Published on 27 February 2024. Downloaded on 11/27/2025 1:18:56 PM.

g
Journal of ROYAL SOCIETY
. . OF CHEMISTRY
Materials Chemistry A -

View Article Online

View Journal | View Issue

W) Checkfor updates A platinum-based photothermal polymer with

e ties vorer crem aoa 1o 1NEEFMoOlecular/ligand-to-ligand charge transfer for

9055 efficient and sustainable solar-powered
desalinationty

Miao Zhang, © £*2 Md. Nahian Al Subri Ivan,° Yingjie Sun,? Zikang Li,? Shuvra Saha,®
Safayet Ahmed,” Huiyi% Liu,? Yidi Wang,? Yuen Hong Tsang @ *°
and Wai-Yeung Wong (& *®

The interfacial solar steam generation (ISSG) system has garnered widespread attention in addressing the
global freshwater scarcity issue. Enhancing the performance of the ISSG system relies on the
development of highly efficient photothermal materials. We have developed a new platinum-based
photothermal polymer, named PffBTPt, which shows excellent sunlight absorption capability through
intermolecular and ligand-to-ligand charge transfer mechanisms investigated by DFT calculations. An
effective and stable solar evaporator is successfully fabricated by depositing PffBTPt onto a polyurethane
foam (PU) substrate. The surface temperature of PffBTPt-attached PU rapidly rises up to nearly its peak
value of 66.4 °C within 1 minute under 1 sun due to effective nonradiative transitions, surpassing 36.5 °C
of the PU. The solar evaporator exhibits a water evaporation efficiency of 85.6% and an evaporation rate
of 157 kg m™2 h™! under 1 sun, as well as achieves a 3-5 order of magnitude reduction in the
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1. Introduction

Sunlight-clean water production from seawater, industrial
wastewater, and domestic sewage is recognized as a crucial
technology for sustainable development.' The interfacial solar
steam generation (ISSG) system holds immense promise for the
practical implementation of this technology. Conventional
seawater desalination and wastewater purification systems have
high energy requirements and necessitate significant invest-
ments in infrastructure establishment.** The ISSG system is
electricity independent and harnesses the photothermal prop-
erties of a solar evaporator to capture sunlight and concentrate
heat at the air-water interface, facilitating vapor generation
effectively.®® An efficient solar evaporator performs two essen-
tial functions: (i) it efficiently absorbs a broad spectrum of
sunlight, converts it into heat, and localizes the heat at the site
of evaporation, and (ii) continuously absorbs a controlled
amount of water and transfers it to the area where heat is
concentrated.>'® A porous substrate, such as polyurethane (PU)
foam, is commonly employed in the fabrication of a solar
evaporator to improve water transportation and facilitate vapor
release.'"” Various photothermal materials have been utilized
to decorate these porous substrates, enabling efficient conver-
sion of light into heat. Plasmonic nanoparticles, including gold
(Au),” silver (Ag)," and palladium (Pd),"® are particularly
popular in ISSG applications due to their strong sunlight
absorption capabilities around the localized surface plasmon
resonance peak. These plasmonic materials are often combined
with carbon-based materials to broaden the absorption spec-
trum of sunlight. Carbon-based materials, known for their
conjugated structure, are effective in absorbing a broad spec-
trum of light. Different types of carbon-based materials, such as
carbon black, reduced graphene oxide (rGO), carbon nanotubes
(CNTs), and carbonized biomass, have been explored as pho-
tothermal materials for ISSG applications.**™*
Two-dimensional (2D) materials like covalent-organic
frameworks (COFs) and metal-organic frameworks (MOFs)
have also been successfully employed in ISSG applications due
to their highly ordered and porous structures.**** Most COF and
MOF materials have relatively narrow absorption windows, so
they are often combined with carbon-based materials or other
photothermal materials to enable solar steam generation. So
far, polypyrrole (PPy) is the only one-dimensional (1D) photo-
thermal polymer reported for ISSG application.*»* Z. Wang
et al. prepared a PPy decorated wood for solar steam generation,
which shows a high absorbance within a broad wavelength
range (300-2500 nm), and an evaporation rate and efficiency of
1.014 kg m~> h™' and 72.5% under 1 sun, respectively.?® S.
Wang et al. produced a solar evaporator by using electro-
deposited PPy on nickel foam as the top solar absorbing layer
and PU sponge as the bottom water pumping layer. This setup
achieved an evaporation efficiency of 82.18% under 1 sun and
an evaporation rate of 1.2562 kg m~> h™" under 0.755 sun.?* 1D
polymers consisting of one or more monomers in the backbone
present numerous advantages such as abundant raw materials,
straightforward synthesis, synthetic flexibility, strong and
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tuneable absorption, and good thermal stability.>>*” The further
development of 1D photothermal polymer materials holds great
importance for the advancement in the ISSG field. Organome-
tallic polymers that incorporate at least one metal complex as
a polymerized monomer show a great potential as next-
generation 1D photothermal materials, which can combine
the beneficial properties of both metal complexes and organic
compounds.”®*® Strategies such as promoting conjugation,
enhancing structural planarity, and facilitating intermolecular
interactions have proven effective in achieving the broad solar
light absorption of organic polymers.*>*' In contrast, metal
complexes exhibit diverse mechanisms for adjusting the
absorption spectra, for example, through metal-to-ligand
charge transfer (MLCT), ligand-to-ligand charge transfer
(LLCT), or intraligand charge transfer (ILCT), which are induced
by multiple interactions among the primary ligand, auxiliary
ligand, and metal center.***® As mentioned earlier, maximizing
sunlight absorption is imperative for the development of highly
efficient photothermal materials. It would be a wise approach to
develop new photothermal polymers with high light-absorbing
capability by introducing the above multiple mechanisms
within a single organometallic molecule.

In this study, we designed two small molecules, Pt(N,N)(O,0)
and ffBT-2ET-2DT, as the polymerization monomers. These
monomers were utilized to create a novel organometallic poly-
mer, PffBTPt, through the Sonogashira coupling reaction. The
resulting polymer possesses a large planar m-conjugated back-
bone facilitated by the alkynyl functional group as a 7-bridge
linker. By combining the advantages of the platinum(u)-based
metal complex and electron-withdrawing organic group, the
polymer exhibits excellent light absorption capability across
a broad solar spectrum, particularly in the NIR region. The
absorption properties were carefully investigated through
absorption spectral measurement and density functional theory
(DFT) calculations. To evaluate the photothermal conversion
performance, an efficient solar evaporator was constructed by
depositing the organometallic polymer onto PU foam using the
drop casting method, referred to as OPU for convenience. The
prepared OPU demonstrates a good evaporation efficiency more
than 83% and an evaporation rate over 1.5 kg m~> h™" for both
water and seawater samples under 1 sun, comparable to the
reported studies. Furthermore, the OPU exhibits good operation
stability during long-term and numerous cycle tests. The OPU
significantly reduces the content of four metal cations, namely,
Ca®", K', Mg”>* and Na“, in seawater after desalination. The
conversion of solar energy to thermal energy on the surface of
OPU can be attributed to the efficient energy release through
nonradiative relaxation upon exposure to sunlight across the
entire evaporator. Experimental results and theoretical calcu-
lations both demonstrate the great feasibility of the PffBTPt
polymer as an effective photothermal material for solar evapo-
ration and seawater desalination. This work presents a valuable
strategy for developing efficient organometallic photothermal
polymers by incorporating appropriate metal complexes in the
polymer backbone. Importantly, it represents the first example
of utilizing an organometallic polymer for simultaneous clean
water production and seawater desalination.

This journal is © The Royal Society of Chemistry 2024
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2. Results and discussion

2.1 Synthesis and characterization of monomers and the
polymer

The organometallic polymer, PffBTPt, is meticulously designed
and synthesized following the reaction routes depicted in
Fig. 1a. In the initial step, the two novel monomers,
Pt(N,N)(0,0) and ffBT-2ET-2DT, were synthesized using the
routes illustrated in Fig. 1b and c, respectively. The final poly-
merization was achieved through the Sonogashira coupling
reaction, conducted under moderate conditions of room
temperature (RT), ensuring a product yield of over 90%. Then
the polymer is purified by the Soxhlet extraction with methanol,
acetone and hexane in turn. The chemical structures of all
intermediates, two monomers, and the target polymer, along
with the specific reaction conditions for each step, are shown in
the caption of Fig. 1. The ESIf provides synthetic details and all
"H NMR spectra of intermediates, as well as "H/**C NMR and
mass spectra of the two newly synthesized monomers, con-
firming their chemical structures.

The polymer structure is validated by the Fourier-transform
infrared (FTIR) spectra of ffBT-2ET-2DT and PffBTPt shown in
Fig. 2a. For ffBT-2ET-2DT, the distinctive peaks at 3310, 2920/
2850, and 2100 cm™ " correspond to the vibration of C=H, C-
H (alkane group), and C=C, respectively.”” Upon successful
polymerization of PffBTPt, the peak attributed to C=H at
3310 cm™ " disappears. The positions of the two peaks at 2920
and 2850 cm ™' remain unchanged, although their intensities
significantly decrease. The peak at 2100 cm ' undergoes
a slight redshift, and its intensity is markedly reduced, reflect-
ing the structural modifications resulting from the enlarged
conjugated polymer backbone of PffBTPt. Inductively coupled
plasma optical emission spectroscopy (ICP-OES) is utilized to
determine the weight ratio of the Pt component, as demon-
strated in Fig. 2b. To accomplish this, PffBTPt is digested in
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Fig. 2 (a) FTIR spectra of ffBT-2ET-2DT and PffBTPt. (b) ICP-OES
curves of PffBTPt. (c) TGA and (d) DRS curves of PffBTPt.

a blend solution of HNO; and H,SO, (1:1) at 100 °C overnight.
A linear fit of the Pt standard solution yields a coefficient of
determination of 0.999, indicating a highly accurate result.*®
The resulting Pt weight ratio is found to be approximately 11%,
which closely aligns with the theoretical value. These findings,
supported by the FTIR and ICP-OES results, confirm the
successful synthesis of PffBTPt. The powder X-ray diffraction
(PXRD) measurement in Fig. S11 indicates that the crystallinity
of the resulting polymer is significantly decreased compared
with that of the two small-molecule monomers due to the easily
entangled polymer chain and the increased disorder in the
alkyne side chain, which is consistent with the other report.*
Only a broad peak at approximately 20° is present for the
polymer, which can be attributed to -7 stacking interactions
resulting from the relatively planar structure induced by the
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Fig.1 The synthetic routes: (a) complex monomer Pt(N,N)(O,0): (i) DCM, aq. 2KHSOs-KHSO4- K>SOy, rt. (i) Pyrrole, 2-amino-5-bromopyridine,
ag. NaOH, 90 °C. (iii) Acetonitrile: H,O (9 : 1), K;PtCly, 100 °C. (iv) DCE, 3,5-di-tert-butylcatechol, Na,COs, 80 °C. (b) Organic monomer ffBT-2ET-
2DT: (i) THF, 11-(bromomethyl)tricosane, Mg, Ni(1)Clx(dppp). (ii) THF, n-butyllithium, trimethyl borate, from —78 °C to rt. (iii) THF, 4,7-dibromo-
5,6-difluoro-2,1,3-benzothiadiazole, Pd(PPhsz),, Cs,COs3, 60 °C. (iv) Chloroform, N-bromosuccinimide, rt. (v) THF, trimethylsilylacetylene, Cul,
Pd(PPhs),Cl, EtzN, rt. (vi) THF, tetra-n-butylammonium fluoride. (c) Polymer PffBTPt.
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rigid alkyne linker in the polymer.*® Thermogravimetric analysis
(TGA) is conducted to assess the thermal stability of PffBTPt, as
depicted in Fig. 2c. The decomposition temperature (74) is
approximately 290 °C, which corresponds to a 95% reduction in
weight from the initial value. This favourable T4 value makes
PffBTPt well-suited for applications as a photothermal material
in solar evaporators. PffBTPt demonstrates an impressive
absorption capacity that spans the wide solar spectrum from
350 nm to 1300 nm, as evidenced by UV-Vis-NIR diffuse reflec-
tance spectroscopy (DRS) shown in Fig. 2d. The superior
absorption property positions PffBTPt as a promising candidate
for photothermal applications.

2.2 Density functional theory calculations

To gain a deeper understanding of the absorption mechanism
of PffBTPt, the normalized absorption spectra of the two
monomers in their film state were recorded, as shown in Fig. 3a.
ffBT-2ET-2DT demonstrates a pronounced absorption in the
UV-visible region spanning from 350 nm to 800 nm. Also, ffBT-
2ET-2DT could serve as an electron-withdrawing group,
enhancing the intermolecular charge transfer (ICT) effect when
combined with an electron-donating unit.*»*> On the other
hand, Pt(N,N)(O,0) exhibits notable NIR absorption within the
wavelength range of 800-1500 nm. DFT calculations were per-
formed at the PBEO/def2SVP basis set to investigate the
molecular geometry and energy levels of Pt(N,N)(O,0) (see
Fig. 3b). The calculated highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) of
Pt(N,N)(O,0) are —5.26 eV and —3.97 eV, respectively. In order to
further examine the electron transfer process inside
Pt(N,N)(0,0) during electronic excitation, time-dependent
density-functional theory (TDDFT) calculations were per-
formed at the PBEO/def2TZVP basis set. Here, the Pt(N,N)(O,0)
molecule is divided into three distinct fragments, as depicted in
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Fig. 3 (a) Absorption spectra of Pt(N,N)(O,0) and ffBT-2ET-2DT films.
(b) Optimized So geometry of Pt(N,N)(O,O) and the calculated LUMO
and HOMO energy levels. (c) Simulated absorption spectra of OP1,
OP2 and OP3. (d) Calculated LUMO, HOMO, E4 and FWHM values.
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Fig. S2.T The interfragment charge transfer (IFCT) analysis was
performed and utilized via the Multiwfn 3.8 dev software** and
the results are summarized in Table S1}. The contribution of
holes on fragment 2 amounts to approximately 78.4%, while the
contribution of electrons on fragment 3 constitutes around
70.8%. Additionally, we observe that the electron transfer
quantity from fragment 2 to fragment 3 reaches 0.555, which is
the highest value among all the fragments analysed. It can be
concluded that the low-energy absorption of Pt(N,N)(O,0) is
primarily attributed to the LLCT characteristic, which repre-
sents one of the unique advantages of metal complexes.****

The DFT calculation of polymer structures is known to be
challenging due to their large number of atoms and uncertain
molecular weights.*® To investigate the energy levels and elec-
tron transfer process of PffBTPt, we performed DFT and TDDFT
calculations on three molecules with one, two, and three
repeating units of PffBTPt, denoted as OP1, OP2, and OP3,
respectively. Most studies have demonstrated that the long
alkane chain cannot affect the energy level of the whole mole-
cule, so we replace them with the methyl group in DFT calcu-
lations to further simplify the entire process.*” Fig. S37
illustrates the optimized S, geometry of OP1, OP2, and OP3,
along with their corresponding LUMO and HOMO energy levels.
The optimized structures reveal that OP1, OP2, and OP3 possess
planar and rigid backbones, providing a plausible explanation
for the strong absorption intensity observed across a wide range
of wavelengths in PffBTPt. The simulated absorption spectra of
OP1, OP2, and OP3 are presented in Fig. 3c according to the
TDDFT calculation. As the number of repeating units increases,
the absorption intensity gradually increases, and the absorption
range shifts towards longer wavelengths. Fig. 3d displays the
four parameters of HOMO, LUMO, energy bandgap (E,), and full
width at half maximum (FWHM) of the simulated spectra. The
HOMO/LUMO values for OP1, OP2, and OP3 are —3.51/
—5.01 eV, —3.67/—5.01 eV, and —3.72/—5.01 eV, respectively.
Interestingly, with an increase in the number of repeating units,
the LUMO values gradually decrease while the HOMO values
remain constant. The energy bandgap of OP3 molecule
decreases to 1.29 eV, which correlates well with the redshifted
absorption range observed. Additionally, the FWHM values of
the simulated absorption spectra consistently increase for OP1,
OP2, and OP3, indicating an expanded absorption range. The
trend of decreasing E, and increasing FWHM values for OP1,
OP2, and OP3 highlights the strong absorption capability of
PffBTPt across a broad wavelength range in the UV-Vis-NIR
region.

The IFCT method was employed to analyse the electron
transfer process within the OP3 molecule based on TDDFT
calculation.*** OP3 is segmented into four fragments, each
denoted by a different colour, as illustrated in Fig. S4.7 The IFCT
results detailing the electron excitation from S, to S; are
summarized in Table 1. The primary hole contribution,
constituting 72.01%, originates from fragment 2, which is
similar to the scenario observed in the monomer Pt(N,N)(O,0).
The majority of electrons is dispersed between fragment 3
(45.38%) and fragment 4 (26.33%). The distribution of holes
and electrons effectively clarifies the consistent HOMO values

This journal is © The Royal Society of Chemistry 2024
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Table 1 IFCT analysis of OP3 from TDDFT calculations of the So—S;
state

Fragment 1 Fragment 2 Fragment3 Fragment 4
Hole (%) 2.74 72.01 19.20 6.05
Electron (%) 9.0 19.29 45.38 26.33
Fragment 1 0.002 0.005 0.012 0.007
Fragment 2 0.065 0.119 0.327 0.210
Fragment 3 0.017 0.037 0.087 0.051
Fragment 4 0.005 0.012 0.028 0.016

and decreasing LUMO values observed when the repeating units
of PffBTPt increase as shown in Fig. 3d. The electron transfer
coefficient reaches 0.327 from fragment 2 to fragment 3 and
0.210 from fragment 2 to fragment 4. Other coefficients are
relatively lower and can be disregarded. OP3 not only possesses
the LLCT characteristic as the monomer Pt(N,N)(O,0) but
exhibits the ICT effect resulting from the donor-acceptor
interactions. Therefore, the high absorption intensity of PffBTPt
across the entire wavelength range is attributed to the syner-
gistic effect of good planarity, extensive conjugation, LLCT and
ICT mechanisms, which enhances the potential of PffBTPt as an
effective photothermal material.

2.3 PffBTPt-based solar evaporator fabrication

The organometallic polymer PffBTPt is utilized to construct
a solar evaporator, employing commercial PU as the substrate.
Fig. 4a illustrates the preparation process of the OPU. PffBTPt (5
mg) was put into isopropyl alcohol (IPA) (25 mL), and the
mixture was ultrasonicated for 48 hours to prepare a very dark
solution. PU sponges of two different thicknesses (8 mm and 4
mm) and a diameter of 1.8 cm were washed with deionized
water to remove impurities and then dried in an oven. The water
in the ultrasonic chamber was regularly replaced every 2 hours
to maintain the temperature between 24 °C and 38 °C. Then PU
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was coated with the dispersion solution by a simple drop
casting method. The drop-cast PU was dried in an oven at 50 °C
for 8 hours. The drop-casting and drying processes were
repeated five times to prepare the OPU, which served as
a PffBTPt-attached solar evaporator for subsequent photo-
thermal applications, following the setup outlined in Fig. S5.t
The particle size of PffBTPt in IPA solution was analysed using
the dynamic light scattering (DLS) method on a Zetasizer
Advance Range platform. The intensity-based size distribution
of PffBTPt can be observed in Fig. 4b. The Z-average value is
256.6 nm, and the polydispersity index (PDI) is 0.261. The solar
absorption capacity of both PU and OPU substrates was exam-
ined by using a UV-Vis-NIR spectrophotometer, as shown in
Fig. 4c. The OPU exhibited a superior full-solar-spectrum-
absorbing capability (300-2500 nm) compared to the PU
substrate. These findings align well with the results from the
DSC test and TDDFT calculations of PffBTPt.

The photothermal properties of PffBTPt were directly
assessed by capturing thermal images of both dry PU and OPU
under 1 sun irradiation, as depicted in Fig. 5a. Initially, the
temperature of the PU and OPU substrates is 25 °C and 25.2 °C,
respectively. Upon 1 minute irradiation, the temperature of the
OPU rapidly increased to 66.4 °C, which is significantly higher
than the PU's temperature of 36.5 °C during the same duration
of irradiation. This observation directly demonstrates the highly
efficient light-to-thermal conversion performance of PffBTPt.
Under 2 minute irradiation, the temperature values are slightly
increased to 36.9 °C for PU and 67.3 °C for OPU, and these
temperatures remain constant even with an extended period of
irradiation. In Fig. 5b, the water contact angle (WCA) images
reveal the hydrophilicity of both dry PU and OPU surfaces. The
OPU surface exhibited a smaller WCA value of 84.2° compared
to the PU surface's value of 108.2°, indicating that the OPU is
more hydrophilic than the PU. Furthermore, the scanning
electron microscopy (SEM) images presented in Fig. 5c
demonstrate a significant increase in the surface roughness of
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Fig.4 (a) Preparation process of the used solar evaporator. (b) DLS curve of PffBTPt in PIA solution. (c) UV-Vis-NIR absorbance spectra of PU and

OPU as well as the solar radiation spectrum.
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Fig. 5 Dry PU and OPU substrates: (a) thermal images before or after irradiation under 1 sun; (b) WCA photos; and (c) SEM images showing the

surface morphology of PU and OPU.

the OPU due to the presence of loaded PffBTPt particles. This
characteristic facilitates the promotion of water evaporation
rate in the ISSG system.*

The photothermal mechanism of PffBTPt should stem from
effective nonradiative transitions involving interconversion and
vibrational relaxation processes obeying the Franck-Condon
principle, which is illustrated by Femtosecond transient
absorption (fs-TA) spectra. The sample for testing was prepared
by dispersing PffBTPt in THF solvent with the assistance of
ultrasound treatment. Fig. S6at displays the colour fs-TA plots
of the prepared solution under 800 nm excitation, with careful
recording of the decay time and intensity from 830 nm to
1250 nm. The fs-TA curves at specific delay times were extracted
and are shown in Fig. S6b.{ The absorption intensity reaches its
highest values between 830 nm and 1250 nm at 1 ps, indicating
the transition of absorbed photons from the ground state to the
singlet excited state.*® After 1 ps, the excitons in the excited state
return to the ground state, resulting in a gradual decrease in
absorption intensity. It can be observed that all excitons return
to the ground state rapidly within 500 ps. The kinetic decay
curves and fitting lines at 900 nm, 1000 nm, 1100 nm, and
1200 nm are displayed in Fig. S6¢c-S6f.1 The decay times at these
four wavelengths are very fast, below 35 ps, far less than
nanosecond or microsecond lifetime scales, indicating non-
radiative transition processes for the excitons.’® The kinetics
show two fitted delay times of 227 fs/32.8 ps at 900 nm and 135
fs/7.2 ps at 1000 nm, which are closely related to the two non-
radiative decay processes of interconversion and vibrational
relaxation.®> The considerably shorter lifetimes observed are
144 fs at 1100 nm and 118 fs at 1200 nm, suggesting highly
efficient nonradiative transition of the photogenerated excitons
in the longer wavelength range. The nonradiative transition
typically generates thermal energy, representing the light-to-
thermal conversion mechanism of the novel organometallic
polymer PffBTPt. The remarkable NIR absorption of PffBTPt
contributes to its highly efficient photothermal properties. The
TA results prove that enhancing the absorption ability in the
NIR region is an effective strategy to largely improve the light-to-
thermal conversion efficiency as well as the performance of the
solar evaporator.
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2.4 Solar evaporation performance

To assess the performance of the prepared solar evaporators,
the 8 mm thick PU and OPU samples are placed directly on top
of water. The resulting mass change of water in the presence of
8 mm thick OPU is recorded and depicted in Fig. S7.f The
evaporation rate of water under 1 sun is determined to be 1.10
kg m~> h™', approximately 2.24 times higher than the normal
evaporation rate of water (0.49 kg m > h™"). The evaporation
rate of water in the presence of PU is 0.66 kg m > h ™', about 1.67
times lower than that of the OPU. These results clearly
demonstrate that the organometallic polymer-loaded OPU
could efficiently increase the water evaporation rate owing to its
photothermal properties. The evaporation efficiency of the OPU
is calculated to be 67.4% under 1 sun, considering its dark
evaporation rate of water (0.1 kg m~>h™"). Detailed methods for
calculating the evaporation rate and efficiency are provided in
the ESIt. To enhance the evaporation rate of water, the thick-
ness of the OPU is reduced to 4 mm to facilitate faster water
transportation from the bottom to the top of the evaporator.
Fig. 6a presents the mass change data of water and seawater
under 1 sun, 2 sun and 3 sun, along with the corresponding
evaporation rate and evaporation efficiency of the solar evapo-
rator. The maximum evaporation rate of water in the presence
of 4 mm thick OPU is measured to be 1.57 kg m > h™" under 1
sun, approximately 3.18 times higher than the normal evapo-
ration rate of water. Due to the reduced thickness, the dark
evaporation rate of water is also increased to 0.3 kg m™> h™".
The maximum evaporation efficiency is determined to be 85.6%
under 1 sun, which is 26.96% more efficient than 8§ mm thick
OPU. As a result, 4 mm thick OPU was selected for the subse-
quent experiments. The mass change rate of water from the
OPU is observed under different solar irradiation levels. After 1
hour of operation under 1 sun, the mass experienced a loss of
0.40 g. Under 2 sun and 3 sun, the mass loss of water increases
to 0.69 g and 0.96 g, resulting in the corresponding evaporation
rate of 2.73 kg m > h™" and 3.78 kg m ™2 h™', respectively. The
water evaporation efficiency exhibits a decreasing trend with the
increase of solar irradiation, and the evaporation efficiency
declines to 77.65% under 3 sun. The evaporation efficiency is
further calculated using Gu's method considering the heat loss

This journal is © The Royal Society of Chemistry 2024
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as described in the ESI.** The resulting solar-to-thermal and
solar-to-steam efficiency are found to be 87.8% and 86.7%,
respectively, which is slightly higher than the efficiency of
85.6% calculated by our method as described in the ESIL.{>*

To evaluate the seawater evaporation performance of the
OPU, natural seawater with a salinity of 2.98% was collected
from Shek-O beach in Hong Kong. The dark evaporation rate of
seawater from the OPU is determined to be 0.29 kg m~> h™".
After 1 hour operation under 1 sun, the mass loss of seawater is
0.39 g, resulting in an evaporation rate of 1.52 kg m > h™* and
an efficiency of 83.1%, as illustrated in Fig. 6b. Probably the
presence of micro-organisms and salt in natural seawater
slightly reduces its evaporation rate by 3.18% under 1 sun. The
mass change, evaporation rate and efficiency of seawater were
also recorded for higher solar irradiation levels. Under 3 sun,
the seawater evaporation rate and efficiency were observed to be
3.51 kg m > h™" and 71.91%, respectively. No salt growth was
observed on the top surface of the evaporator during 1 hour
evaporation of seawater under 3 sun. To assess the performance
of the OPU under extreme salt conditions, different NaCl
concentrated brines (3.5 wt%, 10 wt% and 20 wt%) were
prepared by dissolving 3.5 g, 10 g and 20 g of NaCl crystals in
100 mL of deionized water, denoted as 3.5B, 10B and 20B,
respectively. The mass change and evaporation rates of these
four brines in the presence of OPU are shown in Fig. 6¢ and d.
The evaporation rates of the brines are lower compared to those
of water and seawater under 1 sun. As the salinity increased, the
evaporation rate decreases from 1.49 kg m > h™* for 3.5B t0 1.09
kg m~>h™" for 20B. Furthermore, during the 1 hour evaporation

This journal is © The Royal Society of Chemistry 2024

of 20B under 1 sun, no salt growth is observed on the top surface
of OPU.

The thermal images were captured during the water evapo-
ration experiments under 1 sun to investigate and measure the
temperature of the top surface of the OPU, as shown in Fig. 7a.
Prior to each experiment, the OPU was kept on water for some
time to make it wet. The top surface temperature of the evap-
orator reaches 19.7 °C after 1 hour of water evaporation under
dark conditions, while the room temperature remains 25 4 2 °©
C. The decrease in temperature can be attributed to the energy
utilized during water vaporization. Following under 1 sun, the
maximum top surface temperature of the evaporator was found
to be 37.3 °C with an average value of 33.4 °C after 1 hour of
water evaporation experiment. The thermal images also
demonstrate that heat is concentrated on the top of the evap-
orator, resulting in higher water temperature at the top of the
beaker. The water temperature at the bottom of the beaker is
close to room temperature after 1 hour of water evaporation
under 1 sun. Light on-off cycle tests were performed under 1
sun to assess the photothermal response of the OPU during
water evaporation, as depicted in Fig. 7b. Initially, the light is
kept on for 25 minutes, making the top surface temperature of
moist OPU to rise from 22.8 °C (initial temperature of the wet
evaporator) to 33.6 °C. Subsequently, the light is turned off for 5
minutes, leading to a gradual decrease in the top surface
temperature of the OPU to 25.5 °C. This light on-off test is
repeated with a 5 minute interval. While the light is on, the top
surface temperature of the OPU exceeds 33 °C within 5 minutes
and the temperature never drops below 25.4 °C when the light is
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(a) Thermal images of OPU in the dark, 1 sun and temperature distribution of water at the top and the bottom of the beaker. (b) Light on—

off cycle test of OPU under 1 sun with a 5 minute interval. (c) The 8 hour-long evaporation performance for tap water and natural seawater. (d)
Cycle tests of evaporating water and seawater under 1 sun for 15 consecutive days. (e) ICP-OES results of concentration of Ca®*, K*, Mg®* and
Na™* before and after seawater desalination. (f) Salt rejection performance of the OPU.

turned off for 5 minutes. The 8 hours of long evaporation
experiments for water and seawater were conducted under 1 sun
considering the average daylight irradiation, as observed in
Fig. 7c. Initially, the evaporation rate of seawater is high but
with time the evaporation rate starts to decrease due to the
change in distance between the evaporator and light source (as
the water head decreases with time) and the increased salinity
of water. The maximum evaporation rate (1.528 kg m > h™") is
recorded at the 2nd hour and the minimum evaporation rate
(1.37 kg m~> h™") is recorded at the 7th hour. The effect of
distance between the light source and evaporator on the evap-
oration performance of the OPU is further confirmed by the
similar trend found during the evaporation of tap water. The
maximum evaporation rate (1.57 kg m~> h™") is recorded at the
2nd hour and the minimum evaporation rate (1.41 kgm >h™*)
is observed at the 8th hour for the tap water sample. In addition,
a 13 hour-long experiment was conducted using natural
seawater, as shown in Fig. S8.1 The resulting data follow the
previous trend. The maximum evaporation rate was recorded in
the 2nd and 3rd hour which was 1.524 kg m~> h™". At the 13th
hour, the evaporation rate was found to be 1.37 kg m~> h™". For
2 different days, a similar trend was observed for seawater
evaporation under 1 sun in the presence of the same OPU,
which confirmed the stability of the prepared evaporator.

Fig. 7d gives the stability tests of the OPU for 15 consecutive
days under 1 sun. Each time the beaker is filled with almost the
same amount of water to keep the distance between the light
source and evaporator the same and each experiment was
conducted for at least 1 hour. The evaporation rates of water
and seawater in the presence of the OPU do not show any

9062 | J Mater. Chem. A, 2024, 12, 9055-9065

decreasing trend. The small change in evaporation rate found
on each day may arise due to the meteorological conditions of
the laboratory. For water and sea water, the highest evaporation
rates are 1.57 kg m > h™" and 1.52 kg m~> h™*, while the lowest
evaporation rates are 1.54 kg m~> h™' and 1.48 kg m~> h™},
respectively. The standard deviations of evaporation rates are
calculated to be 0.8% for water and 5.6% for seawater, indi-
cating the stable performance of the OPU. We use a self-made
glass box shown in Fig. S91 to collect the desalinated water
for ICP-OES measurement. The concentrations of four cations
(Ca*", K*, Mg?", and Na") are monitored in both the seawater
and the desalinated condensed water. Linear calibration curves
are obtained by combining four concentrations of each stan-
dard solution combined with a 2.0 vol% HNO; solution as the
blank sample, as illustrated in Fig. S10. The standard signals
for Ca, K, Mg, and Na are detected at different emission wave-
lengths (396.8 nm, 769.9 nm, 285.2 nm, and 589.5 nm,
respectively). The calibration coefficients for each element's
curve exceeded 0.995, indicating the high accuracy of the
measurements. The natural seawater is diluted 1000 times to
meet the concentration requirement of ICP-OES, while the
collected desalinated seawater from the above glass box is used
directly without further treatment.

Fig. 7e presents a concentration bar chart comparing the
levels of Ca®", K¥, Mg>*, and Na" cations in seawater before and
after desalination. The concentrations of Ca*>*, K", Mg>*, and
Na" cations in natural seawater are measured at 626 ppm,
380 ppm, 1235 ppm, and 10 213 ppm, respectively. After desa-
lination, the concentrations of the four cations are significantly
reduced, reaching 1.438 ppm, 0.129 ppm, and 1.158 ppm for
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Ca*", K, and Mg*" cations, respectively. Surprisingly, the
concentration of Na', which is initially the highest in natural
seawater, becomes the lowest after desalination, with almost no
traces observed in desalinated water. The concentrations of
Ca**, K', and Mg*" in the desalinated water are decreased by
three orders of magnitude, while the concentration of Na' is
decreased by five orders of magnitude. After desalination using
the OPU, the concentrations of the four cations remain well
below the drinking water standards set by the World Health
Organization and Environmental Protection Agency.”> The
organometallic polymer-based evaporator demonstrates great
potential for seawater desalination, particularly in the effective
removal of Na* ions. The salt rejection capability of the OPU was
measured and is presented in Fig. 7f. In the experiment, the
evaporator was positioned on natural seawater under 1 sun, and
the change in mass was recorded every 20 s using an electronic
balance system. Around 200 mg of NaCl crystal is directly placed
on the top of the evaporator after a 30 minute seawater evapo-
ration period. The salt dissolves back into the sea water within 3
minutes. The evaporation performance is observed for an
additional 20 minutes, and then 500 mg of NaCl crystal is
placed again on the top surface of the evaporator. Interestingly,
the salt dissolves back into the bulk seawater within 4 minutes.
This excellent salt rejection capability may be attributed to the
porous structure of the OPU. As demonstrated in the SEM image
in Fig. S11,} the average pore diameter of the OPU ranges from
94.4 pm to 393.89 pum, facilitating sufficient water transport to
the top surface of the OPU, where the salts dissolve and transfer
back into the bulk seawater. The addition of salt increases the
mass of the beaker as depicted in the inset of Fig. 7f. However,
the mass exhibits a decreasing trend over time due to water
evaporation. The mass change rate per second remains rela-
tively constant throughout the entire salt dissolution process.
Upon completion of the experiment, the salinity of the seawater
reached 4.2% as a result of the salt addition and water
vaporization.

3 Conclusions

This work presents the synthesis of a new organometallic pho-
tothermal polymer, named PffBTPt, by polymerizing the metal
complex Pt(N,N)(O,0) with the electron-withdrawing group
ffBT-2ET-2DT. The target 1D polymer exhibits a robust and
broad absorption capability across the entire solar spectrum in
the 300-2500 nm region owing to the synergistic effects of good
planarity, extensive conjugation, LLCT and ICT mechanisms.
This work is the first successful attempt to achieve a full-solar-
spectrum-absorbing polymer by introducing an LLCT-assisted
platinum(u) complex in conjunction with the common D-A
polymerization strategy. Using the simple drop casting method,
an organometallic polymer-based solar evaporator is success-
fully developed by depositing the PffBTPt polymer onto the PU
foam. The surface temperature of the OPU can rapidly rise to
nearly its highest value of 66.4 °C within 1 minute under 1 sun
radiation, significantly exceeding the 36.5 °C of the PU
substrate. The water evaporation rate and efficiency of the OPU
can reach up to 85.6% and 1.57 kg m~> h™', respectively, under

This journal is © The Royal Society of Chemistry 2024
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1 sun, comparable to the reported studies. These parameters
demonstrate excellent maintenance even after the 13 hour-long
test or 15 consecutive cycles, indicating the good operational
stability of the evaporator. fs-TA spectra reveal that the light-to-
thermal conversion is attributed to the effective non-radiative
relaxation of PffBTPt. Moreover, the prepared solar evaporator
exhibits excellent salt rejection capability and seawater desali-
nation performance, particularly achieving a five-order of
magnitude decrease of Na' concentration in the desalinated
seawater. This work introduces a new idea in the molecular
design to develop effective organometallic photothermal mate-
rials by incorporating an appropriate metal complex into the
polymer backbone. It demonstrates the tremendous potential of
organometallic polymers for simultaneous clean water
production and seawater desalination, making an important
advancement in the ISSG field.
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