age diameter of Au nanoparticles is about 43 nm. In
PANA, the profiles of the nanofibers are blurred. Adja-
cent nanofibers draw close to each other forming thicker
skeletons of the aramid network and thus smaller pores.
This is due to an adhesive effect caused by the sediment-

ation of the residual solutes in the Au nanoparticle sus-

pension. We further use mercury intrusion method to
statistically characterize the porous morphology of
JANA. A portion of the pores are open-ended and can be
filled with mercury under high pressure. The other pores
are enclosed and inaccessible to mercury. In this case, the
acquired porosity equals to 91%. Namely, more than 91%
volume of JANA is filled with air, resulting in its light-
weight feature and the density of JANA is only 0.0214 g
cm3. Figure 2(d) shows the correlation between the dif-
ferential pore volume and diameter in one gram of

JANA. Large pores, whose diameter ranging from tens to

220061-4



Zhang H et al. Opto-Electron Adv 6, 220061 (2023)

https://doi.org/10.29026/0ea.2023.22006 1

a few hundred microns, occupy the major volume with-
in the total pore space. Compared with small ones, they
perform lower resistance of mass transfer, facilitating the
flow of water branches and the escape of solar steam.

The optical absorption of JANA is optimized by ad-
justing the content of the loaded Au nanoparticles. Since
all the Au nanoparticle suspension can be fully reserved
in JANA, it is easy to precisely control the loading capa-
city of Au nanoparticles by spraying specific volumes of
the suspension. In this case, seven pieces of JANA with
different Au weight fractions ranging from 0 to 5.76%
(Fig. S2 of SI) are fabricated and characterized using an
absorption spectrograph, as shown in Fig. 2(e). The light
source is unpolarized and the spectrum ranges from 400
nm to 2000 nm, which covers the main solar band as de-
noted by the blue area in Fig. 2(e). With no Au nano-
particle loaded, JANA performs limited optical absorp-
tion, whose average absorbance is about 66.7%. With the
increment of Au content, the absorbance gradually in-
creases over the entire band. When the Au content is
3.84%, the average absorbance surpasses 99%. Contin-
ued increments of the Au content make nearly no influ-
ence to the optical absorption. For balancing the tradeoff
between low fabrication cost and high optical absorption,
we choose the JANA with 3.84 wt% Au as the optimized
sample for the following experiments. The angle depend-
ence is also investigated, as shown in Fig. 2(f). By vary-
ing the incident angles from 0° to 60°, the profiles of the
absorption spectra are nearly the same with a constant
average absorbance higher than 99%. The excellent ab-
sorption performances can be attributed to a compre-
hensive optical mechanism combining i) anti-reflection
effect, ii) localized surface plasmon resonance (LSPR)
and iii) non-resonant decay. Anti-reflection is the
premise for high absorption insuring that sufficient op-
tical energy can passes through the air-JANA interface
rather than being reflected. It is generated from the low
difference of refractive indices between air and JANA.
Due to the highly porous morphology, the textured
JANA surface can trap plentiful air bubbles lowering the
effective refractive index and vanishing any interface
where the refractive index changes abruptly. Because of
the diversity of the pore size and orientations, this anti-
reflection effect is independent to incident wavelengths
and angles'!. In this case, light energy can enter JANA
and be dissipated into heat via LSPR of Au nanoparticles
and non-resonant decay of aramid nanofibers*. For the
former, LSPR generates intensive optical extinction. The

resonant wavelength of LSPR is dependent to the size of
Au nanoparticles. Monodispersed Au nanoparticles tend
to perform narrowband absorption and scattering at one
single specific wavelength within the visible band.
However, aggregates of Au nanoparticles can be also
formed in a variety of shapes and sizes, which makes the
resonant wavelengths red-shifted in varying degrees.
Broadband light can be directly absorbed by surface plas-
mon of Au nanoparticles, or scattered leading to the
change of propagation directions and the extend of light
paths. For the latter, non-resonant decay generates weak
optical absorption. It is caused by the intrinsic extinc-
tion of aramid nanofibers. Nevertheless, the non-reson-
ant absorption efficiency can be improved to increase the
light-aramid interaction by lengthening the light paths in
JANA resulted from the LSPR scattering and the incre-
ment of JANA thickness*. The absorption mechanism is
numerically investigated and verified by using finite-dif-
ference time-domain simulations (Fig. S3 of SI). Result-
ingly, JANA can be qualified as a near-perfect broad-
band optical absorber.

Next, the photothermal property of JANA is explored.
Based on energy conservation law, since all the optical
energy is transformed into heat without any other form
of energy, a good light absorber is equivalent to a good
heater. Thus, JANA can serve as an efficient light-heater,
which is characterized by monitoring the real-time tem-
perature using an IR thermal-imaging camera under
switched illumination of a solar simulator, as shown in
Fig. 2(g). The solar simulator output is equal to 1 time of
sun power. The ambient temperature is about 22 °C. The
temperature of JANA is calculated by averaging the tem-
perature values of all the pixels at the top surface of the
JANA sample captured in the IR images. Without the il-
lumination of solar simulator, the temperature of JANA
is 24 °C. The 2 °C difference is caused by the absorption
of ambient light. Switching on the solar simulator, the
temperature dramatically increases to 96 °C within 180 s
and reaches a steady state. At the time of 7200 s, the illu-
mination is switched off and the temperature decreases
to 26 °C within 300 s. This process exhibits the features
of fast heating and relatively slow cooling. IR images (in-
sets in Fig. 2(g)) show the temperature distribution of the
JANA surface at different moments. The flare area is
slightly smaller than JANA. After switching on the
source, temperatures in the center (illuminated area) are
higher than those on the edge (unilluminated area), fea-

turing evident heat generation and confinement. The
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photothermal responses are not only resulted from near-
perfect optical absorption, but also the low heat conduct-
ivity of JANA (0.061 W m! K-, at 25 °C, which is due to
the high porosity and the low heat conductivity of air).
Near-perfect optical absorption guarantees that light en-
ergy is efficiently absorbed in JANA and transformed in-
to heat. Meanwhile, low heat conductivity retards the en-
ergy dissipation to the environment. Consequently,
JANA is able to achieve high-efficiency photothermal
conversion.

The wettability of JANA is characterized using a drop
shape analyzer. ANA and PANA are respectively tested,
as shown in Fig. 2(h). Both of them feature a super-hy-
drophilic surface, on which the droplet spread out ex-
tremely fast right after the droplet-surface contact. The
dropping processes take too little time to catch the con-
tact moments as shown in Supplementary video S1. The
super-hydrophilicity originates from both the chemical
hydrophilicity of aramid and the high surface roughness.
The chemical hydrophilicity is proved by measuring the
contact angle of a dense aramid film, which equals to 47°,
as shown in Fig. S4 of SI. On the other side, the high sur-
face roughness is generated from the porous configura-
tions of ANA and PANA. Moreover, the hydrophilic
nanofiber networks can impale the droplet and divide it
into small branches, which flow into the open-ended
pores driven by the capillary forces. As a result, JANA is
highly wettable and provides plentiful channels for ef-
fective water delivering. Although the weight of JANA is
increased after wetting, wet JANA can still float on water.
This is attributed to the enclosed pores which cannot be
penetrated by water and maintain a low aerogel density.

JANA for solar steam generation

Since JANA contains an efficient light-heater in the top
(PANA) and an effective water-transporter in the bot-
tom (ANA), it meets the regime of an ideal ISSG device.
Therefore, we systematically investigate its solar steam-
ing performances. As shown in Fig. 3(a), we build a
photo-thermo-gravimetry, where a piece of JANA
sample floats in a beaker of water. A solar simulator is
used with 1-sun output power to heat up the JANA
sample. Real-time temperatures are recorded using two
IR cameras simultaneously from the top and side views.
The mass change of water is recorded using an electron-
ic balance. Figure 3(b) and 3(c) are the captured top- and
side-view IR images of the beakers with and without
JANA floating in water, respectively. With time, heat is

continuously delivered from the top to the bottom of the
beakers and water are gradually warmed up to steady
states. The steady temperatures of the JANA-air inter-
face and the water-air interface are about 51 °C and 31
°C, respectively, which are calculated by averaging the
temperature values of all the pixels at the two interfaces
shown in the IR images. For the beaker with JANA, wa-
ter near to the interface is much hotter than that under-
neath, implying that JANA can highly absorb and locally
concentrates the photothermal energy. Referring to the
temperature of JANA in air under the same light source
with equal output power, which reaches 96 °C, the tem-
perature of JANA in water is 45 °C lower. This decre-
ment can be mainly attributed to the heat transfer to the
delivered water inside the nanofiber porous network for
enhancing the interfacial steam generation. By contrast,
for the case without JANA (Fig. 3(c)), the thermal distri-
bution inside the beaker is rather uniform, indicating the
entire bulk of water has nearly the same low temperat-
ure, which significantly reduces the steam generation ef-
ficiency.

Next, we quantificationally investigate the water evap-
oration’ efficiency, which is characterized by recording
the mass decrement of water normalized to the case per
square meter of JANA, as shown in Fig. 3(d). Under 1-
sun illumination by the solar simulator for 12 h, the mass
decrement of water with and without JANA are respect-
ively 28.43 kg m~? and 4.67 kg m2. In other words, JANA
can significantly enhance the evaporation rate from 0.39
kg m=2 h! to 2.37 kg m= h™'. We further calculate the
evaporation rate during each hour, as shown in Fig. 3(e).
At first, the evaporation rates with and without JANA
both tend to gradually increase. After about 2 h, the
evaporation rates are nearly constant, featuring a quasi-
steady state of steam generation. The slight fluctuation is
due to the variations of ambient temperature and air-
flow. The highest evaporation rate with JANA is about
2.68 kg m2 h-!, which is higher than the average level for
previously reported ISSG devices. This benefits from the
comprehensive contributions of JANA, including near-
perfect optical absorption, efficient photothermal con-
centration, porous morphology and chemical hydro-
philicity. Especially, the plentiful pores in the aramid
aerogel can facilitate water to be divided into small
clusters lowering the evaporation enthalpy®.

Besides evaporation rate, another important factor to
evaluate an ISSG device is the reusability under salty
condition in the desalination application. The interfacial
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Fig. 3 | Performances of steam generation using JANA. (a) (left) Photograph of the tested sample where JANA floats on a beaker of water.
(right) Schematic illustration of the photo-thermo-gravimetry setup to record the real-time temperature and the mass change during the steam
generation process. (b, ¢) (up) Top- and (down) side-view IR images of the beaker during steam generation process with and without the JANA,
respectively. (d, e) Mass decrements and evaporation rates of water during the steam generation process with and without JANA, respectively.
(f) Photographs of the (up) crystallized and (down) rinsed PANA in saturated NaCl solution, respectively. (g) Mass decrements of saturated NaCl
solution during 5 cycles of steam generation processes using a same piece of JANA. (h) Schematic illustration and photograph of a home-made
purification setup performing realistic ISSG. Right bottom insets show the accumulation of purified water at 0 h, 3 h, and 6 h, respectively. (i) Cor-
relation between purified water accumulation‘and time. (j) Normalized contents of water quality indices in purified water and municipal sewage.

evaporation of salty water can increase the concentra-
tion of solution and thus precipitate salt crystals, which
would be remained on the surface of the steam generat-
or. The salt crystals would block the solar reception of
the absorber and the liquid/gas transport in the pores,
and thus severely reduce the steam generation efficiency.
Here, the tolerance to salt of JANA is tested under an ex-
treme case, in which we measure the mass decrements of
a beaker of saturated NaCl solution. A piece of JANA is
repeatedly placed on the solution. We define a solar
steam generation process with 12 h duration as a cycle.
In the end of each cycle, the JANA sample is covered by
NaCl crystals, as shown in Fig. 3(f). Before the beginning

of the following cycle, the sample is rinsed with satur-

ated NaCl solution. We carry out 5 cycles of solar steam
generation and record the mass decrements, as shown in
Fig. 3(g). Based on the mass decrements, the calculated
evaporation rates vary from 2.00 to 2.07 kg m™2 h,
which are slightly lower to that for pure water due to salt
crystal coverage. It can be seen that both the mass change
profile and evaporation rate value for each cycle are al-
most identical, featuring a reproducible solar steam gen-
eration performance. This is attributed to the surface re-
freshment of JANA. NaCl crystals cannot be adsorbed by
JANA via any strong physical/chemical interaction. Dur-
ing the rinse, the saturated NaCl solution can wet the
JANA surface and flow into the pores due to the high
wettability originated from the super-hydrophilicity. The
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mechanical vibration of the water flow can easily wash
away the salt crystals, which results in the reusability of
JANA for sustainable desalination of salty water.
Furthermore, we demonstrate the availability of JANA
for practical applications in water purification and col-
lection under real solar irradiation. As shown in Fig.
3(h), we build a freshwater collector and perform purific-
ation of municipal sewage. The sewage is kept in a con-
tainer with a piece of JANA sample floating on the wa-
ter-air interface. The container is then placed on a fun-
nel and covered with a transparent glass dome. Illumin-
ated by outdoor sun light, interfacial photothermal steam
generation occurs and produces plentiful purified dew-
drops on the inner wall of the glass dome. With contin-
ued evaporation, dewdrops converge into streams and
flow down to the funnel. The purified water is finally col-
lected in a grad cylinder. Right bottom insets of Fig. 3(h)
show the photographs of the purified water accumula-
tions with 0 h, 3 h, and 6 h ISSG durations. The experi-
ment is conducted from 10:00 AM to 16:00 PM with an
average outdoor temperature about 20 °C. The photo-
graphs at different moments during the purification pro-
cess are captured and shown in Fig. S5 of SI. Figure 3(i)
gives the mass accumulation of the purified water nor-
malized to the case that 1 m? JANA is used. The total col-
lected freshwater in 6 h is 3.9 kg. The compositive water
evaporation and collection rate is 0.65 kg m h-!. This
value is lower than the single evaporation rate acquired
in laboratory. The decrement is caused by multiple influ-
ences, including i) the solar irradiation is not constant af-
fected by the solar altitude and atmospheric transmit-
tance. ii) Outdoor temperature keeps fluctuating. iii) The
evaporation rate is suppressed because the partial pres-
sure of steam in the dome (a quasi-closed system) ap-
proaches to the saturated vapor pressure, which is much
higher than that in laboratory. iv) The collected freshwa-
ter in the open grad cylinder can re-escape to the envir-
onment by evaporating. Nevertheless, the process of
freshwater production can serve as a prototype for real-
istic ISSG applications and there are several optimizable
conditions for potentially improvements of the yield.
Comparing the photograph of the original turbid
sewage, it can be clearly seen that the purified water is
much cleaner and more transparent (Fig. S6 of SI), which
indicates effective ISSG purification is realized by com-
bining JANA with the collection setup. We quantitat-
ively analyze the purification performance. As shown in
Fig. 3(j), five common quality indices in the purified wa-

ter and the original sewage are tested, including the con-
tents of turbidity, hardness, dissolved solids, total salt
and Escherichia coli. For all the indices, the contents dra-
matically decrease after steaming purification. Detailed
official report about the water quality is given in Figs. S7
and S8 of SI. These results indicate that JANA can
achieve high-efficiency solar steam generation and water
purification functionalities.

Mechanical and fireproof properties of JANA

JANA is of special mechanical properties. It is very soft
and flexible, which facilitates the sculpture or deforma-
tion of a JANA-based device. Figure 4(a—c) respectively
demonstrate that JANA can be easily cut off, rolled up,
and stretched long, which result from the morphology of
nanofiber network. Due to its high-porosity, the number
of aramid nanofibers per unit volume are extremely low.
From a microscopic view, cutting a bulky JANA equals
to breaking the aramid nanofibers bundle which consists
of a small quantity of slender nanofibers one after anoth-
er. As a result, JANA turns to be soft and a low shearing
pressure is competent to cut it off. Besides, rolling and
stretching a bulky JANA equals to lengthening a portion
of nanofibers, which will result in the variation of the
closeness between the nanofibers. These two microscop-
ic deformations are permitted by the elasticity of the
nanofibers and the porous configuration. Consequently,
JANA is highly flexible. We conduct a tensile test to
quantitively characterize its mechanical property, as
shown in Fig. 4(d). Before broken, JANA can bear max-
imum tension of 19.5 MPa and perform maximum
elongation of 78.9%, showing sufficient elasticity and
mechanical strength. Moreover, we investigate the influ-
ence of mechanical deformation to the ISSG perform-
ance. As shown in Fig. 4(e), the water mass decrements
of ISSG processes using the same JANA are measured
before and after 200 times stretching with 50% strain,
whose profiles are highly analogous. Therefore, JANA is
of good functional stability under repeated elastic de-
formations.

Similar to the commercial Kevlar-based materials,
JANA is also of outstanding thermal stability, resulting
in its refractory and fireproof features. Figure 4(f) shows
photographs of a piece of JANA directly heated by the
flame from an alcohol lamp at different moments within
3 min. The fire treatment process is recorded in video S2
of SI. After the fire treatment, the downside of the JANA
turns black due to the deposition of amorphous carbon
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Fig. 4 | Mechanical and fireproof properties of JANA. (a), (b) and (c) Photographs of JANA pieces which are cut off, rolled up, and elastically
stretched, respectively. (d) Tensile stress of JANA. (e) Mass decrements of steam generation processes, in which the JANA is 0 time and 200
times repeatedly stretched, respectively. (f) Photographs of JANA under fire treatments for 0 min, 1 min, 2 min, and 3 min. (g) Mass decrements
of steam generation processes, in which the JANA is without and with fire treatment, respectively.

generated from the incomplete combustion of the fuel.
Even though, JANA is not melted or burned, maintain-
ing the original shape. The thermal stability can be at-
tributed to the high melting points and chemical inert-
ness of aramid and gold. For scenarios of fire danger,
JANA can avoid damages and even retard the fire
spreading, which is beneficial to safety of lives and prop-
erties. Moreover, Fig. 4(g) shows the mass decrement
results of JANA-based ISSG processes before and after
the fire treatment, which are nearly the same. These res-
ults imply that JANA is of excellent fireproof property
and its steam generation performance is free of the fire
treatment.

Conclusions

In conclusion, we demonstrate a highly scalable Janus ar-
amid nanofiber ‘aerogel (JANA) performing high-effi-
ciency interfacial solar steam generation. JANA is fabric-
ated based on a high-yield sol-gel process and its bilayer
configuration consists of a solar absorber and a water
transporter. The solar absorber demonstrates near-per-
fect, omnidirectional and broadband optical absorption,
and the water transporter is porous, adiabatic and super-
hydrophilic. As a result, JANA performs excellent capab-
ility to heat and evaporate water during ISSG processes,

by which reproducible desalination of salty water and
practical purification of municipal sewage are success-
fully realized. In addition, JANA is flexible and fireproof,
exhibiting high stability and good reusability with toler-
ance to mechanical deformation and fire treatment. We
believe that JANA can perform higher ISSG efficiency
further combined with heat recovery setups®*°'. Besides,
JANA is promising to promote the practical applications
of ISSG devices, especially considering future mass in-
dustrial manufacture, convenient transportation and

long-term storage.

Experimental section

Preparation of JANA

Kevlar 69 threads are swelled in dimethyl formamide
forming the aramid micro fibers, which are then extrac-
ted and dispersed in a mixed solution of dimethyl sulfox-
ide and potassium hydroxide, which is then magnetic-
ally stirred for one week at 60 °C until a dark red viscous
sol is formed. Then phosphoric acid and glutaraldehyde
are added into the sol, which is then vigorously stirred
for 48 h. The mixture is statically placed for 24 h form-
ing the aramid gel, which is then successively extracted

by filtration, washed using dimethyl sulfoxide, and thor-
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oughly frozen at -10 °C. Afterwards, the frozen gel is
taken indoors for unfreezing the gel surface. Au nano-
particle suspension is uniformly sprayed on the surface.
The aramid-Au mixture is successively refrigerated at —4
°C for 24 h and freeze dried -50 °C for 8 h, forming the
JANA. At last, JANA is boiled in deionized water for 30
min to remove residual dimethyl sulfoxide and qualified

as a steam generator.

Characterization instruments

The microscopic morphology of the JANA is character-
ized by using field-emission scanning electron micro-
scopy (FESEM, Gemini SEM 500). The porosity of JANA
is measured using an AutoPore IV 9500 mercury porosi-
Nor-
cross, GA, USA). The normal absorption spectra are
tested using a PV20/30 UV-VIS-NIR spectrometer over a
wavelength range of 400-2000 nm. The angular absorp-

meter (Micromeritics Instrument Corporation,

tion spectra are measured with an ARM angle-resolved
spectroscopy system (IdeaOptics Instruments). The
tensile property is characterized using a SHIMADZU
Universal Testing Machine AGS-X 5 kN D-Type. Evap-
oration experiments in Lab are carried out under a solar
simulator (Newport 94043A) with the output in accord-
ance with the standard AM 1.5G solar irradiation. A high
accuracy balance (BSA124S, 1.0 mg in accuracy, Sartori-
us) is used for recording the mass change of water.
Thermal images are taken with an Infiray (Infiray T3S)
IR camera. The contact angles are characterized using a
drop shape analyzer (CA100C).
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