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ABSTRACT: Solar-driven water evaporation is essential to provide sustainable and ecofriendly sources of fresh water. However,
there are still great challenges in preparing materials with broadband light absorption for high photothermal efficiency as well as in
designing devices with large evaporation areas and small heat dissipation areas to boost the water evaporation rate. We designed a
hanging-mode solar evaporator based on the polyaniline/carbon nanotube (PANI/CNT) fabric, in which the photothermal fabric
acts as the solar evaporator and the micropores on the cotton fabric act as the water transfer channels. The hanging mode provides
efficient evaporation at both interfaces by greatly reducing the heat dissipation area. The hanging mode PANI/CNT fabric solar
evaporator can achieve an evaporation rate of 2.81 kg·m−2·h−1 and a photothermal efficiency of 91.74% under a solar illumination of
1 kW·m−2. This high-performance evaporator is designed by regulating the photothermal material and evaporation device, which
provides a novel strategy for sustainable desalination.

■ INTRODUCTION
Fresh water is an important natural resource for human
survival. Solar-driven water evaporation to produce high-
quality fresh water by converting light energy into heat through
the photothermal effect has become a very promising
technology.1−4 The key to this process is the manufacture of
highly efficient photothermal materials, followed by effective
interfacial thermal management and conversion during solar
evaporation.5−9

In previous studies, a single interfacial evaporation layer was
prepared by using photothermal nanomaterials for water
evaporation under solar irradiation. Photothermal nanomateri-
als are classified into organic polymer materials (PANI,10−12

PPy,13−15 etc.), metal nanomaterials (Cu,16,17 Au,18,19 etc.),
carbon-based materials (CNT,20−22 CB,23,24 etc.), semi-
conductive materials (MoS2,

25,26 CuS,27,28 etc.), and
MXene.29 Compared to metal nanomaterials, PANI and
CNT have excellent light absorption because of their black
appearance and can transform the absorbed light energy into
thermal through phonon scattering or lattice vibration.30−34 Li
et al. prepared PANI membranes by an immersion
precipitation phase inversion method and modified the

membranes with acid doping, which resulted in an improved
hydrophilicity and a water evaporation rate and photothermal
efficiency of up to 1.38 kg·m−2·h−1 and 80.7%, respectively.12

Zhu et al. designed a CNT-embedded polyacrylonitrile
nonwoven fabric that exhibited a 90.8% light absorption in
the spectral range (350−2500 nm) and showed an evaporation
rate of 1.44 kg·m−2·h−1 under 1 kW·m−2 sunlight irradiation.20

Carbon-based materials are also widely used in photothermal
applications to improve evaporation performance, as they are
more stable than polymers and can easily form a variety of
structures in macro-, micro-, and nanomorphologies.35−38

Furthermore, there are relatively fewer studies of PANI/CNT
composites for interfacial photothermal water evaporation, and
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the related interfacial design and performance optimization still
have great research prospects.
This form of a single interfacial solar evaporation layer

greatly increases the evaporation rate compared to bulk
heating, but the entire bottom of the photothermal membrane
is in direct contact with the bulk water and has a large heat
dissipation area.39−41 To reduce heat dissipation, photothermal
layers are designed as multilayered or porous structures.42−49

However, photothermal layers still have unavoidable heat loss
to bulk water. To further improve the evaporation rate, the
evaporation interface can be separated from the original bulk
water surface to obtain better solar radiation concentration,
such as jellyfish mode, hollow cone mode, arch mode, hanging
mode, etc.50−57 In one of them, Liu et al. used a polyaniline-
coated cotton fabric that was hung in an arc mode with the
central portion lingering in the air, which exhibited efficient
double-surface evaporation at a rate of 1.94 kg·m−2·h−1 under a
solar illumination of 1.0 kW·m−2.56 Therefore, utilizing the
most potential photothermal material of PANI/CNT to design
photothermal devices with large evaporation areas and small
heat dissipation areas is a great way to improve the evaporation
rate.
Herein, we present a hanging-mode photothermal fabric by

using PANI/CNT composites through a simple and scalable
dip-coating method that exhibits efficient light absorption,
photothermal efficiency, and water transport capacity. The
PANI/CNT fabric acts as a solar absorber and evaporator, and
both ends of the fabric adsorb water by capillary action and
then gradually transfer it to the photothermal layer. The use of
an indirect evaporation system with such an interface as a
hanging mode is helpful in reducing heat loss into bulk water
and in realizing efficient evaporation with a double interface.
The hanging photothermal evaporator based on the PANI/
CNT fabric can achieve an evaporation rate of 2.81 kg·m−2·h−1

and a photothermal efficiency of 91.74% under a solar

illumination of 1 kW·m−2. This high-performance evaporator
is designed by regulating the photothermal material, and the
evaporation device brings a way to take full advantage of solar
energy and provides new ideas for sustainable desalination.

■ RESULTS AND DISCUSSION
This work aimed to develop a hanging-mode PANI/CNT
photothermal fabric as an efficient solar-driven interfacial
evaporation device to obtain fresh water. As schematically
illustrated in Figure 1a, we loaded PANI/CNT powder onto a
fabric via the dip-coating method and designed the evaporation
device as a hanging mode. The two ends of the photothermal
fabric act as the water paths and are immersed in two water
tanks. The water is transferred to the photothermal interface
for water evaporation by the capillary action of the fabric. In
this mode, the heat loss area is greatly reduced because only
the two ends are connected to the water bulk (Figure 1b). At
the same time, the hanging design can increase the area of
photothermal conversion and have a double-sided photo-
thermal evaporation area. The PANI/CNT powder was
prepared by chemical oxidation, which is mostly nanosheets
with particles accumulating in a reef shape (Figure 1c,d). And
the successful synthesis of PANI/CNT was further confirmed
by XRD patterns (Figure S1). Figure 1e shows that the CNTs
are well encapsulated by PANI. The white cotton fabric
(Figure 1f) was chosen as the substrate because of its low cost,
high textural porosity and hydrophilicity, and the viability of
mass production. The fabrics are woven from fiber bunches
(diameter ≈ 190 μm) with an extensive surface area. In
addition, the surface of the fiber is very smooth (Figure 1g).
The application of the prepared slurry onto the fabric not only
serves to support the photothermal material but also gives it a
certain roughness as well as a good hydrophilic and porous
structure (Figure S2). After coating, the dried PANI/CNT
fabric shows a dark color (Figure 1h,i), which greatly improves

Figure 1. (a) Schematic diagram of PANI/CNT fabric preparation and interfacial evaporation. (b) Illustration of the working mechanism of the
hanging-mode solar evaporator. (c, d) SEM images of PANI/CNT. (e) TEM images of PANI/CNT. Physical image (f) and microscope image (g)
of the white cotton fabric. Physical image (h) and microscope image (i) of the PANI/CNT fabric.
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the light absorption of the fabric. Therefore, the above results
indicate that PANI/CNT has a good decorative effect on
cotton fabrics.
The photothermal properties of the PANI/CNT fabric can

be adjusted by different reaction conditions, such as the weight
of the CNT, growth time, and n((NH4)2S2O8)/n(An) ratio.
The surface temperatures of the PANI/CNT fabric with
different weights of the CNT were recorded by infrared
imaging (Figure 2a). The surface temperature of the PANI/
CNT fabric initially rose and then diminished as further CNT
was incorporated, reaching the maximum photothermal
temperature of 84.1 °C at 0.4 g, as demonstrated in Figure
2b. When the weight of the CNT exceeded 0.4 g, the
photothermal temperature started to decrease.
By increasing the n((NH4)2S2O8)/n(An) mole ratios, the

photothermal temperature increases initially and then sub-
sequently decreases, reaching the maximum photothermal
temperature at a mole ratio of 1.0, as illustrated in Figure 2c

and Figure S3. When the molar ratio used exceeds 1.0, the
photothermal temperature decreases. This is because the
excess APS further oxidizes the polyaniline with an emerald
green imine type structure to non-emerald green imine type58

and also leads to low-molecular-weight compounds,59 thus
affecting its photothermal performance.
As shown in Figure 2d and Figure S4, the surface

temperature reached the maximum photothermal temperature
of 84.1 °C at 105 min. The photothermal temperature
decreases when the reaction time exceeds 105 min. The
main reason is that the growth time affects the polymerization
reaction process of PANI/CNT. When the time exceeds 105
min, the photothermal temperature decreases. Long-time
reactions can cause some disruption of the molecular chain
conjugation structures that have already formed, which will
reduce its photothermal performance.60,61 Therefore, through
condition regulation, we can well improve the photothermal
performance of the PANI/CNT fabric and further optimize the

Figure 2. (a) Infrared images of the PANI/CNT fabric at different weights of the CNT. Temperature of the PANI/CNT fabric at (b) different
weights of the CNT, (c) different n((NH4)2S2O8)/n(An), and (d) different growth times.

Figure 3. (a) Photographs of the water droplet on a white cotton fabric at 0, 30, and 120 s. (b) Photographs of the water droplet on a PANI/CNT
fabric at 0, 30, and 38 s.
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interfacial photothermal layer to obtain the excellent perform-
ance of photothermal functional fabrics.
Good hydrophilicity is a prerequisite for achieving a good

water supply to the light-absorbing layer during water
evaporation. To verify the hydrophilicity of photothermal
fabrics, contact angle experiments were conducted. It was
found that the water contact angle of the white cotton fabric
exceeded 90°, which was in a nonwetting state and had poor
hydrophilicity (Figure 3a). On the contrary, the water contact
angle of the PANI/CNT fabric gradually decreased with the
extension of time. The water contact angle is 39° at 30 s, which
proves that the water drops on the fabric surface have been
partially absorbed and are in a partially wetted state. The water
contact angle was equal to 0° at 38 s, proving that the PANI/
CNT fabric was greatly hydrophilic and in a completely wetted
state (Figure 3b). This is because PANI and CNT are modified
on a white cotton fabric, which improves the surface roughness
and increases the specific surface area, thus increasing the
absorption capacity of water. Thus, it is better to
simultaneously achieve good photothermal performance and
hydrophilicity via loading PANI/CNT on a white cotton
fabric, which is more favorable for solar evaporation.
On this basis, the photothermal properties of PANI, CNT,

and PANI/CNT materials were further investigated. The IR
thermal images of the PANI fabric, CNT fabric, and PANI/
CNT fabric are shown in Figure S5. As shown in Figure 4a, the

surface temperature of the fabric increased to 68.3 °C after
loading PANI, 55.1 °C after loading CNT, and 84.1 °C after
loading PANI/CNT. It can be observed that the surface
temperatures of PANI fabric, CNT fabric, and PANI/CNT
fabric surfaces all gradually increased with time. However, the
surface temperature of the PANI/CNT fabric rises faster and
higher, further confirming that the PANI/CNT composite has
higher light absorption and photothermal conversion ability
than PANI and CNT.
Solar-driven water evaporation technology uses photo-

thermal materials to transform the received light energy into
thermal energy, which is further used to heat the liquid at the
fabric−air interface for efficient water evaporation. To
characterize the photothermal conversion performance of the
PANI/CNT fabric, the surface temperature changes of pure
water, fabric, and PANI/CNT fabric under a solar illumination
of 1 kW·m−2 were measured in real time by infrared
thermography (Figure S6). Figure 4b shows that the
temperature of the PANI/CNT fabric surface increased rapidly
with time, and the highest photothermal temperature reached
89.8 °C at 300 s. The temperature of pure water hardly

changed with time and the temperature of the blank cotton
fabric surface increased slowly and was 34.5 °C at 300 s. It
indicates that the cotton fabric modified by PANI/CNT has
more excellent light absorption and presents better photo-
thermal efficiency.
To investigate the effect of different evaporation systems on

water evaporation performance, a solar-driven water evapo-
ration experiment with a hanging photothermal fabric device
was constructed. The results indicate that the weight loss of the
pure water evaporation system under dark conditions is
extremely small, reflecting the natural evaporation of water.
Meanwhile, the weight loss of the PANI/CNT fabric
evaporation system is much larger than that of the pure
water and fabric system under the same conditions (Figure 5a).
This is due to the capillary action and hydrophilicity of the
composite photothermal fabric, which transported water to the
surface of the fabric continuously and accelerated water
evaporation. And their corresponding water evaporation rates
were calculated from the weight loss. The evaporation rates of
the white cotton fabric and PANI/CNT fabric were 1.35 and
2.81 kg·m−2·h−1, respectively, which were significantly higher
compared to pure water (evaporation rate 0.09 kg·m−2·h−1)
(Figure 5b). And the photothermal efficiencies (η) were
calculated according to eq 1:62,63

= mh q/LV i (1)

where m is the light-induced evaporation rate (kg·m−2·h−1); qi
represents the incident solar intensity (kW·m−2); and hLV
denotes the total enthalpy of the liquid−vapor phase change
of water (kJ·kg−1), including sensible and latent heat enthalpy,
which can be calculated as eq 2:

= +h C TLV LV p (2)

where λLV is the latent heat of vaporization of water at standard
atmospheric pressure (2.257 MJ·kg−1); Cp is the specific heat
capacity of water (4.2 kJ·kg−1·K−1); and ΔT is the temperature
rise of water (K). For bare pure water, η is very low and
calculated to be 38.96% under one sun. When the evaporator is
used, the photothermal efficiency remarkably increases to
91.74% (Figure S7). In addition, the condensate produced is
well below the threshold salinity for freshwater taste, as defined
by the World Health Organization (Na+ < 200 mg·L−1)
(Figure S8). It can be seen that the hanging-mode PANI/CNT
fabric has high solar energy utilization, higher photothermal
conversion performance, and better evaporation performance.
Usually, a higher light intensity always confers faster

evaporation rates. The water evaporation performance under
different light intensities was also investigated. When the light
intensity further increased to 3 and 5 kW·m−2, the weight loss
of the PANI/CNT fabric was greatly increased (Figure 5c).
The evaporation rates go up to 3.67 and 4.50 kg·m−2·h−1,
respectively (Figure 5d). It can be seen that the evaporation
rate is positively correlated with light intensity, which also
indicates that the hanging-mode PANI/CNT fabric can ensure
high water evaporation efficiency under high light intensity.
The reusability and durability of the solar steam devices are

critical for their practical evaporation applications. First, we
conducted 10 consecutive cycle tests. As shown in Figure 5e,
there is no significant decrease in the evaporation rate, and the
water evaporation rate is approximately stable at about 2.61 kg·
m−2·h−1. To reveal the practical applications of our solar steam
device in a real environment, we set up the device to conduct

Figure 4. (a) Temperature of the PANI fabric, CNT fabric, and
PANI/CNT fabric within 300 s under the infrared light source. (b)
Temperature of the pure water, fabric, and PANI/CNT fabric within
300 s under the infrared light source.
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outdoor experiments with the PANI/CNT fabric and natural
sunlight (7:00−19:00, 18 August 2023). We monitored the
change in water evaporation over time (Figure 5f). The results
showed that the water evaporation rate gradually increased
from 0.315 kg·m−2·h−1 at 8:00 to 2.77 kg·m−2·h−1 at 13:00 and
then decreased to 0.81 kg·m−2·h−1 at 19:00. This was mainly
ascribed to the maximum sunlight intensity from 11:00 to
15:00 that day, which then basically disappeared at 19:00. The
results show that the hanging photothermal fabric-based
PANI/CNT has great hydrophilicity, excellent photothermal
performance, and good photothermal conversion efficiency.
The hanging-mode solar evaporator based on the PANI/CNT
fabric shows excellent photothermal performance, photo-
thermal conversion efficiency, and recycling stability, which
may provide a novel strategy for the sustainable technique of
water purification applications.

■ CONCLUSIONS
In summary, we designed a hanging-mode solar evaporator
based on the PANI/CNT fabric. The PANI/CNT is loaded on
the fabric by a simple and scalable dip-coating method. During
water evaporation, the photothermal fabric acts as a solar
evaporator, and two ends of the fabric act as water transfer
channels. The use of an indirect evaporation system with such
an interface as a hanging mode is helpful to prevent heat
dissipation into bulk water and realize efficient evaporation
with the double interface. The results show that the PANI/
CNT fabric has great hydrophilicity, excellent photothermal
performance, and good photothermal conversion efficiency,
with an evaporation rate reaching 2.81 kg·m−2·h−1 and a
photothermal efficiency reaching 91.74% under a solar
illumination of 1 kW·m−2. In addition, the high-performance
evaporator is designed by regulating the photothermal material
and the evaporation device, which provides a new idea for
sustainable desalination.

■ EXPERIMENTAL SECTION
Materials. Fabrics (thickness: ∼0.5 mm) were purchased

from Henan Yujin Textile Co., Ltd. Ammonium persulfate

((NH4)2S2O8, ≥98% purity), hydrochloric acid (HCl, 37 wt
%), aniline (≥99.5% purity), ethanol (99.8%), and 3-
(trimethoxysilyl)propyl methacrylate (KH-570, ≥98% purity)
were purchased from Shanghai Aladdin Biochemical Technol-
ogy Co., Ltd. Multiwalled carbon nanotube aqueous dispersion
(OD: 5−15 nm, 2 wt %) was purchased from Shanghai Titan
Scientific Co., Ltd. All the reagents were used as received
without any purification.
Characterization. The diffraction spectra of the sample

and its composition were performed using the diffraction of X-
rays (XRD, DX-2700B, China) with a step angle of 0.06°, a
sampling time of 0.5 s, and a scan range of 10−90°. Field-
emission transmission electron microscopy (FE-TEM, JEM-
F200, Japan) was used to investigate morphologies of the
PANI/CNT powder. The scanning electron microscope
(SEM, Inspect F50, USA) was used to estimate the surface
characteristics of the fabric and PANI/CNT fabric. The water
contact angle (CA) was used to estimate the wettability of the
fabric and PANI/CNT fabric, which was measured using
German-Dataphysics-OCA20. The temperature changes of the
PANI/CNT fabric were determined using an infrared thermal
imager (HT-19, Hti, China) under infrared irradiation (R95E,
Philips, Poland). The ion concentrations of the collected
condensed water were analyzed by inductively coupled plasma
optical emission spectrometry (ICP-OES, HORIBA Ultima
Expert, France).
Preparation of PANI/CNT Powder. Ammonium persul-

fate (1.141 g) and CNT (0.4 g) were added to hydrochloric
acid solution (50 mL, 1 mol·L−1) and stirred well and then
cooled to 4 °C in a refrigerator. Next, a solution containing
aniline monomer (0.460 mL) and ethanol (1 mL) was added
to the above solution, and the solution was kept under
magnetic stirring for 105 min in an ice bath. After the low-
temperature reaction, the product underwent vacuum filtering
for purity, repeatedly washed with deionized water until the
filtrate was colorless to remove excess reagents, and dried to
obtain PANI/CNT powder.
Preparation of the PANI/CNT Fabric. First, the fabric

was soaked in anhydrous ethanol, ultrasonically cleaned for 10

Figure 5.Water evaporation performance of photothermal fabrics. (a) Weight loss and (b) evaporation rate of different evaporation systems under
a solar illumination of 1 kW·m−2. (c) Weight loss and (d) evaporation rate of the PANI/CNT fabric under different light intensities. (e) Cycling
test of solar steam devices. (f) Outdoor test of solar steam devices.
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min to remove surface impurities, and dried for use. Next, the
prepared PANI/CNT powder was dispersed in an ethanol
solution of KH-570 (1 wt %) to prepare a PANI/CNT
suspension with a solid content of 5 mg·mL−1. Finally, the
pretreated fabric was placed in the suspension for 5 min, then
removed, and dried, and the operation was repeated three
times to prepare the PANI/CNT fabric.
Water Evaporation Experiments. The water evaporation

experiments were carried out indoors at constant temperature
(25 ± 1 °C) and humidity (40 ± 5%). Using the hanging
mode, the PANI/CNT fabric was placed on the water
container, ensuring that both sides were immersed into the
container. The thermal area (projected area: 5.0 cm × 4.0 cm)
of the PANI/CNT fabric was irradiated by an infrared
simulator with light intensity (1 kW·m−2). An electronic
balance was used to record the weight changes during
evaporation and an infrared thermal imaging camera for
recording the temperature change over time.
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