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Photothermal materials based on organic small molecules have the characteristics of structural diversity
and easy modification for solar-driven water evaporation and power generation technology. However,
there still exist limitations, such as the utilization of solar energy and photostability. Therefore, it is the
focus of current research to design organic photothermal materials with excellent photothermal stability,
strong solar absorption capacity, and high photothermal conversion efficiency. Herein, photothermal
conversion materials based on tetrapyridylporphyrin (TPyP) is studied, which possesses polypyrrole
macrocyclic framework (187 electrons), which makes it exhibit strong absorption in the 300-800 nm
region with high photothermal conversion. The interfacial-heating evaporation system based on
polyurethane (PU) foam loaded with TPyP was prepared, whose solar-to-vapor conversion efficiency and
vapor evaporation rate of PU + TPyP foam solar energy reached 56% and 0.81 kg m~2 h™?, respectively.
In addition, TPyP-loaded solar evaporator equipped with abundant microchannels for water flow are
integrated with thermoelectric devices, thus achieving an evaporation rate and voltage as high as 0.69 kg
m~2 h~! and 60 mV under 1 kW m~2 solar irradiation, respectively. The successful application of TPyP in
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1 Introduction

With the increasing world population, the shortage of fresh
water resources in the world has been increasingly concerning.
Fresh water resources are one of the indispensable materials for
human survival. At present, the total amount of fresh water
resources on Earth is very small, only 2.5% of the global water
resources. Most of this water is found in the polar regions,
where human density is low, and only 0.3% of all freshwater is
actually available.” The global water output obtained by
seawater desalination technology has also been significantly
increased; thus, seawater desalination technology plays an
important role in the sustainable development of human
society for freshwater resource access.® Energy crisis is also
another worldwide problem. Solar energy as clean energy has
many advantages: it is non-polluting, there are abundant
reserves with no geographical restrictions, and it does not need
transportation to the point of use. The development of simple,
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using organic small molecule photothermal materials to solve the energy crisis.

efficient, and flexible ways of using solar energy would provide
an effective solution to seawater desalination and energy crisis.
The conversion of solar energy to thermal energy, which is an
efficient strategy for the direct acquisition of solar energy, can
achieve high conversion efficiency and has a wide range of
applications. When using photothermal materials to generate
steam under sunlight irradiation, the heating mode has
a significant effect on the solar-to-vapor efficiency and water
evaporation rate. There are three ways to achieve solar evapo-
ration: bottom heating evaporation, bulk evaporation, and
interfacial evaporation.*® At present, the most popular method
is interfacial evaporation, which is inspired by plant transpira-
tion. This method requires a photothermal material, a thermal
insulator that isolates the photothermal material from bulk
water, and a water transport channel through which liquid
water can be transported to the evaporation interface.
Compared with bulk evaporation, interfacial evaporation
greatly reduces contact with bulk water and therefore heat loss.
Since evaporation of water only occurs at the surface, heat must
be concentrated on the air-water interface by photothermal
materials to efficiently generate water vapor.® Thermoelectric
power generation also provides a new strategy for providing an
abundant supply of clean energy. This can be achieved by
coating a photothermal material onto a blank thermoelectric
sheet, the bottom of which is close to a circulating water tank.”
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When the photothermal material on the upper side is irradiated
with sunlight, heat is generated and this thermal energy can be
converted into electrical energy. Therefore, it is urgent to
develop photothermal materials with high efficiency of solar
energy utilization.

Common photothermal materials mainly include carbon-
based materials, metal-based nanoparticles, inorganic semi-
conductor materials, and organic polymers,*>® which are
summarized in Table S1 of the ESI.} Although the water evap-
oration rate can reach a relatively high level, it is worth noting
that photothermal materials such as precious metals and
inorganic carbon-based materials are difficult to process and
are costly, which limits their practical application.”* Organic
small-molecule materials have attracted growing attention due
to their unique advantages in processing feasibility, structural
diversity, and fine-tuned properties. At present, although
biomedical applications have been thoroughly studied,”**
there are few studies on the use of organic small-molecule-
based photothermal materials for solar energy conversion due
to limited absorption spectra and low photothermal conversion
efficiency.”** Therefore, the development of organic small-
molecule-based photothermal materials with excellent light
absorption characteristics with wide light absorption range,
high molar extinction coefficient, and excellent photothermal
conversion efficiency is the key to achieve effective solar energy
conversion.

Polycyclic m-conjugated materials have attracted much
attention because of their unique molecular structure, excellent
photoelectrical property, and thermostability. The aromatic
compounds with large 7 conjugation degree generally possess
relatively small energy level gap, resulting in an absorption
spectrum redshift. The polycyclic m-conjugated materials
possess strong intermolecular interaction, which could cause
fluorescence quenching, thus improving nonradiative transi-
tion probability to convert heat in the aggregate state. There-
fore, this category of molecules has the potential to be excellent
solar-heat conversion materials.

Inspired by the structure of chlorophyll, which can convert
solar energy to chemical energy efficiently when participating in
photosynthesis, the key substances are porphyrin derivates.
Porphyrin derivatives are classic polycyclic conjugated
compounds with polypyrrole macrocyclic framework (187
electrons), which possess intense molar extinction coefficient,
relatively low fluorescence quantum yield, well photostability,
and thermal stability. Herein, the porphyrin derivative tetra-
pyridylporphyrin (TPyP) is utilized as the photothermal mate-
rial, which has a wide absorption region of 300-800 nm and
high photothermal conversion efficiency 73.6% under 655 nm
laser irradiation, and TPyP can be loaded onto polymers to form
the functional composites through the interaction between the
pyridine group and the polymeric carrier. Polyurethane (PU)
foam was utilized as the substrate not only because its prepa-
ration process is simple and it has lower density than water, but
also because it is porous and possesses low thermal conduc-
tivity.** The solar absorber composite PU + TPyP was prepared.
Then, TPyP was loaded in the porous insulating PU foam to
establish an effective solar evaporation system. The interfacial-
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heating water evaporation system consisting of TPyP and PU
foam possesses outstanding characteristics: efficient solar
absorption, high photothermal conversion efficiency, excellent
heat insulation, and superior porosity performance. The evap-
oration rate under 1 sun was up to 0.81 kg m™> h™", and the
solar-to-vapor conversion efficiency was 56%. To maximize the
utilization of heat energy, a multifunctional device capable of
simultaneous water evaporation and thermoelectric power
generation was constructed by attaching a TPyP-loaded cellu-
lose paper on a thermoelectric Peltier plate. With the presence
of interface water evaporation within the TPyP-loaded cellulose
paper, this proposed device realized a water evaporation rate of
0.69 kg m 2 h™" and produced a stable voltage up to 60 mV as
well under 1 kW m ™~ solar irradiation. Under hard sunlight, the
microfan can be driven to rotate rapidly. This system success-
fully realizes the application of organic small-molecule photo-
thermal materials in the area of water evaporation and
thermoelectric power generation.

2 Results and discussion

2.1. Solar evaporator design, photophysical properties, and
photothermal performance

Natural chlorophyll can efficiently absorb sunlight for photo-
synthesis and convert solar energy into chemical energy. The
chlorophyll molecule contains a porphyrin ring and a long
aliphatic hydrocarbon side chain. The role of the porphyrin (Py)
ring in this molecule is to expand the intermolecular conjuga-
tion to broaden light absorption, and the aliphatic hydrocarbon
side chain can improve the lipid solubility of the molecule. Py
plays an important role in the field of photothermal applica-
tions due to its strong absorption spectrum of 300-400 nm (B-
band) and 650-700 nm (Q-band), high molar absorption coef-
ficient, and relatively low fluorescence quantum yield.*® The
main decay mode is non-radiative transition from the excited
state back to the ground state of Pys after absorbing light
energy, based on which Py can be potentially used as a photo-
thermal material for solar-driven water evaporation and ther-
moelectric power generation. Therefore, tetrapyridyl porphyrins
(TPyP) was used as the photothermal material, which possesses
intense absorption spectrum of 300-800 nm in the solid state,
as shown in Fig. 1a and b. Also, it shows a low fluorescence
quantum yield (¢f), which is evaluated to be only 2.03% in
CHCI; solution (Fig. 1c).

The fluorescent emission property of TPyP can be severely
quenched in the solid state, and the ¢; is negligible, only 0.02%.
It is worth noting that TPyP has a wide absorption spectrum,
high molar extinction coefficient, lower solution, and solid ¢y,
which indicates that TPyP is a promising solar absorber mate-
rial for water evaporation and thermoelectric power generation.
As shown in Fig. S1, ESLf there is no change in the quality
under nitrogen atmosphere before 482 °C, which proves that no
decomposition occurs before 482 °C, and TPyP has great
thermal stability. The photothermal performance of TPyP was
evaluated by an IR thermal camera, which quickly recorded the
temperature change. As shown in Fig. 1d, 4 mg TPyP powder
was irradiated under 730 nm laser (0.8 W cm >). The

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) The chemical structure of TPyP; (b) the absorption spectrum of TPyP powder. Inset shows the digital photo of TPyP powder taken

under sunlight; (c) the photoluminescent (PL) spectra of TPyP in CHClz solution and powder. The excitation wavelength (4e,) is 400 nm; (d) IR
thermal images of TPyP powder (4 mg) under 730 nm laser irradiation (0.8 W cm™2) and then turned off; (e) photothermal conversion behavior of
TPyP powder under 730 nm laser irradiation at different laser power density (0.2, 0.4, 0.6, 0.8, 1.0, and 1.2 W cm™2); (f) anti-photobleaching
property of TPyP powder (4 mg) during 5 cycles of heating-cooling processes.

temperature swelled sharply to about 128 °C within 30 s, and
then quickly shrank to room temperature after removing the
laser, which showed excellent photothermal property, as shown
in Fig. le. Under higher power density laser irradiation, the
temperature rose up and the maximum temperature reached
249 °C in 30 s under the 730 nm laser with a power density of
1.2 W cm™2, which is positively correlated with the radiated
power density of the 730 nm laser. The TPyP solid photothermal
conversion efficiency was estimated to be 73.6% (Fig. S2 and S3,
ESIT). Then, the TPyP powder was irradiated with 730 nm laser
and turned the laser on and off for 5 cycles (Fig. 1f), and there
was no temperature reduction in the photothermal conversion
behavior.

2.2. PU + TPyP for water evaporation performance

TPyP is an organic photothermal material with excellent pho-
tothermal conversion property, which shows a wide absorption
spectrum of 300-800 nm in the solid state and can effectively
absorb and convert sunlight. To improve the efficiency of solar-
driven water evaporation, an interfacial-heating seawater evap-
oration system was established. Compared with traditional
solar evaporation technology, the interfacial evaporation system
has great potential for practical application owing to its
advantages of less heat loss and higher evaporation efficiency.
PU foam was utilized as the substrate not only because its
preparation process is simple but also it is porous and
possesses low thermal conductivity.** Then, TPyP was loaded
inside PU (cylinder, diameter: 2 cm, height: 1 cm) foam by
impregnating PU foam in TPyP CHCl; solution (5 mg dissolved
in 1 mL CHCl;) and dried under 50 °C, obtaining a brown color
PU foam. The internal surface structure of PU foam with/

© 2022 The Author(s). Published by the Royal Society of Chemistry

without TPyP could be characterized by scanning electron
microscopy (SEM). The SEM images show that the surfaces of
PU + TPyP are rougher than that of pure PU, which might
promote surficial light management and facilitate photo-
thermal conversion (Fig. 2a). Meanwhile, the thermal conduc-
tivity of the foam loaded without/with TPyP was 0.045 and
0.045 W m~' K™' (Fig. S4, ESIt), respectively, proving that the
PU + TPyP foam also has extremely low thermal conductivity,
which could preserve maximum heat for water evaporation.
Therefore, it is crucial to combine water transportation channel
of foam and local heat of PU + TPyP, which can promote the
water evaporation efficiency dramatically.

The temperature change of the PU + TPyP foam under 1 sun
irradiation through a thermal infrared camera was monitored,
as shown in Fig. 2b and c; the PU + TPyP foam loaded with 5 mg
TPyP rose up to roughly 50 °C within 50 s under 1 sun and
reached an equilibrium temperature of 52 °C after 10 min, while
pure PU foam can only reach an equilibrium temperature of
30 °C after 10 min. PU + TPyP foam can be used as the solar
absorber of the interfacial-heating evaporation system because
of its efficient sunlight absorption capacity, high photothermal
conversion efficiency, well water transportation, and thermal-
stability property. The system structure scheme is shown in
Fig. 2d. Under 1 sun, obvious water vapor was visibly observed
on the PU + TPyP foam surface. Then, the infrared thermal
imaging camera continued to monitor the energy conversion
efficiency from solar energy to water vapor, as shown in Fig. 2e.
The temperature of the blank PU foam is much lower than the
temperature of the PU + TPyP foam floating on the water at the
same time. Under 1 sun, the equilibrium temperature of PU +
TPyP foam can reach 30.4 °C after 1 h, which is 6 °C higher than
that of the blank PU foam, proving that the introduction of PU +

RSC Adv, 2022, 12, 28997-29002 | 28999
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Fig. 2

(a) Digital photos and SEM images of PU and TPyP-loading PU (PU + TPyP) foams; (b) IR thermal images of PU + TPyP foams under 1 sun

irradiation (top row), IR thermal images of PU foams under 1 sun irradiation (bottom row); (c) photothermal conversion behavior of PU and PU +
TPyP foams under 1 sunlight irradiation; (d) the schematic illustration of solar-driven water evaporation; (e) the temperature changes of PU and
PU + TPyP foams floating on water under 1 sun irradiation; (f) water evaporation curves without (water only) and with PU foam or PU + TPyP foam
under simulated sunlight with an intensity of 1 kW m™2. The amount of TPyP used in preparing PU + TPyP foam is 5 mg.

TPyP foam promoted water evaporation effectively. Moreover,
even after being irradiated for 4 h floating on the water, the
temperature is almost not affected, as shown in Fig. S5 (ESIT),
which reveals the excellent photostability of the TPyP foam.

In order to evaluate the water evaporation efficiency under
sunlight irradiation, the device was used to measure the mass
loss curve under 1 sun over time, and the mass was carefully
recorded every 5 min. As shown in Fig. 2f, the evaporation rate
of the PU + TPyP foam was dramatically increased to 0.81 kg
m > h™". The evaporation rate of the control group with PU was
only 0.44 kg m~> h™". The experimental results confirmed that
TPyP played a decisive role in the evaporation system based on
PU + TPyP foam, which improved the evaporation efficiency.
Moreover, the solar-driven conversion efficiency (n) of PU +
TPyP foam was calculated during the water evaporation process.
The n of PU + TPyP foam with 5 mg TPyP was calculated to be
56%; the details are shown in the ESL.}

2.3. TPyP for thermoelectric power generation performance

The heat generated by TPyP under sunlight can also be used for
thermoelectric power generation. As shown in Fig. 3a, 20 mg
TPyP was coated on the blank thermoelectric generator (TEC1-
12706, 40 mm 40 mm 3.6 mm), the back surface was tightly
attached to the circulating water tank, forming a solar-drive
thermoelectric power generation device. All thermoelectric
data in this thermoelectric experiment are tested and obtained
by the Keithley 6514 system. The temperature difference of the
thermoelectric plate with TPyP increases, and the output
voltage also increases under sunlight shown in Fig. 3b and c.
The maximum temperature differences under 1, 2, and 5 kW
m~? sunlight irradiation were 4.3 °C, 8.2 °C, and 12.2 °C,
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respectively, and the corresponding maximum open-circuit
voltages (V,c) was 104 mV, 208 mV, and 307 mV, respectively.
In contrast, the maximum temperature difference of the blank
thermoelectric sheet without TPyP coating is only 2.5 °C, and
the maximum V,. is 41 mV. For the temperature difference of
the power generation sheet under different light intensities, it
can be clearly seen that the temperature difference of the device
coated with photothermal material increases with the
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Fig. 3 (a) Schematic diagram of the thermoelectric device (purple
layer: TPyP photothermal material, gray layer: thermoelectric gener-
ator); (b) temperature difference between two sides of the TPyP device
under different solar intensities, and (c) the corresponding open circuit
voltage under the different solar irradiations; (d) cycling performance
of the TPyP generator under 1, 2, and 5 sunlight.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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enhancement of light intensity, while the temperature differ-
ence of the blank thermoelectric sheet is relatively lower.
Moreover, this solar power generation device was irradiated
with and without 1, 2, and 5 kW m™? light for 5 cycles. The
experimental results show that the thermoelectric device has
excellent durability and cycle stability (Fig. 3d). In addition,
under strong light, the electric energy generated by the ther-
moelectric device coated with TPyP can drive a small fan.

2.4. TPyP for the synergetic coupling of solar-steam and
solar-electricity performance

Based on these great results, cellulose + TPyP was integrated
with a thermoelectric generator to make an integrated device for
simultaneous water evaporation and thermoelectric power
generation that truly achieves power generation from waste
heat. A polystyrene foam frame was used to fix the thermo-
electric generator so that the lower part of the module was
immersed in water. Under sunlight, the upper side of the
thermoelectric sheet coated with TPyP-cellulose paper attains
a higher temperature, while the lower side is cooled by a large
amount of water; thereby, the effective temperature difference
was generated using low-grade heat to generate electricity while
evaporating water. The cellulose paper coated with TPyP was
used for water evaporation under sunlight, and the measured
water evaporation rate was 0.69 kg m~> h™' (Fig. 4a). The
temperature difference and electrical signal output of the
thermoelectric device are recorded in Fig. 4b and e. The
maximum V,. was about 58, 92, and 170 mV, which is caused by
the temperature difference of 7.1 °C, 10.2 °C, and 20.4 °C under
a solar energy density of 1, 2, and 5 kW m™> (Fig. 4c). As the
sunlight energy density increases, the temperature difference
also increases, resulting in a larger output voltage.
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Fig. 4 (a) Evaporative weight loss curve of water-electric cogenera-

tion unit at an optical density of 1 kW m~2; (b) corresponding open-
circuit voltages under different sunlight densities; (c) temperature
difference curves between TPyP cellulose paper surface and water
under different sunlight densities. AT is TPyP cellulose paper surface
temperature minus water temperature. Cellulose paper size is 4 x 4
cm?, TPyP power dosage is 20 mg.
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3 Conclusions

In summary, the porphyrin derivative tetrapyridylporphyrin
(TPyP) was used as the photothermal material, which is a classic
polycyclic conjugated compound with polypyrrole macrocyclic
framework (187 electrons) and possesses intense molar
extinction coefficient, relatively low fluorescence quantum
yield, high photostability, and thermal stability. TPyP exhibits
wide absorption spectrum of 300-800 nm in solid state, and
high thermal/photostability. TPyP shows stable and impressive
photothermal properties under 655 nm laser irradiation, and
the solid photothermal conversion efficiency was estimated to
be 73.6%. Under 1 sunlight irradiation, the solar-to-vapor effi-
ciency and water vapor evaporation rate reached 56% and 0.81
kg m~2 h™"! with PU + TPyP foam as the photothermal material
for the interfacial-heating evaporation system. In addition,
TPyP-loaded cellulose papers equipped with abundant micro-
channels for water flow were integrated with thermoelectric
devices, thus achieving an evaporation rate and voltage as high
as 0.69 kg m > h™' and 60 mV under 1 kW m > solar irradiation,
respectively. Therefore, the amazing water purification and
thermoelectric power generation performance based on the
novel organic small-molecular photothermal material TPyP
provides a brand new way for energy shortage and bring
significant social economic benefits with continuous
development.
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