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ABSTRACT: Interface solar steam generation (ISSG) are charming for its applications
in desalination and wastewater treatment. Biomass is an attractive substrate for utilizing
solar vapor evaporators because of its natural pore structure and water transportability.
Polymers like polydopamine (PDA) and polypyrrole (PPy) with broadband spectrum
absorption are fascinating in photothermal materials (PTMs). Herein, PDA coated
daikon-based (PDA-DK) and PPy coated daikon-based (PPy-DK) PTMs have been
exploited for solar steam generation. When polyethylene foam (PEF) was used as an
insulating layer to limit heat loss from the PTMs to bulk water, the evaporation rate of
PDA-DK and PPy-DK was raised from 0.82 kg m= h™' and 0.96 kg m2 h! to 1.50 kg
m2h'and 1.60 kg m2 h!, respectively. Meanwhile, the corresponding photothermal
conversion efficiency was increased to 89.01% and 98.97%, which was increased by
nearly 40% under 1-sun irradiation. In addition, PDA-DK and PPy-DK exhibited
remarkable stability for the solar steam generation without significant change through
15 cycles. Furthermore, PDA-DK and PPy-DK could effectively desalt seawater and
purify dyeing wastewater. All the results indicate that PDA-DK and PPy-DK have great

potential in real-world applications for solar steam generation.
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1. Introduction

Interface solar steam generation (ISSG) has received much attention for its
potential application in seawater desalination and wastewater purification with the huge
possibility to solve the worldwide freshwater shortage [1-3]. High efficient solar steam
evaporators mainly depend on the exploitation of excellent photothermal materials
(PTMs). Superior PTMs should be satistied the following conditions: broadband light
absorption capability, hydrophilic porous structure and excellent stability. The reported
PTMs applied to ISSG can be classified into metallic plasmonic materials [4-6],
semiconductor materials [7-9], carbon materials [10-13], and so on. For instance, Zhu
exploited an Au plasmonic absorber through self-assembly. Due to efficient light
absorption, strong field enhancement, and porous structures, the Au plasmonic
absorber-based ISSG achieved 90% light to heat conversion efficiency under 4-sun
intensity [14]. He fabricated reusable Au plasmonic membranes with broadband solar
absorption, high plasmon dissipation losses and fast capillary flow, which resulted in
~85% photothermal efficiency at an illumination power of 10-sun [15]. Yin synthesized
the black Ag nanostructures with broadband absorption in the near-infrared and visible
spectrum, which were made into thin films for ISSG, and the steam generation
efficiency reached as high as 95.25% [16]. However, metallic nanoparticles like Au and
Ag are expensive. In addition, most of the nanoparticles such as Fe and Cu are unstable
in corrosive media. These disadvantages will restrict their applications in seawater
desalination and dye wastewater purification. Many semiconductor-based PTMs have
been exploited for ISSG. Shao combined a commercial degreasing cotton, agarose and
semiconductor CuS yolk-shell nanocages to fabricate a highly flexible photothermal
aerogel, which achieved a water evaporation rate of 1.63 kg m? h! with the
photothermal efficiency of 94.9% under 1-sun intensity [17]. Yang developed a
MoS,/Bio-carbon foam composite PTM through the hydrothermal self-growth method.

Due to the synergistic effect of semiconductor MoS» nanosheets and bio-carbon foam,
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this PTM could achieve about 96% solar absorption with a water evaporation rate of
1.49 kg m™2 h™' under 1-sun illumination [18]. However, the majority of semiconductors
are influenced by the narrow absorption band, which limits the semiconductor-based
PTM to achieve a high evaporation rate. Carbon-based PTMs are extremely popular
among researchers to realize the high evaporation rate because of the broadband
absorption band. For instance, Liu used the carbonized upper leaves of rice straw as the
light absorber that could attain 89.4% light absorption. The water evaporation rate was
1.2 kg m? h! with 75.8% photothermal conversion efficiency [19]. Li fabricated
bagasse-based photothermal aerogel, which was consisted of water transporter bagasse-
derived cellulose fiber and light absorber carbonized bagasse. This aerogel could absorb
about 95% sunlight, which resulted in a water evaporation rate of 1.36 kgm2 h™!. The
energy conversion efficiency was 77.34% under 1-sun irradiation [20]. Xu designed a
photothermal aerogel with graphene oxide and cellulose fiber from rice straw through
the chemical crosslinking method. This photothermal aerogel could absorb about 97%
sunlight with a water evaporation rate of 1.37 kg m2 h™' (1 cm high), and the
photothermal conversion efficiency was 73.60% under I-sun intensity [21]. Qu
developed a vertically aligned graphene sheet film that could absorb about 93% of the
UV, 98% of visible and nearly all of the near-infrared solar illumination. This PTM
could realize a water evaporation rate of 1.62 kg m2 h™! and the photothermal
conversion efficiency was up to 86.5 % under 1-solar irradiation [22]. In addition,
excellent hydrophilicity is necessary for PTMs to improve water transport. However,
carbon-based materials are naturally hydrophobic, which need further modification to
enhance hydrophilic capacity. Therefore, the complicated preparation process and high
cost of carbon-based PTMs restrict their extensive application.

Besides improving the solar absorption capacity of PTMs, reducing heat loss is an
important factor in increasing the water evaporation rate. The insulating layer between
the bulk water and PTMs can effectively restrain heat loss. For example, Deng exploited
an air-laid-paper-based Au nanoparticle film for solar-enabled evaporation. The heat
loss from the PTMs to bulk water was effectively restrained by the middle layer of low

thermal insulator air-laid paper. The photothermal efficiency of the air-laid-paper-based
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Au nanoparticle film was remarkably increased to 77.8% from 47.8% without using
air-laid paper as the insulating layer [23]. Chen utilized the carbon foam as the
insulating layer the avoid heat loss for high efficient solar vapor generation, which
achieved a light to heat efficiency of 85% under 10-sun intensity [24]. Zhu developed
the graphene oxide film and polystyrene foam double layer ISSG system. Polystyrene
foam can distinctly reduce heat loss. The graphene oxide film as the light absorber
acquired 80% photothermal efficiency at 1-sun irradiation [25]. Wang exploited a
PEGylated MoS»-cotton cloth/polystyrene foam double structure. Due to the strong
light absorption capacity of PEGylated MoS;-cotton cloth and marvelous thermal
insulation of polystyrene foam, 80.5 ~ 90 + 3.5 % photothermal efficiency was obtained
under 1 ~ 5-sun intensity [26]. Therefore, effectively localizing heat fluxes and avoiding
heat loss can significantly improve the water evaporation rate and photothermal
efficiency.

In addition to restraining heat loss from the PTMs to bulk water, the water transport
channel is another key point for achieving a high water evaporation rate. A large supply
of water can lead to rapid evaporation from the surface of PTMs. Biomass naturally
possesses a hierarchical porous structure and excellent hydrophilic properties to the
benefit of both water transport and steam release. Many biomass-based PTMs have
been exploited for high efficient solar steam generators [27-30]. Considering that
almost all biomass has relatively low sunlight absorption capacity, there are two main
methods to prepare biomass-based solar vapor devices: (1) the carbonization method
and (2) the surface coating method. A large number of carbonized biomass-based PTMs
have been reported. Zhu employed carbonized mushrooms as a solar steam generation
device. This ISSG achieved 78% conversion efficiencies under 1-sun irradiation
because of the unique natural structure of mushrooms such as porous context and
fibrous stipe for water transport [31]. Zhang used the carbonized lotus seedpod as a
solar evaporator, which possessed an excellent light absorption ability of ~99%, and
resulted in a water evaporation rate of 1.30 kg m2 h™! under 1-sun intensity due to
hydrophilic characteristics and interconnected canals [32]. Zhu applied carbonized

daikon (DK) as biomass-based PTM. The close-paced pores as photon traps improved
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the light absorption ability by nearly 95%. Because of the honeycomb cellular structure
and hydrophilic feature, the carbonized DK could attain a water evaporation rate of 1.57
kg m2h! with an energy conversion efficiency of 85.9% under 1-sun illumination [33].
However, carbonized biomass like mushroom and DK are friable due to water loss
causing them not to be portable, which restrains their widespread applications.
Therefore, the surface coating method has received great consideration to design novel
biomass-based PTMs at present. Polymers such as polydopamine (PDA) and
polypyrrole (PPy) with broadband absorption and remarkable photothermal efficiency
have been widely applied to solar steam generation [34,35]. PDA and PPy particles can
link with the cellulose of biomass through hydrogen bonding interaction between the N
atom of PDA (or PPy) and hydroxyl groups of cellulose to coat on the surface of
biomass without obstructing the 3D channel [36]. Due to excellent hydrophilicity, an
interconnected pore network and low thermal conductivity of wood, many polymer-
coated wood-based PTMs have been reported [37,38]. However, trees grow slowly, and
cutting them down in large numbers will damage the environment. DK with a short
growth period is almost freely available. DK contains abundant cellulose that can link
with PDA (or PPy) through hydrogen bonding interaction. Moreover, DK with
honeycomb cellular structure, numerous interconnected channels and outstanding
hydrophilic features make them have the possibility to be fabricated polymer-coated
biomass-based PTMs for high efficient solar steam generation.

Here, two polymer-coated daikon-based PTMs were exploited for high efficient
solar vapor generation. The flow chart of the preparation process was presented in Fig.
1. Depending on the close-packed honeycomb cellular structural DK can capture
photon and PDA (or PPy) possesses broadband spectrum absorption, the solar
absorption capacity of PDA coated daikon-based (PDA-DK) and PPy coated daikon-
based (PPy-DK) was 85.63% and 98.12%, respectively. Owning to the polyethylene
foam (PEF) can effectively restrain the heat loss from the PTMs to the bulk water, the
evaporation rates of PDA-DK (with PEF) and PPy-DK (with PEF) were 1.50 m 2 h!
and 1.60 m~ h™!, with the corresponding photothermal conversion efficiency of 89.01%

and 98.97% under 1-sun irradiation, respectively. The PDA-DK and PPy-DK presented
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outstanding stability that the photothermal efficiency without significant change even
after 15 cycles. The simple preparation method makes the PDA-DK and PPy-DK can
be scaled fabrication, and indicates that polymer-coated biomass-based PTMs is

hopeful as solar to heat agent in vapor generation devices.
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Fig. 1. Schematic illustration of the preparation (a) B-DK; (b) PDA-DK; (c) PPy-DK.

2. Material and methods
2.1 Materials

Fresh DK applied in the experiments was bought from the food market. Dopamine
hydrochloride (purity > 98%), pyrrole (purity > 99.7%) and tris(hydroxymethyl)
aminomethane hydrochloride (purity > 99%) were purchased from Shanghai Aladdin
Co., Ltd., China. FeCl3-6H>0, CuSO4:5H>0, H>0> and C>HsOH were supplied by
Sinopharm Chemical Reagent Co., Ltd., China. All the chemical reagents were utilized
without further purification.
2.2 Preparation of blank DK (B-DK), PDA-DK and PPy-DK

The following is the B-DK synthesis method: The B-DK was prepared after
washing the fresh DK (height: 1 cm, diameter: 3.5 cm) with deionized water and freeze-
drying for 24 hours.

The following is the PDA-DK synthesis method: 0.2 g dopamine hydrochloride
was added into the mixture solution, which consisted of Tris buffer solution (100 ml,

pH =8.5), 0.125 g CuSO4-5H20 and 0.233 g H>O: with stirring. When the color of the
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above mixture changed from blue to dark-brown, the DK (height: 1 cm, diameter: 3.5
cm) was added, and then reacted for 24 hours in a dark and ventilated environment to
get black DK. The dark DK was washed with deionized water until no black materials
dropped out. The PDA-DK was obtained after freeze-drying the black DK for 24 hours.
The black precipitate named PDA was washed through deionized water, and collected
by vacuum filtration.

The following is the PPy-DK synthesis method: 0.25 ml pyrrole monomer was
added in 150 ml deionized water with ultrasonic for 10 minutes. 50 ml FeCls-6H,0O
(0.075 mol) was dropwise dropped to the above pyrrole solution within 30 minutes
under an ice water bath with stirring. Then, the fresh DK (height: 1 cm, diameter: 3.5
cm) was added to the above mixture. Black DK was obtained 6 hours later with stirring.
The dark DK was washed with deionized water until no black materials came off. The
PDA-DK was gained after freeze-drying the black DK for 24 hours. The black
precipitate named PPy was washed through deionized water, and collected by vacuum
filtration.

2.3 Characterization

The morphology and ingredient of B-DK, PDA-DK and PPy-DK were confirmed
through scanning electron microscopy (SEM), Fourier transform-infrared (FT-IR), X-
ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS). The hydrophily of
B-DK, PDA-DK and PPy-DK was evaluated by static contact angles (SCAs). The solar
absorption capacity of B-DK, PDA-DK and PPy-DK was estimated by UV-Vis-NIR
spectra. Inductively coupled plasma-mass spectroscopy (ICP-MS) was carried out to
detect the ion concentration of collection solar water vapor. UV-Vis absorption spectra
were applied to evaluate the purification of dyeing wastewater. For the specific model
of the instruments, please refer to the Supporting Information (S.1.).

2.4 Solar Steam Generation Experiments

Solar steam generation experiments were carried out at an ambient temperature of
around 25 °C with humility of approximately 60%. The height of the sample is 1 cm,
and the diameter is 3 cm as illustrated in Fig. S1. The samples were put on the surface

of the bulk water to perform the solar evaporation experiments in the absence of a PEF
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insulating layer as shown in Fig. S2a. The samples (height: 1 cm, diameter: 3 cm) were
placed on the PEF (height: 2 cm) surface to evaluate the solar evaporation experiments
using PEF as an insulating layer as shown in Fig S2b. Pumping bulk water to the DK-
based PTMs was accomplished by using filter paper. To simulate sunlight, a xenon lamp
(Perfect light, CHF500, with standard AM 1.5G spectral optical filter) was used. The
mass change of evaporated water was recorded using an electronic balance (RADWAG,
0.0001 g inaccuracy) connected to a computer. All solar vapor generation experiments
were performed for 1 hour at a constant 1-sun intensity. An infrared camera (Fluke,
TiS60+) was utilized to track the top surface temperature of the PTMs. NaCl (13.37 g),
KCl (0.36 g), MgCl> (1.13 g), CaClz (0.58 g) and MgSO4 (1.63 g) were completely
dissolved in 500 ml deionized water as seawater for the desalination experiments.
Methylene blue solution (20 mg L!) was used to simulate dyeing wastewater for solar

evaporation water purification experiments.

3. Results and discussion

The digital photos of B-DK, PDA-DK and PPy-DK samples were shown in Fig.
2a, 2e and 2i, respectively. Non-uniform honeycomb cellular structural pores with the
size from 50 to 150 um of B-DK, PDA-DK and PPy-DK were observed as shown in
Fig. 2b, 2f and 2j respectively. The white DK was turned into black after deposition of
PDA or PPy. The B-DK had a smooth surface as shown in Fig. 2c. The SEM images of
PDA-DK revealed that the DK was coated with PDA as exhibited in Fig. 2f and 2g.
Meanwhile, the DK was covered by PPy in the PPy-DK as illustrated in Fig. 2j and 2k.
The results implied that PDA (or PPy) was loaded on the DK. The energy dispersive X-
ray (EDX) spectroscopy demonstrated that B-DK, PDA-DK and PPy-DK mainly
contain C, O and N elements as exhibited in Fig. 2d, 2h and 21, respectively. PDA-DK
also had Cu and S elements, and PPy-DK comprised Fe and CI elements as shown in
Fig. S3. This could be attributed to the CuSO4 and FeCls as the catalyst to prepare PDA-
DA and PPy-DK, respectively. Moreover, Cu, S and Fe, CI elements could be detected
in the PDA-DK and PPy-DK through XPS spectra as shown in Fig. 3a.
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Fig. 2. Photograph and SEM image of B-DK, PDA-DK and PPy-DK: (a) photograph
of B-DK; (b—c) SEM images of B-DK under different magnification; (d) element C, N
and O mapping images of B-DK; (e) photograph of PDA-DK, (f—g) SEM images of
PDA-DK under different magnification; (h) element C, N and O mapping images of
PDA-DK; (i) photograph of PPy-DK, (j—k) SEM images of PPy-DK under different

magnification; (I) element C, N and O mapping images of PPy-DK.

The prepared B-DK, PDA-DK, PPy-DK, PDA and PPy were ground into power.
The samples especially for PDA-DK and PPy-DK was washed with deionized water to
remove the Fe** and Cu?", respectively. The vacuum dried samples were used for XRD
measurement. The peaks at 16° and 22° in the B-DK corresponded to the (1 1 0) and (2
0 0) cellulose diffraction planes, respectively [39,40]. The board peaks at 25.5° and
42.2° matched the PDA (0 0 2) and (1 0 1), respectively [41]. The characteristic peaks
at 16°, 22° and 42.2° in the XRD pattern of PDA-DK suggested that PDA was loaded
onto the DK as shown in Fig. 3a. The XRD pattern of PPy exhibited an amorphous
feature of 20 between 23° and 28° which can be ascribed to the scattering from the PPy
chains at the interplanar spacing [42, 43]. The XRD pattern of PPy-DK displayed

feature peaks at 16° and 22°, as well as a broad peak ranging between 23° and 28°,
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indicating that PPy was coated on the DK as shown in Fig. 3b. The FI-IR spectra of B-
DK, PDA and PDA-DK were shown in Fig. 3c. In comparison to the B-DK, the O-H
bond stretching vibration moved from 3415 cm™' to 3443 cm™!, which could be
attributed to the hydrogen bonding between the -OH functional groups of lignin and the
nitrogen lone pairs of PDA molecules [36]. Simultaneously, the absorption peak at 594
cm ! confirmed the presence of a copolymer composite in PDA-DK [41]. All of the
results indicated that PDA was successfully deposited on the DK. The FT-IR
characteristic peaks of PPy-DK at 1544 cm™!, 1460 cm™! and 789 cm™' were assigned
to the C-C bonds, C-N bonds, and out-of-plane deformation bonds of the pyrrole ring,
respectively [44]. Additionally, in comparison to the B-DK, the stretching vibration of
the O-H bond was shifted from 3443 cm™ to 3415 cm™', which could be attributable to
the hydrogen bonding interaction between the PPy nitrogen lone pairs and the DK —OH
groups [45]. The above results verified that PDA and PPy both coated the surface of
DK.
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Fig. 3. (a) XPS spectra of B-DK, PDA-DK and PPy-DK; (b) XRD patterns of B-DK,
PDA and PDA-DK; (¢) XRD patterns of B-DK, PPy and PPy-DK; (d) FT-IR spectra of
B-DK, PDA and PDA-DK; (e) FT-IR spectra of B-DK, PPy and PPy-DK; (f) time-lapse
snapshots of absorption a water droplet by B-DK, PDA-DK and PPy-DK.

The XPS and SCAs were measured to judge the hydrophilicity of B-DK, PDA-
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DK and PPy-DK. The high-resolution spectrum C 1s peaks of B-DK, PDA-DK and
PPy-DK around the 286.2 eV and 288.1 eV could be attributed to the C-N*/C=N and
0-C=0 respectively, indicating that the DK-based PTMs were hydrophilic as shown in
Fig. S4 [45]. In addition, as shown in Fig. 3f, a water droplet was entirely absorbed by
B-DK, PDA-DK and PPy-DK within 0.5 seconds, implying that the BK-based PTMs
exhibited superior hydrophilic and water transport properties that are advantageous for

solar steam generation.
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Fig. 4. (a) UV-Vis-NIR spectra of B-DK, PDA-DK and PPy-DK together with solar
spectral illumination (AM 1.5G, purple area); (b) time-dependent surface temperatures
change of dry B-DK, PDA-DK and PPy-DK under 1-sun irradiation in the air; (c) IR
images of dry B-DK under 1-sun intensity in the air for 0, 0.5, 10 minutes and light off
for 30 seconds; (c¢) IR images of dry PDA-DK under 1-sun intensity for 0, 0.5, 10
minutes and light off for 30 seconds; (e) IR images of dry PPy-DK under 1-sun intensity
for 0, 0.5, 10 minutes and light off for 30 seconds.

PTMs possessing a broadband sunlight capability is essential to attain high

efficient solar steam generation. UV—Vis—NIR spectra were performed to evaluate the
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light absorption capabilities of B-DK, PDA-DK and PPy-DK from 300 to 2500 nm as
shown in Fig. 4a. The light absorption capacity of B-DK, PDA-DK and PPy-DK was
33.13%, 85.63% and 98.11%, respectively. A detailed explanation of the calculation
method was explained in S.I. (Table S1). The solar absorption ability of PDA-DK (or
PPy-DK) was significantly stronger than B-DK, which could be ascribed to the PDA
(or PPy) coating on the surface of DK. Meanwhile, the sunlight absorption capacity of
PPy-DK was higher than PDA-DK. The UV—Vis—NIR results preliminarily indicated
that the photothermal efficiency was PPy-DK > PDA-DK > B-DK.

To assess the light-to-heat capacity further, the top surface temperatures of dry B-
DK, PDA-DK, and PPy-DK were monitored using an infrared camera at 1-sun intensity.
After 30 seconds of illumination, the top surface temperature of B-DK was elevated to
36.8 °C from 23.9 °C. After two minutes of illumination, the temperature was
maintained at 46 °C as shown in Fig. 4b. However, the top surface temperatures of
PDA-DK and PPy-DK were rapidly increased to 62.8 °C and 69.2 °C from 24.5 °C in
the first 30 seconds and maintained at 78 °C and 83 °C after 2 minutes of irradiation as
shown in Fig. 4b. When the light was turned off for 30 seconds, the top surface
temperature of dry B-DK, PDA-DK, and PPy-DK rapidly decreased to 35.7 °C, 42.7 °C,
and 35.1 °C, respectively. The infrared images of dry B-DK, PDA-DK and PPy-DK
were shown in Fig. 4c-4e, respectively. PPy-DK has the greatest difference in top
surface temperature between light on and off situations. The degree of change in top
surface temperature can be used to determine the light-to-heat capability of PTMs.
Therefore, the photothermal conversion capacity here is PPy-DK > PDA-DK > B-DK,
which coincides with the results of UV-Vis-NIR.

The water evaporation rate and photothermal efficiency of pure water, B-DK
(without PEF), PDA-DK (without PEF), PPy-DK (without PEF), B-DK (with PEF),
PDA-DK (with PEF), and PPy-DK (with PEF) were investigated under 1-sun intensity.
The initial and maximum top surface temperatures of the PTMs are essential according
to the photothermal efficiency calculation equation (please refer to the S.I.). The top
surface temperature of the PTMs was tracked using an infrared camera. Due to the low

density of the DK-based PTMs, they can float on the water surface and can be wetted
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due to the strong capillary force. Therefore, the water evaporation rates of B-DK
(without PEF), PDA-DK (without PEF), and PPy-DK (without PEF) were determined
with the condition of being directly in contact with the bulk water. After 5 minutes of
illumination, the top surface temperatures of pure water, B-DK (without PEF), PDA-
DK (without PEF), and PPy-DK (without PEF) increased from 22.2 °C, 19.1 °C, 20 °C,
and 18.9 °C to 24.7 °C, 28.5 °C, 35.6 °C, and 41.5 °C, respectively, as shown in Fig.
5a. After 10 minutes of irradiation, the top surface temperature remained steady, and
the average temperature (from 10 to 60 minutes) of pure water, B-DK (without PEF),
PDA-DK (without PEF), and PPy-DK (without PEF) was approximately 28 °C, 31 °C,
41 °C, and 43 °C, respectively. The magnitude of the temperature shift suggested that
PPy-DK was the best candidate for solar vapor generation. The infrared images of pure
water, B-DK (without PEF), PDA-DK (without PEF), and PPy-DK (without PEF) were
exhibited in Fig. S5. The evaporation rate of pure water, B-DK (without PEF), PDA-
DK (without PEF), and PPy-DK (without PEF) was 0.22 kg m2 h™!, 0.25 kgm2 h™!,
0.82kgm2 h'!, and 0.96 kg m2 h'!, respectively, as shown in Fig. 5b. The darkfield
evaporation rate of pure water, B-DK (without PEF), PDA-DK (without PEF), and PPy-
DK (without PEF) was 0.10 kg m? h™', 0.14 kgm2 h™', 0.11 kgm2 h™!, and 0.12 kg
m~2 h!, respectively, as shown in Fig. S6. According to the photothermal efficiency
equation, the corresponding photothermal efficiency was 8.19%, 7.23%, 49.51% and
58.65%, respectively, as shown in Fig. 5f. The low photothermal efficiency could be
attributed to heat loss due to direct contact between bulk water and PTMs.

To improve solar vapor generation, PEF (thickness: 2 cm) was applied to the ISSG
system as a thermally insulating layer to prevent heat loss from the PTMs to bulk water.
Water was pumped to the top surface of PTMs using filter paper. After 5 minutes of
irradiation, the top surface temperatures of B-DK (with PEF), PDA-DK (with PEF),
and PPy-DK (with PEF) increased from 20.3 °C, 20.9 °C, and 23.1 °C to 30.4 °C,
37.8 °C, and 43.9 °C, respectively. After 10 minutes of illumination, the top surface
temperature remained constant. The average temperature (from 10 to 60 minutes) of B-
DK (with PEF), PDA-DK (with PEF), and PPy-DK (with PEF) was around 32 °C, 42 °C,

and 45 °C, respectively, which was higher than the comparable DK-based PTMs
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Fig. 5. (a) Time-dependent temperature of the top surface of pure water, B-DK (without
PEF), PDA-DK (without PEF), PPy-DK (without PEF), B-DK (with PEF), PDA-DK
(with PEF) and PPy-DK (with PEF); (b) time-dependent weight loss of pure water, B-
DK (without PEF), PDA-DK (without PEF), PPy-DK (without PEF), B-DK (with PEF),
PDA-DK (with PEF) and PPy-DK (with PEF); (c) IR images of B-DK (with PEF); (d)
IR images of PDA-DK (with PEF); (e) IR images of PPy-DK (with PEF) at 0, 10, 20,
30 and 60 mins, respectively; (f) water evaporation rate and photothermal efficiency of

pure water, B-DK, PDA-DK, PPy-DK with PEF and without PEF.

(without PEF). The results indicated that PEP foam successfully acted as a heat
insulating layer. The infrared images of B-DK (with PEF), PDA-DK (with PEF), and
PPy-DK (with PEF) were shown in Fig. Sc-Se. The water evaporates rate of B-DK (with
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PEF), PDA-DK (with PEF) and PPy-DK (with PEF) was 0.77 kg m 2 h™!, 1.50 kg m™>
h™!, and 1.60 kg m™ h™!, respectively. The corresponding dark-field evaporation rate
was 0.13 kgm2h!, 021 kgm?h'and 0.17 kg m2 h™!, respectively, as exhibited in
Fig. S6. Therefore, the photothermal efficiency of B-DK (with PEF), PDA-DK (with
PEF) and PPy-DK (with PEF) was 43.67%, 89.01% and 98.97%, respectively. When
compared to DK-based PTMs (without PEF), the photothermal efficiency of B-DK
(with PEF), PDA-DK (with PEF), and PPy-DK (with PEF) was significantly increased,
about 40%. The results indicated that using PEF as a heat insulating layer could

significantly reduce heat loss and increase the photothermal efficiency of PTMs.
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Fig. 6. (a) Comparison of PDA-DK, (b) PPy-DK with previously reported DK-based

evaporators (Table S1); (c) cycle evaporation performance of PDA-DK and PPy-DK


https://doi.org/10.20944/preprints202203.0232.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 March 2022 d0i:10.20944/preprints202203.0232.v1

under 1-sun illumination; (d) scheme of possible mechanism on the ISSG of polymer-
based DK (take PPy-DK for example); (e) the concentrations of cations in a simulator
seawater sample and after solar thermal desalination by PDA-DK and PPy-DK,
respectively; (f) UV-Vis spectra of methyl blue solution (from 20 mg L' dilute to 5 mg
L) before and after solar thermal purification by PDA-DK and PPy-DK, respectively

(the inserts show the color of the solutions)

The evaporation rates of PDA-DK and PPy-DK were compared to the previously
reported PDA-based and PPy-based PTMs as shown in Fig. 6a and 6b, respectively.
For the evaporation rates of PDA-based PTMs such as PDA-based bacterial
nanocellulose (PDA-BNC; 1.00 kg m2h!) [46], PDA-based cellulose aerogel (PDA-
CA; 1.36 kg m2h!) [47], Ag-PDA@Wood (1.58 kg m2h') [36], PDA-carbon black-
based PP non-woven fabric (PDA-CB@PPNWF; 1.68 kg m2h!) [48], PDA-RGO-
PTFE (1.45 kg m2h') [49], Ag-PDA@Wooden flower (2.08 kg m2h!) [50]. For the
evaporation rates of PPy-based PTMs such as PPy-Wood (1.33 kg m2h!) [38], PPy-
Sponge (1.45 kg m2h™!) [51], PPy-based melamine foam (PPy-MF; 1.57 kg m2h")
[52], PPy-based sugarcane (PPy-SC, (1.59 kg m2 h') [53], PPy-based polyvinyl
alcohol (PPy-PVA; 1.68 kg m2h™") [54], PPy-paper (1.38 kg m2h™!) [55], PPy-based
natural latex (1.76 kg m2 h™') [56], PPy-based sunflower discs (PPy-SFD; 1.74 kg m™
h™') [57]. The evaporation rate of PDA-DK and PPy-DK were above-average to the
previously reported PDA and PPy-based PTMs. In addition, the photothermal
efficiency of PDA-DK and PPy-DK remained steady after 15 cycles of 1 hour each
under 1-sun irradiation as shown in Fig. 6c.

The solar steam generation mechanism of polymer-based DK (for example, PPy-
DK) was shown in Fig. 6d. To begin, DK includes a large number of hydrophilic groups
that facilitate water molecule transport and may deliver sufficient water to the PPy-DK
for solar vapor generation. Second, DK features honeycomb cellular structure pores
that are advantageous for absorbing sunlight and releasing water vapor [33]. Thirdly,
DK is abundant in cellulose, and the hydroxyl groups in cellulose may make hydrogen

bonds with bulk water, so disrupting the network of partial hydrogen bonds between


https://doi.org/10.20944/preprints202203.0232.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 March 2022 d0i:10.20944/preprints202203.0232.v1

water molecules and lowering the enthalpy of water evaporation [58-60]. Fourthly, the
PEF serves as an insulating barrier between the PPy-DK and the bulk water, and
minimizing heat loss and enhancing thermal localization [23-25]. Finally, a polymer-
coated on the DK is to create a coarse surface that reduces reflection and maximizes
solar consumption. Therefore, the high water evaporation rate and photothermal
efficiency of polymer-based DK can be achieved.

Outdoor tests were performed to assess the practical application of polymer-coated
DK-based PTMs in seawater desalination and dyeing wastewater purification. During
the solar steam generation process, the water vapor condensed into droplets that stuck
to the spherical glass container as depicted in Fig. S7a. Since FeCl3-6H>0 was used to
prepare PPy-DK, the ion concentrations of the collected water (Na*, K*, Ca**, Mg?" and
Fe’") were determined using ICP-MS. The ion concentrations (Na*, K*, Ca?" and Mg?")
were much lower than those in simulated seawater. The Fe** ion concentration was 0.04
ppm. as shown in Fig. 6e. The collected water fulfilled WHO requirements for
drinkable water in terms of positive ion concentrations.

(https://www.who.int/water_sanitation_health/publications/dwq-guidelines-4/en/).

Because CuSO4-5H>0 was used to fabricate PDA-DK, the ion concentrations of the
collected solar desalination water (Na*, K*, Ca?", Mg?* and Cu*") were determined by
ICP-MS and met the WHO drinking water standards [61]. To investigate the efficacy
of polymer-coated DK-based PTMs to cleanse dyeing wastewater, solar vapor
generation was performed using methyl blue (20 mg L!) as shown in Fig. S7b. UV-Vis
absorption spectra were used to determine the quality of the collected water. In
comparison to the methyl blue solution (5 mg L), the UV-Vis absorbance of the
collected water was near zero and the methyl blue peaks vanished, which implied that
the obtained water with PDA-DK (or PPy-DK) was clear as shown in Fig. 6f. All the
results indicated that PDA-DK and PPy-DK were capable of desalinating seawater and

purifying dyeing wastewater successfully.

4. Conclusions

In conclusion, two polymer-coated DK-based PTMs (PDA-DK and PPy-DK) have


https://doi.org/10.20944/preprints202203.0232.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 March 2022 d0i:10.20944/preprints202203.0232.v1

been exploited for solar steam generation. Due to the synergistic effect of honeycomb
cellular structural DK and the broadband spectrum absorption of PDA and PPy, PDA-
DK and PPy-DK acquire solar absorption abilities of 85.63% and 98.11% respectively.
The evaporation rates of PDA-DK and PPy-DK were increased from 0.82 kg m2 h!
and 0.96 kg m2 h! to 1.50 kg m2 h! and 1.60 kg m2 h™!, respectively, when
polyethylene foam (PEF) was utilized as an insulating barrier to prevent heat loss from
the PTMs to the bulk water. Meanwhile, under 1-sun irradiation, the photothermal
conversion efficiency was raised to 89.01% and 98.97%, respectively, an increase of
approximately 40%. Furthermore, PDA-DK and PPy-DK demonstrated outstanding
stability for solar steam production after 15 cycles with no notable changes. PDA-DK
and PPy-DK were also able to desalt seawater and cleanse dyeing effluent. All of the
findings suggest that PDA-DK and PPy-DK have huge potential in real-world solar

steam generating applications.
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