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ABSTRACT: Efficient solar evaporation plays an indispensable role in
nature as well as the industry process. However, the traditional
evaporation process depends on the total temperature increase of bulk
water. Recently, localized heating at the air—water interface has been
demonstrated as a potential strategy for the improvement of solar
evaporation. Here, we show that the carbon-black-based super-
hydrophobic gauze was able to float on the surface of water and
selectively heat the surface water under irradiation, resulting in an
enhanced evaporation rate. The fabrication process of the super-
hydrophobic black gauze was low-cost, scalable, and easy-to-prepare.
Control experiments were conducted under different light intensities,
and the results proved that the floating black gauze achieved an
evaporation rate 2—3 times higher than that of the traditional process.
A higher temperature of the surface water was observed in the floating
gauze group, revealing a main reason for the evaporation enhancement. Furthermore, the self-cleaning ability of the
superhydrophobic black gauze enabled a convenient recycling and reusing process toward practical application. The present
material may open a new avenue for application of the superhydrophobic substrate and meet extensive requirements in the fields
related to solar evaporation.

° Superhydrophobic Black Gauze
for Surface Evaporation
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1. INTRODUCTION

Evaporation of water is one of the most common and
important natural phenomena, which strongly influence the

method for the economical and practical evaporation
process.'>'¢ Wang’s group developed a carbon-sphere-based
light-absorbing material for solar energy usage. The low density
of the carbon sphere resulted in a floatable property that is

survival of an organism. The localized evaporation of sweat ) o :
suitable for assisting the surface evaporation of water.

helps human beings to regulate their body temperature.' > The
specific water evaporation from leaves, ie., transpiration,
facilitates the ascent of tree sap, arising from the osmotic
pressure change in the stomata of the leaf.*™® In industry,

Furthermore, the magnetic particles were incorporated into
the carbon sphere, which facilitated a magnetic-driven and
recyclable solar evaporation.'*'” On the basis of the plasmonic

evaporation also plays an indispensable role in heat transfer,
steam generation, and desalination.” ™" Generally, evaporation
preferentially happens at the air—liquid interface.' "> However,
most industry vaporization processes rely on an increase of the
bulk water temperature to achieve a higher evaporation rate,
which can be high-cost and power-wasting.">'* Selective
heating at the air—water interface can precisely localize the
temperature increase and realize a more efficient and economic
evaporation, demonstrating a new method for the design of
functional materials for efficient water evaporation.

Solar energy is one of the inexhaustible sources of energy
supply. Therefore, utilizing solar energy to realize functional
evaporation, viz., solar evaporation, has emerged as a promising

-4 ACS Publications  © 2015 American Chemical Society

photothermal conversion of nanomaterials, Halas and co-
workers first reported that the gold nanoparticles in the
solution can enhance the water evaporation rate.'"®'? Deng’s
group showed that the assembled plasmonic gold nanoparticle
thin film can be a promising, high-performance, and large-scale
light-absorbing material for strengthening evaporation at the
air—liquid interface.">*® The high light-absorbing ability and
floatable nature of the materials contribute to eflicient solar
evaporation. Moreover, the rational design of the macro-
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Figure 1. SEM images of the gauzes exhibited in different amplified times: (a) pristine gauze; (b) modified gauze with a 1:1 PDMS-to-CB ratio; (c)

modified gauze with a 1:1.5 PDMS-to-CB ratio.

structure and the economic cost also influence the practical
application of the solar-enabled evaporation technology.
Bioinspired superhydrophobic substrates have offered us a
great opportunity to develop advanced materials and solve
practical issues such as metal erosion, icing, oil spillage,
etc.”' 7 Similar to water striders, the superhydrophobic
substrates possess a robust floatable nature because of superior
water repellency.’*> Meanwhile, the self-cleaning ability of the
superhydrophobic substrates further ensures their reliability and
durability in practical applications.>*™>” A carbon-based
substrate has been demonstrated as a candidate for the
fabrication of both s%)erhydrophobic surface and light-
absorbing materials.** * Integrating the solar evaporation
and superhydrophobic substrates, here, we report that carbon-
black-based superhydrophobic gauze can achieve solar evapo-
ration of water with enhanced performance, large scale, and low
cost. The prepared superhydrophobic black gauze was able to
float on the air—water interface and enhance the surface
evaporation of water under irradiation. The self-cleaning ability
can prevent the superhydrophobic gauze from solid contam-
ination. The current contribution offers the opportunity for the
design and fabrication of a solar-enabled evaporation device and

may stimulate a new idea to develop advanced materials in
industrial production, energy savings, environmental improve-
ment, etc.

2. EXPERIMENTAL SECTION

2.1. Materials. The carbon black (CB) nanoparticle with an
average diameter of 29 nm was purchased from Evonik Corp. (Essen,
Germany; PRINTEX 140 V). Poly(dimethylsiloxane) (PDMS) was
obtained from Dow Corning Corp. (Carrollton, KY; SYLGARD 184).
The degreasing cotton gauze with a pore diameter of ~600 ym and a
yarn diameter of ~400 pm was purchased from Sanwell Co.
(Shenzhen, Guangdong, China). All other chemicals were used as
received.

2.2. Preparation of the CB-Based Superhydrophobic Gauze.
The superhydrophobic black gauze was fabricated through a typical
dip-coating process. The pristine gauze was dried in a 80 °C oven and
then immersed into a coating solution. The coating solution was
prepared by dispersing 1 g of PDMS containing 10% curing agent and
1.5 g (or 1 g) of CB nanoparticles into 30 mL of hexane under
sonication. Afterward, the modified gauze was cured in a 80 °C oven
for 2 h, and the as-prepared flexible black superhydrophobic gauze was
applied to the following experiments. Similarly, hydrophobic gauze was
prepared through dip-coating of a pure PDMS/hexane solution.
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Figure 2. Wettability of the pristine and as-prepared gauzes. (a) The superhydrophobic gauze was able to float on the surface of water, which was
opposite to the pristine gauze. The contact angles of the (b) superhydrophobic and (c) pristine gauzes were measured. (d) Schematic diagram of the
surface evaporation process.
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Figure 3. Evaluation of the evaporation behaviors under different irradiation intensities of (a) 1, (b) 2, (c) 3, (d) S, and (e) 10 W. The wine, navy,
and black lines represent the floating gauze, gauze in the bottom, and natural evaporation, respectively. (f) Integrated diagram.

2.3. Evaluation of the Evaporation. The tested aqueous solution to the gauze samples floated on the water surface (or at the bottom of
in a cylinder container with a diameter of 5 cm and a depth of ~15 cm the container) with a distance of 35 cm, and the area of the light spot
was located under the light source. The laser source was fixed vertically on the gauze was set as 1 cm? for local heating. Solar evaporation was
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also simulated on the basis of a white-light source with a light density
of ~3000 W/m?> During a certain time interval, the weights of water in
the container were recorded. The evaporation rate of the water can be
calculated accordingly.

2.4. Characterization. The morphologies of the gauzes were
observed by field-emission scanning electron microscopy (SEM; JSM-
7500F, Tokyo, Japan). The contact angles of the gauzes were recorded
with a charge-coupled device of a contact-angle analyzer (OCA 20,
DataPhysics, Filderstadt, Germany). The real-time temperatures of the
samples were measured by an IR thermography (E30, FLIR America).
The 800 nm IR laser with tunable powers was generated by a diode
laser system (BWT, Beijing, China), and the white light was generated
by a solar simulator (Pls-sxe300, Perfect Light Co., Beijing, China).

3. RESULTS AND DISCUSSION

3.1. Preparation of the CB-Based Superhydrophobic
Gauze. The CB nanoparticle is a reliable material for the
fabrication of superhydrophobic substrates, arising from its
intrinsic hydrophobic property and nanoscale particle size.*’
For the purpose of tethering the nanoparticles to the substrate,
environmentally friendly and thermosetting polymer, ie.,
PDMS, was selected to fabricate the hydrophobic coating
layer. The cellulose gauze is capable of absorbing various liquids
because of its high surface tension. Therefore, the hexane
solution can rapidly wet the gauze via the dip-coating process.
The flexible and floatable superhydrophobic gauze was
obtained after solidification of the coating layer. The present
fabrication process was facile, scalable, and low-cost, indicating
a promising application in practical solar evaporation.

SEM observation on the pristine gauzes exhibited that the
microfibers with an average diameter of ~30 ym were gathered
into a bunch with a diameter of ~400 ym, and the surface of
the fiber was smooth (Figure 1la). This bunch structure can
improve the liquid wetting through capillarity, which is
preferred in the dip-coating process. The hydrophobic layer
was solidified not only on the surface of the microfibers but also
in the gap between the microfibers (Figure 1b,c). The CB
nanoparticle and PDMS coating layer was well distributed on
the gauze microfiber, showing a typical nanoscale roughness
compared to the pristine gauze. The diameter of the gauze fiber
did not notably increase after the dip-coating process. A higher
CB content (1.5 equiv to PDMS) can result in a more uniform
coating layer (Figure 1c). However, the CB nanoparticle
tended to aggregate when its concentration exceeded 60 mg/
mL in hexane. Therefore, the coating solution composed of 1.5
g of CB, 1 g of PDMS, and 30 mL of hexane was selected to
fabricate the superhydrophobic gauze.

The unmodified gauze is superhydrophilic, which is capable
of absorbing water droplets rapidly (Figure 2c). Originating
from the nanoscale roughness and hydrophobic nature of the
coating layer, the modified gauze exhibited an obvious
superhydrophobic property (Figure 2b). The contact angle of
all of the modified gauzes exceeded 150°, and a water droplet
can easily roll off the surface. A low adhesive force was also
observed, for which a S uL droplet dispersed from a needle
cannot be discharged on the superhydrophobic gauze. The
superhydrophobic gauze also was endowed with a floatable
property, arising from the water-repellency modification
(Figure 2a). Even when pressed into the water, the black
superhydrophobic gauze can spontaneously float again because
of the air “cushion” of the superhydrophobic substrate. In
comparison, the hydrophobic gauze cannot completely float
when immersed in the water, indicating the necessity of making
the gauze superhydrophobic (Figure S1 in the Supporting

Information, SI). As a result, the light-absorbing super-
hydrophobic gauze can float on the air—water interface and
reinforce the light-induced evaporation (Figure 2d).

3.2. Light-Induced Evaporation Enhancement via the
Black Superhydrophobic Gauze. Carbon material has been
demonstrated as a hi% -performance and low-cost light-
absorbing substrate.'”*” To further determine the solar
evaporation enhancement via the CB-based superhydrophobic
gauze, the experiments on solar evaporation were conducted at
different light intensities. Three different systems of solar
evaporation were conducted, and those are the black gauze
floating on the water surface, the black gauze in the bottom of
the water container, and water without the black gauze (blank
group). All of the groups were tested under well-controlled
irradiation power (1, 2, 3, S, and 10 W). The white-light source
with a light density of ~3000 W/m?* was also used to simulate
solar irradiation.

Similar trends were observed in that the enhanced solar
evaporation was realized via the incorporation of floatable black
gauze. In comparison, when the black gauze was fixed in the
bottom of the water container, the evaporation rate did not
increase apparently (Figure 3). With the floating black gauze,
the amount of water evaporated reached around 0.22 g after
exposure to the 1 W light source for 30 min, which is 1.7 times
that of one covered by black gauze in the bottom (Figure 3a).
As we anticipated, the amount of evaporated water increased
with the intensification of light. Under irradiation of a 5 W
laser, the floating black gauze achieved a 1.1 g water
evaporation in 30 min, which is 2.5 times that of the one
covered by black gauze in the bottom and 2.9 times that of the
blank group (Figure 3d). As the irradiation power increased
from 1 to 10 W, the water evaporation mass of the floating
black gauze group increased from 0.23 to 2.42 g, displaying
significant enhancement in the evaporation process (Figure 3f).
In the control group, the amount of evaporated water merely
increased from 0.14 to 0.62 g, resulting from the unspecified
heating process.

The evaporation rate can simply be evaluated based on the
water loss in units of time (Figure 4). In our experiment, the
evaporation rate of the floating-black-gauze-covered water
increased from ~0.1 to ~0.9 L/h as the light intensified. The
evaporation rate of the black gauze in the bottom and the blank
group did not show a significant difference in a line with the
light intensity. Compared to the group with the black gauze in

1.0

0.8

0.6

0.4

0.2

Evaporation Rate (L-h)

0.0-
1w 2W 3W 5W mow

Irradiation Power

Figure 4. Evaporation rates under different irradiation powers. The
dark yellow, navy, and wine bars represent the evaporation rates of
natural evaporation, gauze in the bottom, and floating gauze,
respectively.
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Figure S. Temperature distribution was verified by IR photography. (a) All of the initial temperatures were around 21 °C. (b) After 30 min of
irradiation, the water with the floating gauze exhibited a significant temperature gradient (surface evaporation). The group of the gauze in the bottom

was denoted as traditional evaporation.

the bottom, the decrease of the evaporation rate of the blank
group is less than 20%.

To further investigate the evaporation process, IR photog-
raphy was applied to record the temperature distribution during
the experiment (Figure S). Initially, all of the sample solutions
had the same temperature of ~21 °C (Figure Sa). Utilizing S W
laser irradiation, the surface temperature of the floating black
gauze reached 64.1 °C, while that of the control group still
remained ~21 °C. After exposure to the laser for 30 min, the
temperature distribution of bulk water displayed remarkable
differences. When the black gauze was fixed in the bottom, the
temperature of the water was about 28.5 °C, showing a
negligible temperature variation of ~1 °C from top to bottom.
For the floating black gauze, the surface temperature of the
water reached ~45 °C, and the temperature of the upper
surface of the gauze exceeded 100 °C. In contrast, the
temperature of the water in the bottom only increased to 23.8
°C, indicating the significant temperature gradient (~20 °C) in
the floating gauze system (Figure Sb). The final temperature at
the air—water interface of the floating gauze group was 15—20
°C higher than that of the control group, which strongly
influences the rate of water evaporation.">*® The relationship
between the temperature and evaporation rate can be simply
estimated by the Dalton evaporation formula: E = C(P, — P),
where E, P, P, and C represented the evaporation rate,
saturation vapor pressure, realistic vapor pressure, and
correlation constant, respectively.41 The room vapor pressure
at 20 °C is about 500 Pa, and the saturation vapor pressures of
water at 28 and 45 °C are 3780 and 9590 Pa, respectively.**
According to the formula, the ratio of the evaporation rate of 45
and 28 °C was about 2.8, indicating the reason for the
evaporation enhancement. Although the evaporation process is
very complicated and the superhydrophobic gauze did reduce
the air—water exchange interface, a simple comparison can
clearly reveal that the significant increase of the surface
temperature was decisive in the efficient evaporation. There-
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fore, selective and localized heating at the air—water interface
can effectively enhance the water evaporation efficiency and
solar energy utilization.

To further simulate realistic solar irradiation, a white-light
source with a light density of ~3000 W/m® was taken into
consideration. Under this solar irradiation, the floatable light-
absorbing superhydrophobic gauze can also increase the
evaporation rate up to 2 times compared with the control
groups (Figure 6a). More importantly, the floatable black
superhydrophobic gauze can also enhance the evaporation rate
of a 3.5% sodium chloride aqueous solution, demonstrating a
promising application in the solar desalination process. The
group of floating gauze evaporated ~2.8 g of water in 30 min,
which was 2.3 times that of the bottom-covered one and 2.8
times that of natural evaporation (Figure 6b). In addition, the
CB nanoparticle can also float on the water surface and
enhance the surface evaporation (Figure S2 in the SI).
However, during solar irradiation, the CB nanoparticles
partially sank into water, resulting from its unstable surface
chemistry compared with the PDMS substrate.

The contact angles of the used black gauzes were also tested.
The superhydrophobic black gauze maintained its hydro-
phobicity after irradiation of less than 5 Wj ie., the contact
angle of the used black gauze was also around 150° (Figure
7a,b). However, the superhydrophobic property of the black
gauze can be deteriorated by an overlarge laser irradiation (~10
W). The contact angle of the black gauze decreased to 110°
when it suffered from a 30 min overlarge irradiation of 10 W
(Figure 7c). Although the PDMS-based material is a classical
hydrophobic substrate with stable chemical properties, the
overlarge irradiation may damage the superhydrophobic
properties of the as-prepared gauze, resultinggi from possible
light-induced free radicals or plasma etching.**** Fortunately,
upon application of high solar irradiation (~3000 W/m?), the
superhydrophobic property of the gauze was basically preserved
(Figure 7d). In nature, the power of solar light is not more than
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Figure 7. Variation of the contact angles before (a) and after 30 min of
irradiation of 5 (b) and 10 W (c) and simulated solar irradiation (d).

1000W/m?, *> which cannot significantly damage the CB-based
superhydrophobic gauze in accordance with our experiments.
3.3. Self-Cleaning Ability of the Black Superhydro-
phobic Gauze. Inspired by the lotus leaf, the super-
hydrophobic substrate is endowed with self-cleaning ability,
arising from its high water repellency and low water adhesive
force. A self-cleaning surface should meet wide requirements in
practical application and provide a reliable performance in the
harsh environment. To demonstrate the self-cleaning ability of

the superhydrophobic black gauze, hydrophilic NaCl crystals
and hydrophobic CB nanoparticle were used as models of
contamination. A 5 uL water droplet hung on the needle
contacted and moved on the surface of the contaminated black
gauze (Figures 8 and S3 in the SI). The moving droplet was

a Contact and Move b c
d e f
“Pick up” NaCl Self-Cleaning !

Figure 8. Demonstration of the self-cleaning ability of the super-
hydrophobic black gauze. Parts a—f show that a moving droplet can
effectively remove the surface contamination of NaCl crystals.

able to pick up the NaCl crystals and CB particles; meanwhile,
the droplet cannot be captured by the superhydrophobic
surface, arising from its low adhesive force. After removal of the
contamination, the water droplet was loaded with contami-
nations, revealing a lotus-leaf-like self-cleaning ability. This
superior characteristic can guarantee a durable performance in
practical solar evaporation such as solar mining.

4. CONCLUSION

In this contribution, the superhydrophobic substrate was
demonstrated as a promising candidate for the enhancement
of solar evaporation. The floatable superhydrophobic gauze was
fabricated through dip coating of the light-absorbing CB
nanoparticle and PDMS. The as-prepared black gauze exhibited
a typical superhydrophobic property and was able to float on
the air—water interface. Tested with laser irradiation, the
floating black gauze can efficiently enhance water evaporation,
and a 3 times higher evaporation rate was achieved under 5 W
irradiation. The significant temperature gradient was observed
in the floating gauze group, which was explained as the main
reason for the evaporation enhancement. Moreover, the black
superhydrophobic gauze possessed a self-cleaning property that
is suitable for practical usage. The current finding should offer
the opportunity to develop high-performance solar evaporation
materials and extend the applications of superhydrophobic
materials, ***’
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Floating ability test of the gauzes, evaporation test on CB
nanoparticles, and further self-cleaning experiment. The
Supporting Information is available free of charge on the
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