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A three-dimensional antifungal wooden cone evaporator for
highly efficient solar steam generation

Meihua Xie', Ping Zhang1, Yizhong Cao', Yutao Yan', Zhe Wang

'* and Chunde Jin'™®

Interfacial solar energy evaporation is an effective measure to alleviate the current global shortage of clean water resources.
However, many solar evaporators are two-dimensional (2D) structured devices developed by coating light-absorbing materials on
the surface of host materials, and the efficiency of solar steam generation is limited. For this reason, the present study reports a
facile and environment-friendly method to construct a conical three-dimensional (3D) wooden evaporator, which uses flexible
wood as the substrate and tannic acid complex as the light-absorbing material and is formed by further convolution. Reasonable
structural design and material combination enable the evaporator to show excellent mildew resistance and highly efficient
evaporation performance. The black decoration considerably improves the wood light absorption, resulting in high absorbance
(>90%) of DW-TA-Fe3* in the wavelength range of 200-800 nm. The water evaporation rate of the wooden cone evaporator can
reach up to 1.79 kg m—2h~', about 1.6 times higher than that of the 2D evaporator. Moreover, the evaporator exhibits outstanding
biological stability and effective desalination performance. This work is expected to offer a new direction in designing a 3D wooden

evaporator for effective solar water desalination.
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INTRODUCTION

Clean water scarcity is a leading pressing challenge today due to
the population boom and industrial development'~. To mitigate
this problem, many technologies such as electrodialysis?,
membrane distillation®, reverse osmosis®, multi-effect distillation
(MED), adsorption desalination (AD)”~'2, etc., have been used for
clean water production, however, which have limited application
due to the relatively complex process as well as high cost and
which have limited application due to the relatively complex
process as well as high cost and low standard universal
performance ratio (10-13%, was calculated based on standard
primary energy)'3. Solar interfacial evaporation utilized for
desalination is an effective and sustainable method to alleviate
freshwater resource shortages'*'”. Different from traditional
solar evaporation (heating a large amount of water)'82!, this
technology uses a specific structure to confine energy to the
light-absorbing layer, allowing for water evaporation on the
structure surface, effectively reducing heat loss and achieving
higher evaporation efficiency?*~?’.

Various photothermal materials have been introduced into solar
interfacial evaporation systems, such as nano-metal ions®,
graphene oxide?®, polypyrrole°, etc. Efficient evaporation perfor-
mance has been achieved by improving the absorption rate and
reducing heat loss of photothermal evaporation devices®'~3’. By
decorating metal nanoparticles into the natural wood, Zhu et al.
designed a plasmonic material with a high absorption rate of 99%
in the wavelength range of 200-2500 nm3®, Feng et al. devised
a solar evaporator via calcinating melamine sponges (MS). The
calcinated MS with thermal insulation achieved an ultrafast
solar evaporation rate (1.98kgm™2h~") and high photothermal
efficiency (~92%)*°. Yan et al. studied an ultra-light maize straw/
graphene aerogel with a solar energy conversion efficiency of 95%
by low-temperature hydrothermal reduction and atmospheric
drying using ice crystals as templates*®. Low-cost natural wood
was used as an evaporator for solar desalination owing to its

microporous structure and excellent hydrophilicity. Most research
constructed planar devices by coating light-absorbing materials
on the transverse and longitudinal sections of natural wood*'~*,
Plagued by complicated manufacturing and low evaporation rate,
these technologies require further improvement in evaporation
performance. However, the choice of materials has reached the
bottleneck of efficiency, and the theoretical limit of energy
conversion efficiency is hard to push further.

Recently, in order to break through the limit of theoretical
efficiency, the solar evaporator was extended from original 2D to
3D structures. Compared with the 2D evaporator, the 3D version
exhibited more excellent evaporation performance due to a larger
evaporation area and less diffuse reflection*=>, For instance, Cao
et al. developed an ASA 3D conical Janus evaporator with a stable
evaporation rate of 1.713kgm=2h~" for 14 days to 3.5% artificial
seawater®®. Wang et al. prepared an artificial photothermal cone
with polypyrrole (PPy) coating and solar conversion efficiency of
about 1.7 times higher than plane film®’. Liu et al. reported a high-
performance 3D photothermal catalytic spherical evaporator
whose light-to-vapor efficiency exceeded the theoretical limit,
reaching 217%°8. However, the relatively complex preparation still
needs further improvement.

Here, a wood-based conical evaporator was developed via wood
flexibility treatment, photothermal material loading, and structural
design. Delignification improved the flexibility and hydrophilicity
of wood. The black tannic acid complex was used as the main
material for solar photothermal harvesting. Owing to the rational
structural design, multiple light reflections occurred on the device
surface, and diffuse reflection was reduced, promoting light
absorption. Therefore, by using this wooden cone evaporator, the
evaporation rate and efficiency reached up to 1.79kgm=—2h~",
Furthermore, the evaporator demonstrated efficient desalination
and excellent stability. Taken together, this highly efficient and
highly stable wood-conical evaporation device holds great promise
in solar desalination.
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Fig. 1 Preparation of wood-conical evaporation device. a Preparation schematic diagram of photothermal conversion wood veneer. b 3D

wood cone evaporator.

RESULT AND DISCUSSION

Inspired by natural plant transpiration, this study designs a
wooden cone evaporator via successively loading tannins and iron
ions on the DW surface. Different from the traditional wood
evaporation device, in this work, the wood was subjected to
alkaline sulfite treatment to remove partial lignin and hemicellu-
lose, significantly improving the flexibility of the wood and
overcoming the infeasibility of 3D structural shaping on the wood
due to wood rigidity. In the first step, DW with improved
hydrophilicity and flexibility was obtained. After a two-step
immersion treatment, the light absorption layer on the wood
turned from the original pale yellow to black (Fig. 1a and
Supplementary Fig. 1) thanks to the complexation action between
tannic acid and Fe3*>°, The 3D cone evaporator was obtained
finally by further hand cutting and shaping of flexible wood with
the black light absorption layer for solar seawater desalination
(Fig. 1b).

Analysis of the morphology of surface morphology

The characteristic hierarchical porous structure of wood was
beneficial to rapid water transportation by capillary action and
excellent heat insulation®®®'. As shown in SEM images (Fig. 2al,
a2), large amounts of channels were aligned vertically in the
poplar wood and were mainly composed of wood fibers and
vessels*2, which were well-preserved from poplar veneer after
delignification and coating (Fig. 2b1, c1). Moreover, high-
magnification images showed some spheres on the wood cell
wall surface (Fig. 2c3), i.e., the tannic acid complexes on the DW-
TA-Fe3*. These longitudinally parallel channels were connected
by the pits distributed along the vessel walls (Fig. 2c2). The 3D
water transport network consisted of longitudinal channels and
horizontal pits inside the wood. Furthermore, after removing
partial lignin, the original densely-packed cell walls evolved into
a highly loosened skeleton, and the well-aligned cellulose
nanofibers in the cell wall were distinctly exposed (Supplemen-
tary Fig. 2), improving wood hydrophilicity and reducing thermal
conductivity. In addition, lignin removal reduced wood stiffness
and increased wood flexibility, making it feasible to construct
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conical devices. The intensity during folding even reached up to
180° without fracturing (Supplementary Fig. 3).

Analysis of chemical composition

The changes in chemical functional groups of wood were
analyzed by FTIR spectroscopy at different treatment stages.
Figure 3a shows the chemical functional groups of wood, DW, and
DW-TA-Fe3*, respectively. As can be seen, functional groups of
lignin and hemicellulose were weakened after alkaline sulfate
treatment, where the stretching vibration absorption peaks
of C=0 and acetoxy of hemicellulose were at 1738 and
1235 cm~'%2, respectively, whereas the characteristic functional
groups of lignin were at 1635, 1506, and 1463 cm~ "3, However, a
characteristic peak was found at 1722 cm~" in the spectrogram of
the DW-TA-Fe3*, which belonged to the peak of C=0 in tannic
acid®*®, The result analysis of the chemical composition also
confirmed this result (Fig. 3b). The above results identified that the
alkaline sulfate treatment removed part of the component, i.e.,
lignin and hemicellulose in the wood. Additionally, XPS patterns
was used for further investigation of the chemical element
composition and chemical bond situation of wood samples. As
shown in Fig. 3c, the XPS survey spectrum of the DW-TA-Fe3*
presented three main characteristic peaks, among which Cls, O1s,
and N1s were at the binding energy of 284.6, 532.2, and 399.5 eV.
The Fe2p (710.6 eV) symbol was initiated from the tannic acid
complex. The high-resolution Cls spectrum of the DW-TA-Fe3*
indicated three peaks at 284.8, 286.5, and 288.2 eV related to C-C,
C-O, and C=0, respectively (Fig. 4). The spectrum of O1s revealed
three peaks of C-O (532.8 eV), C=0 (532.1 eV), and O-Fe (531 eV),
respectively (Fig. 3d). O-Fe chemical bond was attributed to the
dehydrogenation of the phenolic hydroxyl group on the tannic
acid to form a chelate with Fe3™ (Supplementary Fig. 5). The
increase in oxygen content and the presence of the O-Fe chemical
bond in the DW-TA-Fe3* indicated that the tannic acid complex
was loaded on the wood surface (Supplementary Tab. 1). This
observation was supported by the EDS mapping images of C, O
and Fe elements on the DW-TA-Fe3* surface (Fig. 2c6 and
Supplementary Fig. 6).
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Fig.2 The morphology and structure of wood, DW, and DW-TA-Fe3". a, b Optical images of wood and DW. a1, b1 The SEM images of wood
and DW in the tangential section. a2, b2 The SEM images of DW and wood in cross-section. ¢ The micromorphology of the DW-TA-Fe3*,

¢6 The EDS mapping images of the DW-TA-Fe3+.

Analysis of hydrophilicity and heat behavior

Excellent hydrophilicity is the prerequisite for solar interfacial
evaporation. As shown in Fig. 4a, compared with wood, DW
represented greater water absorption efficiency owing to the
removal of the relatively hydrophobic lignin. The water drop was
fully absorbed into DW in just 3s. DW remained hydrophilicity
after TA-Fe®>* coating. Additionally, the assessment of the water
transportation ability of the wood and DW samples using the
methyl orange (MO) solution revealed the stronger capacity of DW
substrate for water transport (Supplementary Fig. 7). Lignin
removal not only increased the hydrophilicity but also reduced
the thermal conductivity of wood®*°. In the dry state, the thermal
conductivity of wood and DW were 0.1455 and 0.1200 W/m k,
respectively (Fig. 4e). The delignification process made the wood
more hydrophilic, thermally insulating, and porous, increasing the
evaporation rate. The optical absorbance of wood and DW-TA-
Fe3* was observed using a UV-Vis-NIR spectrometer. As shown in
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Fig. 4b, DW-TA-Fe3* displayed higher absorption capability in the
wavelength range of 200-2500 nm, attributed to the coating of
the black tannic acid complex and the porous structure inside the
wood. Figure 4c illustrates the surface temperature change curves
of the DW-TA-Fe3* evaporator, DW evaporator, and water during
simulated solar radiation obtained by infrared thermal imaging.
After 1 h, the temperature of the 3D wooden evaporator rose to
39 °C because of the multiple light reflections on the conical cavity
surface (Supplementary Fig. 8), the thermal performance of the
DW-TA-Fe3" evaporator is significantly higher than the other two
evaporators.

Evaporation acceleration by DW-TA-Fe3*

To study the photothermal conversion and evaporation of the 3D
cone evaporator, a homemade water-evaporation device was
used to measure water mass change during evaporation (Supple-
mentary Fig. 9). A pearl cotton foam ring (thermal conductivity of
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Fig.3 The functional groups and chemical compositions of wood, DW, and DW-TA-Fe3*. a The FTIR spectrum of the wood, DW and DW-TA-
Fe3". b The relative content of cellulose, hemicellulose, and lignin in wood and DW. ¢ XPS survey spectra of wood and DW-TA-Fe3*. d High-

resolution O1s peaks.

0.02965 W/m k) was used to fix the evaporator, and insulate and
reduce heat loss*9%78, Figure 4d showed the evaporation rate of
water, 2D, and 3D evaporators (with an identical projected area).
Compared with the 2D evaporator, the 3D cone evaporator
significantly accelerated water evaporation under the same test
conditions, and the evaporation rate was as high as
1.79kgm~2h~", about 8 and 1.6 times higher than that of water
(022kgm~—2h~") and 2D evaporators (1.11kgm~—2h~"), higher
than many other solar steam power systems, implying an excellent
evaporation performance of the 3D wooden cone evaporator.

In addition, the device-water contact area is also an important
factor affecting evaporation performance. For this reason, we
investigated the evaporation performance of the three systems by
controlling the height at which the evaporator was immersed in
water (as shown in Fig. 5a). Figure 5c shows the changes in the
surface temperature of the device during solar-to-heat conversion
recorded by the infrared thermal imager. After 60 min of
irradiation, the temperature of the device surface (h=5mm)
increased significantly and reached 38.8 °C. However, the tem-
perature of the whole evaporator immersed in water was only
36 °C. As shown in Fig. 5d, the evaporation rate of devices with a
minimal contact area with water reached up to 1.78kgm~—2h~",
while that of the whole evaporator immersed in water was just
1.18kgm~2h~". As shown in Fig. 5b, the device fully immersed in
water lost much heat, and the temperature of the bulk water
increased significantly. Therefore, the device-water contact area
was under reasonable control, preventing energy loss from the
solar absorption layer to bulk water.

Water purification performance of DW-TA-Fe3 "

Further, to assess the desalination performance of the 3D wooden
cone evaporator, seawater obtained from the East China Sea was
used for solar evaporation and purified water collection during
solar evaporation. Inductively coupled plasma mass spectrometry
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(ICP-MS) was used to detect the ion concentration. As shown in
Fig. 6a and Supplementary Table 2, the concentrations of the main
ions (Na*, Mg?*, K, and Ca%") in the seawater after desalination
were 2,01, 0.22, 0.48, and 0.04 mgL~", respectively, far less than
the drinkable water standard limit defined by World Health
Organization. Besides, Supplementary Fig. 10 shows the results of
pH, total dissolved solids (TDS), and conductivity of seawater
before and after desalination. The pH of dilute water was 6.59,
conductivity was 318 us/cm, and the TDS value was 19 ppm. The
test results meet the sanitary standard for drinking water (GB
5749-2006), which indicated good desalination performance of
the 3D wooden cone evaporator. Figure 6b presents the stability
performance of the evaporator, the evaporation rate could still
reach 1.62kgm~2h~" after repeated use ten times. Supplemen-
tary Fig. 11 shows the evaporation rate of DW-TA-Fe3* in long-
term storage of 30 days. The evaporation rate is still stable after
long-term storage, clearly, the evaporation rate was also stable
over the whole measured period, which undoubtedly indicated
good stability and recyclability of the DW-TA-Fe>* device. In order
to further test the biological stability, the wood, and DW-TA-Fe3+
were placed in water for 15 days under natural sunlight,
respectively. As shown in Fig. 6¢, e, obvious mildew spots were
observed on the wood surface, and the DW-TA-Fe** has no
obvious mildew spots, revealing that the wood was infected by
fungus in a humid state. The SEM was used to further observe the
surface morphology of wood and DW-TA-Fe3*. As shown in
Fig. 6d, f, many mycelia were covered on the channels of the
wood. Compared with those of the wood, the DW-TA-Fe3* surface
and interior showed no apparent mycelia aggregation, indicating
a great mildew resistance. The result analysis of the DW-TA-Fe3*
surface after floating for 30 days under natural sunlight also
confirmed this result (Supplementary Fig. 12). Alkaline sulfite
treatment imparted mildew resistance to wood because partial
hemicellulose (a heteropolymer of monosaccharides and the
nutrients for mold) was removed from raw wood. Furthermore,
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Fig. 4 The hydrophilicity, photothermal thermal, and water evaporation performance of the evaporator. a The contact angles of the
wood, DW and DW-TA-Fe3>". b The absorption of wood and DW-TA-Fe3*. ¢ Surface temperature curves of 3D wooden cone evaporator.
d Water mass changes of three evaporation systems under the dark condition and one sun illumination intensity. e Thermal conductivities of

the natural wood and DW.

the excellent antibacterial effect of tannins also plays a role in
preventing mildew®%7°, The results showed that the 3D wooden
cone evaporator had satisfying stability.

Evaluation of the practical applicability of DW-TA-Fe3"

The water evaporation performance of DW-TA-Fe>* under natural
sunlight was measured in a self-made solar distillation device.
Figure 7a shows the freshwater collection process during outdoor
experiments (8:00-16:00). Under natural sunlight, vapor was
produced from the DW-TA-Fe3* surface. Then freshwater was
condensed on the inner wall of the glass dome and eventually
poured from the side duct. After 8 h evaporation, ~9mL of
freshwater was collected from the side duct, and the correspond-
ing evaporation rate reached 1.59kgm~2 h™' (Fig. 7b). The DW-
TA-Fe3* showed a weakened evaporation effect compared to that
under the laboratory test condition because the natural solar
illumination was lower than one solar intensity simulated by the
experiment. (1 kW m~2). The cost of a DW-TA-Fe3* was calculated
to be $ 0.12 (Supplementary Table 3). The comparison of materials
component, performance, and cost between this study and
other research was shown in Supplementary Table 4. The result
indicated DW-TA-Fe3* was an efficient and practical evaporator.
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Meanwhile, the daily water consumption of one adult (2-3L) can
be produced by a 1 m? device (3.18 kg) after 2 h under an average
of about 0.66 kW m~2 natural sunlight.

In summary, inspired by natural plant transpiration, we
developed a conical wooden photothermal evaporator of high
efficiency via chemical modification and device structure design.
The evaporation efficiency of the device reached 1.79kgm=—2h~!
under one sunlight, Moreover, alkaline sulfite treatment and
tannin complex loading helped to improve evaporation perfor-
mance during mildew resistance, enabling the device to achieve
satisfying biostability after immersion in water for up to 30 days.
The DW-TA-Fe** showed the characteristics of low cost, facile
preparation, and green, which provides a new idea for high-
efficiency solar energy generation.

METHODS
Materials

Tannic acid (TA) and iron sulfate hydrate (Fe;S30,,-xH,0) were
provided by Macklin and used for light-absorbing material
construction. Poplar veneer as a substrate was used for photo-
thermal wood manufacturing. Sodium sulfite (Na,SOs3) and sodium

npj Clean Water (2023) 12
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Fig. 5 Enhancement of water evaporation by reducing thermal losses. a Schematic diagram of the device at different underwater heights.
b Surface temperature images of the three evaporation systems. ¢ Surface temperature change of the three evaporation systems. d Water

mass changes of three evaporation systems.

hydroxide (NaOH) were offered by Sinopharm Chemical and used
for the lignin removal from wood. Deionized water was used
throughout the experiment.

Delignification of natural wood

The wood veneers with a size of 90 mm x 90 mm X 0.55 mm
(tangential x longitudinal x radial) were dipped in a mixed solu-
tion of 25M NaOH and 0.4 M Na,SOs (7h, 100°C) and then
immersed in boiling water several times to remove chemicals so
as to obtain the delignified wood (DW)”".

Preparation of the 3D wooden cone evaporator

First, DW was immersed in TA aqueous solution (4% w/v) for 12 h
at room temperature to prepare DW-TA. After that, the obtained
DW-TA was dipped in 4% w/v Fe,S30,,-xH,0 aqueous solution at
room temperature for 2 h to realize the complexing reaction of TA
and Fe*" on the DW surface. Afterward, DW-TA-Fe>" was cut into
a circle with a diameter of 42 mm and curled up into a cone.
Finally, the cone was fixed by a mold to prepare a 3D wooden
cone evaporator.

Characterization

The microtopography of wood, DW, and DW-TA-Fe>* was
investigated by SEM (TM3030, Hitachi, Japan). The surface element
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distribution of DW-TA-Fe*" was measured by SEM-EDS (SU8010,
Hitachi, Japan) mapping system. The surface chemical functional
groups, compositions, and bonded valence were analyzed using
FTIR (IR-Prestige 21, Shimadzu, Japan) XPS (Thermo Scientific
K-Alpha, Thermo Fisher Scientific, Germany). The wood composi-
tion was determined by paradigm washing (GB/T20805-2006
and GB/T20806-2006 standard). The sunlight absorption
characteristics of the wood and DW-TA-Fe** were detected
using a UV-vis-NIR (UV 3600Plus, Shimazu, Japan) at the range
of 200-2500 nm. Hydrophilicity was assessed by the OCA100
contact angle system (Dataphysics, Germany). The concentration
of metal ions in the collected water was appraised via ICP-MS
(Agilent 720ES, Shimazu, Japan) inductively coupled plasma
mass spectrometer.

Solar water evaporation performance measurement

The 3D cone evaporator was fixed by a pearl cotton foam ring
with a diameter of 30 mm on the water surface in the container.
The solar water evaporation performance was tested using a
solar simulator (CEL-HXF300H5, China) with a standard solar
spectrum (AM 1.5 G). The electronic balance (FA200, China) with
an accuracy of 0.1 mg was used to record mass changes. The
surface temperature of the evaporator was measured by an
infrared camera (DS-2TPH10-3AUF).
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