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ABSTRACT: Water shortage is a critical global issue that threatens human health,
environmental sustainability, and the preservation of Earth’s climate. Desalination
from seawater and sewage is a promising avenue for alleviating this stress. In this
work, we use the hornet nest envelope material to fabricate a biomass-based
photothermal absorber as part of a desalination isolation system. This system
realizes an evaporation rate of 3.98 kg m−2 h−1 under one-sun illumination, with
prolonged evaporation rates all above 4 kg m−2 h−1. This system demonstrates a
strong performance of 3.86 kg m−2 h−1 in 3.5 wt % saltwater, illustrating its
effectiveness in evaporation seawater. Thus, with its excellent evaporation rate, great
salt rejection ability, and easy fabrication approach, the hornet nest envelope
constitutes a promising natural material for solar water treatment applications.

1. INTRODUCTION

Presently, water scarcity is a critical global issue that threatens
human health, as well as the environment and climate of the
Earth.1,2 To alleviate this situation, desalination offers a
promising and environmentally friendly solution. Desalination
processes can be classified into membrane processes, such as
reverse osmosis,3 and thermal processes, such as solar-driven
evaporation.4 Compared to other methods, solar-driven
evaporation is more attractive because it utilizes clean energy
sources and presents minimal environmental impacts.5 Solar-
driven evaporation systems can be categorized into volumetric
systems,6−8 interfacial systems,9−11 isolation systems,12,13 and
contactless systems14−17 based on the location of the
photothermal material. Volumetric systems experience sig-
nificant heat loss because the absorber is directly placed into
the fluid, allowing sunlight to heat up the entire water
reservoir. In contrast, interfacial systems reduce these energy
losses by localizing the heat on the surface of the water.
Similarly, isolation systems make additional efforts to reduce
heat loss by further minimizing the contact area.18 To solve the
sustainable problem because of salt accumulation, the
contactless systems with infrared photons have been developed
during recent years.15

As an essential part of a solar-driven evaporation system,
many kinds of photothermal materials have been demon-
strated, such as metals, semiconductors, carbon-based
materials, and biomasses.18 Metallic materials that usually
offer strong spectral absorption are introduced into the system
with different morphologies and compositions to improve their
performance, including titanium nitride nanoparticles,19

employing chips rather than plates,20 naturally inspired
morphologies,21 and metal-organic frameworks.22,23 Semi-
conductors for solar evaporation, such as CuFeSe2 nano-
particles,24 Au−CuS gyroid-structured materials,25 and copper
sulfides,26 are also promising absorber materials that present
lower cost and good durability.18 Compared to the
aforementioned materials, carbon nanotubes,27 graphite,28,29

and other carbon-based materials have the merits of low cost
and excellent light absorption over the broad spectrum of solar
irradiance.18 Biomass also represents a suitable material for
vapor generation and is quickly gaining popularity. These
natural materials, such as coconut,30 cellulose acetate,31

kapok,32 wood,33 rice straw,34 bamboo,35 and magnolia
fruit,36 usually have an inherently porous structure, are
lightweight, promote simple and low-cost fabrication, and are
environmentally friendly. Some of them have a good heat
recovery ability. All of these features contribute to the large-
scale production of solar desalination components.
Here, we use the hornet nest envelope, a biomaterial, within

an isolation system for vapor generation. Hornet nests are
usually used to investigate the behavior of colonies of
wasps37,38 and include structural components such as honey-
combs and various envelope layers (Figure 1a). In the studies
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by Xu et al.39 and Dai et al.,40 honeycomb paper inspired by
comb structure is utilized for humidification−dehumidification
desalination systems, which could produce more freshwater by
recovering condensation heat and forcing airflow. However, in
contrast with the unique structure of the honeycomb, the
envelope is typically removed and treated as a waste material.
Even so, the envelope boasts an excellent porous structure and
is lightweight. The envelope is composed of woody fiber
(70%) and other local materials with saliva (30%).38 These

properties make it a strong material candidate for a

desalination system solar absorber. This work reports a simple

fabrication process of a porous solar absorber based on a

hornet nest envelope and black ink. Envelope samples with

different blending durations and thicknesses have been

investigated to establish the most ideal fabrication process.

Our system achieves an evaporation rate of 3.98 kg m−2 h−1

under one sun with good stability and salt rejection ability.

Figure 1. Fabrication process and schematic illustration of the hornet nest envelope evaporator. (a) The fabrication process of the natural
photothermal absorber. Envelopes are detached from the hornet nest. Blender and vacuum filtration are utilized to produce thin-layer samples.
Then, the top surface is painted with black ink by a cotton sliver. The white dashed area illustrates the hornet nest envelope. (b) Graphical
illustration of a biomass hornet nest envelope-based photothermal absorber acting as a solar desalination device. The inset is the illustration of the
one-dimensional (1D) water supply channel.

Figure 2. Size effect of hornet nest envelope fibers for water absorption and evaporation capabilities. (a) Microscope images of fibers with varying
blending durations. (b) Water absorption test result. (c) Evaporation rate results under an illumination of one sun.
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2. RESULTS AND DISCUSSION
2.1. Different Blending Durations. To improve evapo-

ration performance, optimization of the fiber size and fiber
distribution is essential for the photothermal absorber, which
were affected by the blending duration. Therefore, we use
different blending durations of 5, 15, and 25 s to determine
which one would get the higher evaporation performance and
called them samples 1, 2, and 3, respectively. Figure 2
illustrates the properties and evaporation rate (ER) with
different blending durations. As shown in Figure 2a, the
average fiber size is calculated by measuring six different fiber
sizes. The average fiber sizes are 0.108, 0.059, and 0.060 mm of
samples 1, 2, and 3, respectively. From this result, it is evident
that the fibers are not well dispersed and leave large holes in
sample 1, while the fibers in samples 2 and 3 are completely
separated. For photothermal materials, the pore size is an
important factor for water absorption and salt accumulation.41

High porosity samples own high water flux and shortened
water path, so they have an excellent water absorption ability
and lower salt accumulation. Moreover, in the study by Li et
al.,42 suitable porosity would slightly increase the evaporation
rate because of the increase in the water supply. Subsequently,
water absorption and solar evaporation tests are employed to
determine the most favorable blending duration. Fully
absorbing water is defined as the water is visible to the
naked eye and saturated the entire top surface. The weight of
samples before and after fully absorbing water is measured and
shown in Figure 2b. From the result, all samples have excellent
water absorption capability as photothermal absorbers. Addi-
tionally, Figure 2c presents the ER test results of samples with
different blending durations under one sun. From these results,
it is illustrated that the 15 and 25 s samples offer strong
hydrophilicity and high evaporation rates. However, the sample
with the 15 s blending duration produces better results

Figure 3. SEM images of samples blended for 15 s at different fabrication stages. The treated material is blended and filtered. (a) Raw materials. (b)
Treated materials without ink. (c) Treated materials with ink. The red square area is zoomed in as panel (d). The red line in panel (d) represents
the fibers, and the particle clusters are ink particles.

Figure 4. Spectral absorption and hydrophilicity of samples. (a) Contact angle on the surface with and without the ink. A sample of 0.5 mm
thickness is used here. (b) Visible and near-infrared (IR) light absorption spectra of samples with different thicknesses. (c) The ratio of weight
changes before and after completely saturated water absorption. (d) Graphic water absorption test results. The bottom side (without ink) of dry
samples is placed on the cotton cloth, which serves as a water pathway. When the whole surface is soaked, the time for full saturation is determined.
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compared to the 25 s sample for both tests. Therefore, samples
of different thicknesses are all fabricated using the 15 s
blending duration, as discussed below.
2.2. Effect of Thickness on Performance. Scanning

electron microscopy (SEM) images of samples at different
fabrication stages are shown in Figure 3. Compared to the raw
material, the treated material without ink has smaller and
disorder fibers but still maintains its porous structure. After
adding the ink, a relatively smooth surface can be obtained.
From Figure 3d, ink particles are evenly distributed on the
sample surface.
The contact angle is tested to find out whether the ink

would block water transfer (Figure 4a). The time interval
between drops is 15 s. A small water drop was dripped on the
surface and the contact angle was measured. Then, the
unabsorbed water was cleaned before the next water droplet
was dripped. As a result, the bottom surface absorbs the second
water drop immediately, and the top surface absorbs the third
water drop immediately. This result indicates that the black ink
has almost no effect on the water transfer. A stability test is
operated to check the stability of ink on the sample (Figure
S1). As a result, the ink layer is very stable and will not block
the water transfer.

The thickness of the sample is another crucial factor that
affects its evaporation performance. After determining the ideal
blending duration and removing the possibility of ink blocking
the water channel, sample thickness is evaluated. Samples with
thicknesses of 0.5, 0.7, 1.5, 1.8, and 2.0 mm are prepared. One
0.5 mm sample without ink is also prepared for the light
absorption test. Figure 4b presents the light absorption spectra
of samples with different thicknesses. Compared to the samples
without ink (0.5 mm), the inked samples have a better overall
spectrum absorption, around 94%, and it reaches 97% in the
visible light region (0.4−0.78 μm). This result shows that light
absorption capability is greatly improved by the black ink on
the surface, which makes samples excellent candidates for
photothermal absorbers. Figure 4c,d shows the water
absorptance test results. It becomes evident that samples can
be fully saturated with water quickly, and thicker samples
require more time to be fully saturated. The ink layer would
block part of water channels. It is painted manually, so the ink
layer on different samples is not completely identical.
Therefore, the 1.8 mm sample has a lower result due to the
thicker ink layer.
The ER system setup and evaporation performance are

shown in Figure 5. Figure 5a provides the diagram of the ER

Figure 5. Solar water treatment system and evaporation rate results. (a) Diagram of the solar desalination system setup and 1D water supply
channel of the system. Samples are placed on the cotton cloth, and the area without samples are covered by polystyrene foam. Cotton cloth serves
as a water pathway. Polyvinyl chloride foam is used for heat insulation and then placed into a container with water. Samples are set on a weight
scale, which is connected to a computer for real-time data recording under the solar simulator. (b) Evaporation rate results for samples with
different thicknesses. (c) The top surface temperature of various samples and their corresponding thermal camera images after 60 min.
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system. Samples are placed on the cotton cloth, which serves as
a water pathway, and the area without samples is covered by
polyvinyl chloride foam, which is used for heat insulation.
Then, samples are set on a weight scale under the solar
simulator. The weight scale was connected to a computer,
which could monitor and record the mass change of the water.
The ER results with deionized (DI) water under one sun and
corresponding surface temperature monitor results are shown
in Figure 5b,c. All samples demonstrate efficient evaporation
rates above 3.50 kg m−2 h−1. Among them, the 0.7 mm sample
has the best performance of 3.98 kg m−2 h−1. Samples thinner
and thicker than 0.7 mm cause a decrease in the ER. For
thinner samples, they cannot store enough water for water
vapor transition. While for thicker samples, the water needs
more time to pass through the sample and heat loss is higher
because of the long distance for heat transformation. This
result presents that a 0.7 mm thickness balances the water and
heat transformation and a 0.7 mm thickness sample becomes
the best choice for high evaporation performance. Besides, the
thickness of the sample has almost no effect on the surface
temperature during the ER test, as shown in Figure 5c. The
average surface temperature becomes stable around 50 °C after
10 min in all cases to achieve a stable evaporation process.
Besides, a thermal conductivity of the 0.7 mm sample is 0.056
W m−1 K−1. The thermal conductivity of natural fibers usually
varies from 0.039 to 0.053 W m−1 K−1.43 Thermal camera
images of samples with different thicknesses after 60 min of
solar exposure are shown in the inset of Figure 5c.
Subsequently, the DI water is replaced with a solution of 3.5
wt % saltwater to simulate seawater. The resulting ER result is
3.86 kg m−2 h−1 (Figure S2), showing that the sample operates
efficiently even for saline solutions.
The photothermal efficiency and solar-to-vapor efficiency

are calculated. The detailed calculation is shown in the
Supporting Information Note S3.44,45 The corresponding

photothermal efficiency of the 0.7 mm sample is calculated
to be 69.95%, and the corresponding solar-to-vapor efficiency
of the 0.7 mm sample is calculated to be 241.94%.

2.3. Long-Time Test and Salt Rejection Ability. Based
on the results above, the 0.7 mm sample with a 15 s blending
duration is used for long-term ER tests, varying solar intensity
ER tests, and salt rejection tests (Figure 6). In a practical
scenario, the solar intensity will change over the course of a
day, so it is important to verify the ER performance under
different solar intensities in DI water (Figure 6a). The ER of
the samples decreases as the sun intensity decreases. The ER
results under 0.65, 0.8, 1, 1.2, and 1.4 suns are 2.49, 3.01, 3.98,
5.47, and 5.70 kg m−2 h−1, respectively. This shows that the
sample can operate efficiently under a large variety of solar
irradiation conditions, making it a versatile component for a
solar desalination system. The surface temperature also
becomes stable after 10 min, which means the evaporation
process becomes stable after 10 min (Figure S3). Figure 6a
also shows the long-term mass change. We define one cycle as
one 3 h test and evaluate the performance for three cycles.
Afterward, the average ER for each cycle is calculated. The
results are 4.15 kg m−2 h−1 for the first cycle, 4.42 kg m−2 h−1

for the second cycle, and 4.54 kg m−2 h−1 for the third cycle
(Figure S4). Figure 6b provides the salt rejection test results. A
0.7 mm thick, 15 s blended sample is used for the desalination
test. The system setup is the same as the ER test except that
there is no solar input, and the DI water is replaced by 3.5 wt
% saltwater. Then, 0.25 g salt is put on the surface of the
sample. After 8 h, salt is fully dissolved into saltwater via the
sample. This result shows that it has great salt rejection ability,
which is an important factor for the desalination system at
night.

Figure 6. Mass change with varying solar intensities, long-term evaporation test, and salt rejection abilities of the sample. (a) A mass change of 0.7
mm sample under different sun intensities and different cycles, using a period of 3 h for one cycle. (b) Salt self-cleaning test with 0.25 g of salt on
the surface for a period of 8 h without illumination. (c) Salt accumulation test with 3.5 wt % saltwater under 1 sun for 8 h.
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3. CONCLUSIONS

In summary, a hornet nest envelope, a cheap and environ-
mentally friendly biomass, is used to fabricate a solar absorber
for use within an isolation desalination system. The fabrication
process is straightforward, cost-effective, and requires very few
devices. An evaporation rate of 3.98 kg m−2 h−1 is achieved
under one sun, while an average rate of 4.36 kg m−2 h−1 is
reached for long-term tests. The evaporation rate in saltwater is
also desirable, which is 3.86 kg m−2 h−1 under one sun.
Besides, it also shows good salt rejection ability. Future work
can focus on different morphologies and surface treatments of
the envelope.

4. EXPERIMENTAL SECTION

4.1. Materials and Fabrication. The fabrication process is
shown in Figure 1a. First, the envelope was detached from the
hornet nest, which was provided by Lincoln Woods State Park,
Lincoln, RI. One gram of the envelope and 300 mL of water
are placed into a high-speed blender (Vitamix E310). The
envelope material was blended for varying durations (5, 15,
and 25 s). Vacuum filtration was used to extract the envelope
fiber from the blended solution of the envelope fiber and water.
Finally, after the treated material was air-dried, the black ink
(Black 3.0 paint) was painted on its top surface to improve its
photothermal-absorbing ability. Approximately 1 g of envelope
yields a sample with a thickness of 0.7 mm. This thickness can
be modified using different amounts of envelope raw materials.
Cotton cloth, which serves as water pathways, was supplied by
Webril. Poly(vinyl chloride) foam, which is used for heat
insulation, was purchased from the McMaster-Carr; 0.25 g of
sea salt (Morton) was prepared for the salt rejection test. The
details of the preparation process are shown in Figure S6.
4.2. Characterization. SEM images were characterized by

scanning electron microscopy (SEM, S5200, Hitachi Com-
pany) under an acceleration voltage of 10 kV. The surface
morphology of the samples with various blending durations
was observed using a trinocular metallurgical microscope
(ME300TZA-3M) with a 50× lens. The water contact angle of
the samples was measured by a contact angle goniometer
(DSA-25, Krüss, Germany) with a 5 μL DI water droplet at
room temperature according to the sessile droplet method.
The light absorption (0.2−2.5 μm) was measured by a Jasco
V770 spectrophotometer at an incident angle of 6° with the
ISN-923 60 mm BaSO4-based integrating sphere. The incident
angle is set by the company to avoid inaccurate data when
testing mirror surfaces. The thermal conductivity was
measured by the isotropic standard module of TPS 2500 s.
Solar evaporation and desalination test were operated by a
solar simulator (Newport, 94081a). Infrared images of samples
were taken by an FLIR A655C thermal camera.
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