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complexes with intervalence
charge-transfer transition trigger an effective NIR-
II photothermal conversion for solar-driven
desalination†

Yung-Cong Yang,‡ Joanna S. Lin‡ and Jen-Shyang Ni *

Solar steam generation (SSG) has been a promising solution to water scarcity by evaporating seawater at

a low cost and in an eco-friendly way. However, small molecule-based photothermal materials utilized

for SSG interfacial layers have been limited owing to their narrow absorption and low solar-thermal

conversion. In this work, three neutral d8 transition-metal (nickel, palladium, and platinum) bis(dithiolene)

complexes with an intervalence charge-transfer that induces the second near-infrared (NIR-II)

absorption and square-planar geometries favoring intermolecular stacking were synthesized and

identified. The metal complex-adsorbed SSG interfacial layer exhibits broad absorption from visible to

NIR-II regions for effective solar-light harvesting as well as a high photothermal conversion temperature

ranging 155–186 °C under 1064 nm of laser irradiation for 16 s via advancing nonradiative heat release.

Among them, the best solar energy-to-vapor conversion efficiency of 95.64% and a water evaporation

rate of 1.406 kg m−2 h−1 under one sun irradiation were achieved for nickel complex-based SSG devices.

This study provides a strategy for designing solar-thermal conversion materials based on NIR-II

organometallic complexes and further successfully advancing them into high-performing solar-driven

evaporation applications.
Introduction

The global energy crises and demand for clean water have been
two of the great challenges of our modern civilization that have
motivated scientists to develop advanced techniques for high-
efficiency energy conversion and water purication. Among
them, solar steam generation (SSG),1–4 purifying wastewater or
seawater through a solar-thermal conversion interfacial layer,
has been regarded as one of the most promising solutions for
water purication. The interfacial layer's solar-thermal conver-
sion material (STCM) with broad solar absorption, high pho-
tostability, and efficient photothermal conversion has thus
been considered a critical factor for improving the solar energy-
to-vapor conversion efficiency.5,6 Thus far, various STCMs with
interfacial heat localization, including plasmonic metals,7,8

carbon-based materials (e.g., graphenes and carbon
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nanotubes),9–13 semiconductor-based materials (e.g., metal
oxides or suldes),14–17 conjugated polymers (e.g.,
polypyrrole),6,18–22 and small molecules,23–25 have been reported
for SSG systems with efficient solar-driven water evaporation.
Therein, bifunctional solar evaporators, such as metal–organic
framework-derived carbon nanoparticle-based evaporators, for
simultaneous interfacial solar evaporation and thermoelectric
power generation are also current trends in development.16,17

Furthermore, though STCMs based on organic small molecules
have the advantages of structural modication, reproducibility,
and ne-tuned optical properties.26,27 However, they have been
rarely developed and utilized in SSG systems because their
photobleaching and limited sunlight absorption lead to low
solar-thermal conversion efficiency. Accordingly, developing
stable small molecule-based STCMs with broad solar absorp-
tion is vital for enabling highly efficient solar energy conversion
and advancing solar-driven freshwater generation.

The group 10 transition-metal complexes (nickel, palladium,
and platinum) based on bis(dithiolene) ligands (Scheme 1) with
a diverse range of photophysical properties, such as conduc-
tivity, magnetism, and optical properties, have been attractive
for applications in the elds of biomedicine, optoelectronics,
and materials science.28–32 For example, the water-soluble
pegylated nickel bis(dithiolene) complex with a photothermal
conversion efficiency of 12% could induce cell death under the
This journal is © The Royal Society of Chemistry 2023
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Scheme 1 The design strategy of group 10 transition-metal bis(di-
thiolene) complexes. IVCT: intervalence charge transfer.

Fig. 1 Structural identification and thermal stability. (a) 1H NMR
spectra of NIR-II organometallic complexes (OMCs) and dithiolene
precursor (Oct2NPhCO)2. X-ray photoelectron spectroscopy (XPS)
analysis of (b) NiPN, (c) PdPN, and (d) PtPN. (e) The thermogravimetric
analysis (TGA) of OMCs.
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laser irradiation of 940 nm.28 The biocompatible nickel
dithiolene-based polymeric nanoparticles as the photoacoustic
(PA) contrast agent have achieved in vitro photothermal
therapy31 and in vivo deep tissue PA imaging (∼5.1 cm)30 under
1064 nm of laser irradiation. Interestingly, the bis(dithiolene)
ligand has been a kind of non-innocent ligand, utilizing
a neutral dithioketone, radical monoanion, or dianionic
dithiolate to coordinate and form neutral d8 metal complexes
(Scheme S1†).33–36 Such complexes with a delocalized square-
planar electronic structure thus exhibit intense absorption in
the near-infrared (NIR) region via intervalence charge-transfer
(IVCT) transition,37–39 which makes them potential candidates
for solar-driven water evaporation. However, up to now, their
absorptions in NIR windows have been quite narrow, leading to
difficulty in harvesting sunlight sufficiently. Therefore, we
introduced strong electron-donating dialkylamino phenyl
substituents into the dithiolene ligand to promote bath-
ochromic absorption as well as effective electron delocalization
in coplanar neutral complexes. Moreover, their unique square-
planar organometallic center favoring intermolecular stacking
in aggregation further extends the absorption spectrum.34

Interestingly, according to the energy-gap law,23 the reducing
energy gap between the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO)
could increase nonradiative decay and release energy via heat,
which would also be helpful for photothermal conversion
properties.23,26,40–42 As such, strengthening the electronic delo-
calization and intermolecular stacking in square-planar organ-
ometallic complexes is of high importance for amplifying solar
absorption and thermal conversion, which will provide insights
into the molecular design strategy for new STCMs.

In this work, we rationally designed and synthesized three
neutral d8 complexes (OMCs) with dithiolene ligands and
metallic salts via one-pot organometallic synthesis route
(Scheme 1), in which the dithiolene ligand was derived from the
thionation of diketones with phosphorus pentoxide. Compared
to traditional organic STCMs, such complexes via a coordina-
tion reaction were more facile to prepare even though the poor
compatibility of reactants in the synthesis resulted in low yields.
Aer that, we investigated their photophysical and photo-
thermal properties via experimental measurements supporting
our theoretical hypothesis. The results indicated the red-
shiing of maximum absorption wavelengths for nickel and
palladium complex solutions to the second NIR (NIR-II) region.
This journal is © The Royal Society of Chemistry 2023
In contrast, OMC-loading lter papers as the interfacial-heating
layer for solar-driven water evaporation can exhibit broad
absorption from 300 to 1700 nm, effectively enhancing the
sunlight absorption rate. As expected, the intermolecular
stacking of OMCs as interfacial-heating evaporation layers can
contribute to light harvesting as well as exhibit a high photo-
thermal conversion temperature of 185.5 °C for nickel complex
(NiPN) upon 1064 nm laser irradiation for 16 s. This is because
square-planar geometries promoting intermolecular stacking in
the aggregation and solid states lead to enhanced nonradiative
transition decay (heat release) upon excitation, where their
radiative processes are thus suppressed. Based on this, the
averages of solar energy-to-vapor conversion efficiency and
water evaporation rate for NiPN-based SSG devices were evalu-
ated up to 93.02 ± 3.80% and 1.37 ± 0.05 kg m−2 h−1, respec-
tively, under one sun light irradiation, which are comparable to
the reported materials (Scheme S2†). Freshwater serving as safe
drinking water with World Health Organization (WHO) speci-
cations can further be obtained upon solar-driven desalina-
tion of seawater. This investigation reveals the molecular design
concept and application potential of NIR-II-absorbed organo-
metallic small molecules as STCMs in the highly efficient
utilization of solar energy.
Results and discussion
Identication of neutral d8 metal complexes

The structures and synthetic routes of neutral d8 transition
metal complexes based on the bis(dithiolene) ligand (Scheme
S3†) and their molecular characterizations are included in the
ESI† and Fig. 1. Compared to (Oct2NPhCO)2 of dithiolene
precursor, the 1H NMR peaks of phenyl ring around the
organometallic center are upeld shiing with the increasing
heavy atom effect (Fig. 1a), with 7.34, 7.27, and 7.25 ppm for
NiPN, PdPN, and PtPN, respectively. Their 13C NMR peaks of the
dithiolene ligand also shied from 179.01 (NiPN) and
179.76 ppm (PdPN) to 175.52 ppm (PtPN) (Fig. S2, S5, and S8†).
J. Mater. Chem. A, 2023, 11, 26164–26172 | 26165
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For X-ray photoelectron spectroscopy (XPS) (Fig. 1b–d and
S10†), the signals of S 2p (163 eV), N 1s (396 eV), Ni (851, 869 eV),
Pd (336, 341 eV), and Pt (71, 74 eV) respectively reveal their
elemental composition as well as the chemical and electronic
state of the atoms within the complexes. The thermogravimetric
analysis (TGA) shows good thermal stability temperatures
(Fig. 1e), where the unburned remaining weights heated over
400 °C could be considered the central metal wreck. Herein, the
identication experiments verify the chemical structures and
thermal stability of neutral group-10 metal complexes with the
bis(dithiolene) ligand.
Optical properties of neutral d8 metal complexes

In terms of photophysical measurement, the UV-vis-NIR
absorption spectra of the OMCs measured in hexane solution
(10 mM) at room temperature display a strong absorption band
in the NIR region (Fig. 2a). The maximum absorption wave-
lengths of 1054, 1067, and 984 nm for NiPN, PdPN, and PtPN,
respectively, are attributed to the IVCT transition of the delo-
calized ligand system.37 Those in visible absorption bands
originate from the ligand-to-metal charge transfer and intense
p–p* transitions.37,43 Upon excitation at 808 nm, they emitted in
the NIR-II region, whose maximum wavelengths are 1150, 1115,
and 1102 nm for NiPN, PdPN, and PtPN, respectively (Fig. 2b).
The highly uorescent intensity for PdPN may result from low
reorganization energy and nonadiabatic decay of the deexcita-
tion process and its heavy-atom effect on the central metal.44,45

Similarly, the apparently solvatochromic emission for PdPN is
conrmed from the Lippert–Mataga plots of Stokes shis versus
the solvent orientation polarizability (Fig. 2c and S11†).46 To
gain insights into the photophysical properties of OMCs in the
aggregation state, their uorescent properties were further
investigated in hexane and hexane/ethanol mixtures with
different ethanol fractions (Fig. S12–S14†). With the increase in
Fig. 2 The photophysical and photothermal properties of NIR-II
OMCs. (a) Normalized UV-vis-NIR absorption and (b) photo-
luminescence (PL) spectra in hexane (10 mM). (c) Lippert–Mataga plots
of Stokes shifts versus the solvent orientation polarizability (10 mM). (d)
PL intensity changes with the increase in ethanol (EtOH) fraction in
hexane/EtOH mixtures. Time-dependent temperature changes of
deionized water (H2O) and OMCs (100 mg mL−1) in H2O (e) and OMCs
and activated carbon (AC) adsorbed onto the filter paper (f), respec-
tively, under the laser irradiation of 1064 nm (1 W cm−2).

26166 | J. Mater. Chem. A, 2023, 11, 26164–26172
the poor solvent (ethanol) proportion, PdPN shows apparent
aggregation-caused uorescence diminishing phenomena
(Fig. 2d), while the uorescent intensities of NiPN and PtPN are
still relatively weak. This implies that the excited OMCs in the
aggregation state mainly release energy through nonradiative
decay, such as heat, not the radiative process.44 However, as
aggregated, the square-planar molecular geometries decrease
the intermolecular distance and strengthen p–p interactions,
driving aggregation-caused quenching uorescence, i.e., the
aggregation-enhanced nonradiative energy release and photo-
thermal conversion performance upon irradiation (vide infra).

As expected, under NIR-II laser irradiation (1064 nm, 1 W
cm−2) for 15 min, the temperature of OMC aggregates (100 mg
mL−1 in deionized water) can rise up to 41.2 °C (NiPN), 34.5 °C
(PdPN), and 38.7 °C (PtPN), respectively (Fig. 2e). The photo-
thermal conversion efficiencies (PTCEs) were then calculated to
be 42.3%, 17.1%, and 18.4% for NiPN, PdPN and PtPN,
respectively. To understand the actual photothermal property of
the solar-to-vapor interfacial layer based on OMCs, the photo-
thermal conversion temperatures for lter paper-adsorbed
OMCs were further measured under NIR-II laser irradiation
(1064 nm, 1 W cm−2). As shown in Fig. 2f, the temperatures
upon irradiation for 16 s are sharply rising to 185.5 °C (NiPN),
154.8 °C (PdPN), and 166.5 °C (PtPN), respectively, whereas that
of blank lter-paper does not obviously change (33.8 °C).
Besides, the lter paper-adsorbed commercial activated carbon
with UV-vis-NIR absorption shows 132.6 °C upon irradiation.
This suggests that NIR-II OMC-loaded lter papers can effi-
ciently convert laser into heat energies and be suitable for an
interfacial layer to generate evaporation freshwater (vide infra).

Theoretical calculations of neutral d8 metal complexes

To understand their photophysical properties, theoretical
calculations for ground (S0) and excited (S1) states of OMCs were
carried out with a time-dependent density functional theory
Fig. 3 Theoretical calculations of NIR-II OMCs. (a) The electron cloud
distribution of the HOMO and LUMO with an isovalue of 0.02 au and
their energy levels. (b) A schematic diagram of energy levels and their
relative energy. Eabs, Eem, Er, E*

r , and Ead denote the energy difference
of absorption from S0 to S1 states, that of emission from S1 to S0 states,
that of relaxation in the S0 state, that of relaxation in the S1 state, and
that between the minimum S1 and S0 states, respectively.

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 The photophysical properties of and solar-steam generation
(SSG) by NiPN-based films. (a) Reflective UV-vis-NIR absorption
spectra, (b) time-dependent contact angles, (c) time-dependent
temperature changes, (d) infrared images of the solar-thermal inter-
facial-heating evaporation layers, and (e) water-mass change curves
under one sun irradiation for NIR-II films with different amounts of
NiPN-loading. (f) The relationship between the evaporation rate (blue)
and the solar energy-to-vapor conversion efficiency (hv; red) for the
different loading amounts of NiPN under one sun irradiation. (g) The
SSG stability for 2.5 mg of NiPN-loading device.
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(TD-DFT) at the level of B3LYP/6-31G(d)/LANL2DZ. As shown in
Fig. 3, S15–S17, Tables S1 and S2,† the optimized molecular
geometries observe square-planar bis(dithiolene) complexes
associated with typically d8 transition-metal cations (Ni2+, Pd2+,
and Pt2+), which is benecial for intermolecular stacking in
aggregation or solid states and further extending absorption to
NIR-II window (vide infra). The electron densities of HOMO are
distributed from the electron-donating aminophenyl-
substituent to organometallic complexes. By contrast, those of
LUMO are concentrated on the metal dithiolene central, in
which some electronic clouds can extend out onto the pendent
phenyl-rings as well. Therefore, the energy levels of LUMO are
evidently down-shied from −3.04 eV (NiPN) to −3.20 eV
(PdPN) and −3.28 eV (PtPN) due to the heavy atom effect of
central metal. This also causes narrowed energy gaps and
decreased adiabatic energies (Ead) as central metals are
exchanged from nickel to palladium and platinum. According
to the analysis of the four-point method,47 the energy difference
of absorption from S0 to S1 states (Eabs), that of emission from S1
to S0 states (Eem), that of relaxation in the S0 (Er) and S1 ðE*

r Þ
states, and Ead were estimated, respectively, and they are listed
in the table of Fig. 3b. The narrowing Eabs and Eem values are
attributed to the heavy atom effect of central metal from nickel
exchanged to palladium and platinum, which corresponds with
the experiment results (vide supra). In addition, the E*

r and Er
values caused by vibrational relaxation mean the congura-
tional reorganization energies between S0 and S1 states, which
are a leading cause of the nonradiative transition decay.46,47 The
total reorganization energies ðE*

r þ Er valuesÞ for NiPN (65 meV)
are higher than those for PdPN (46 meV) and PtPN (47 meV),
implying more considerable vibrational relaxation energy for
the former in deexcitation. The congurational reorganization
via the nonradiative decay will favor enhancing the photo-
thermal conversion property.44 As such, this result explains
NiPN displaying dim emission and high photothermal
temperature and further supports it as a STCM for SSG
application.
Optical properties and wettability of NiPN-based interfacial
layer

Based on the good photothermal performance of the
bis(dithiolene)-coordinated nickel complex, we rst evaluated
the effect of the NiPN-adsorbed metering on the solar energy-to-
vapor interfacial layer. The lter papers were coated with
different amounts (1.25, 2.5, 5.0, 10.0, and 15.0 mg) of NiPN
complex, forming OMC-loading interfacial-heating evaporation
layers (OMC layers). As observed from the UV-vis-NIR reection-
absorption spectra (Fig. 4a), all absorption wavelengths from
300 to 1700 nm are similar and reach the maximum absorbance
aer loading over 5 mg of NiPN materials. This indicates that
the optimal usage of materials is about 5 mg on the lter paper
with a diameter of 2 cm. Furthermore, no or dim emissions for
OMC layers (Fig. S18†) suggest that the nonradiative decay, such
as heat, is the primary energy release upon deexcitation. To
evaluate the applicability of the SSG system, the water contact
angles (WCAs) were measured to analyze OMC layers' wettability
This journal is © The Royal Society of Chemistry 2023
(Fig. S19 and S20†). Based on time-dependent contact angles
(Fig. 4b), the waters for 1.25 and 2.5 mg of OMC layers spread
completely within about 9 and 30 s aer water dropping,
respectively, whereas that for 5 mg of OMC layers also attened
aer 5 min (Fig. S20†). By comparison, aer water-dropping for
ca. 5 min, the WCAs are 61.8° and 119.1° for 10 and 15 mg of
OMC layers (Fig. S20†), respectively. This indicates that the void
of lter papers will be hydrophilized aer loading with excessive
hydrophobic NiPN materials, weakening the surface hydrophi-
licity. However, the hydrophilic photothermal surface will be
relatively suitable for water vapor penetration upon irradiation
using a solar simulator. We thus reasonably speculate that the
2.5 mg of OMC-loading layer with high UV-vis-NIR absorbance
and suitable hydrophilicity should display the best solar-driven
evaporation system.
Solar-thermal conversion properties of the NiPN-based SSG
system

To determine the inuence of the NiPN-adsorption amounts on
the solar energy-to-vapor conversion efficiency, the OMC layers
of the solar energy-to-vapor conversion devices were fabricated
for SSG measurement (Fig. S21†), in which blank lter paper
without any NiPN loading was used as the reference. As shown
in Fig. 4c, d and S22,† aer solar irradiation over 3 min, the
equilibrium temperature of the OMC layers' surfaces increases
in the order of 1.25 (36.1 °C), 2.5 (37.5 °C), 5.0 (38.5 °C), 10.0
(38.6 °C), and 15.0 mg (39.0 °C) of NiPN-loading amounts. This
J. Mater. Chem. A, 2023, 11, 26164–26172 | 26167

https://doi.org/10.1039/d3ta05474h


Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 1
0 

N
ov

em
be

r 
20

23
. D

ow
nl

oa
de

d 
by

 S
U

ST
ec

h 
on

 1
2/

15
/2

02
3 

7:
16

:3
6 

A
M

. 
View Article Online
result is in proportion to the increasing mass loading and
absorbance. By contrast, the temperature slightly increases only
(DT ∼2.1 °C) for the blank lter paper without OMC loading. To
further assess the efficiency of solar-driven water evaporation,
the typical curves of time-dependent water-mass change under
solar irradiation (1 sun, 1 kW m−2) were measured with the
simulated setup displayed in real time and in situ (Fig. S21†).
The deionized water evaporation rate ( _m) from the slope of time-
dependent water-mass change curves (Fig. 4e) increases to be as
high as 1.37 ± 0.05 kg m−2 h−1 for 2.5 mg of NiPN adsorbed,
compared to the other metered OMC layers (1.10 ± 0.07 kg m−2

h−1 for 1.25 mg, 1.30 ± 0.05 kg m−2 h−1 for 5.0 mg, 1.34 ± 0.04
kg m−2 h−1 for 10.0 mg, and 1.30 ± 0.09 kg m−2 h−1 for 15.0
mg). Compared with the blank lter paper, only 0.20 ± 0.01 kg
m−2 h−1 of _m value, water evaporation using OMC layers is
greatly accelerated. Herein, the solar energy-to-vapor conversion
efficiency (hv) for 2.5 mg of NiPN-adsorbed lm is as high as
93.02 ± 3.80% compared to that for the other OMC layers
(Fig. 4f), 74.72 ± 4.64% for 1.25 mg, 88.02 ± 3.20 for 5.0 mg,
91.16 ± 2.81 for 10.0 mg, and 88.60 ± 6.19 for 15.0 mg,
respectively.23 The blank lter paper as a solar evaporator
behaves with the lowest hv value of 13.65 ± 0.61%. Under the
same conditions, 2.5 mg of activated carbon-adsorbed evapo-
rator exhibits 1.256 kg m−2 h−1 of water evaporation rate with
85.7% efficiency (Fig. S23†).48 Aer optimization, the best water-
mass change and solar energy-to-vapor conversion efficiency for
2.5 mg of OMC layer can be achieved at 1.406 kg m−2 h−1 and
95.64%, respectively, for the NiNP-adsorbed SSG system. The
NiNP-adsorbed evaporator exhibits 0.19 W m−1 K−1 of thermal
conductivity and 32.1% of heat loss.17,49 Additionally, its evap-
oration rate is also stable aer seven cycles (Fig. 4g), indicating
that the NiPN-adsorbed lm can efficiently and stably convert
sunlight into heat and exhibit excellent SSG performance.

To explore the relationship between incident-light intensity
and evaporation rate and efficiency, SSG devices based on
2.5 mg of OMC layer under different sunlight intensities (2 and
Fig. 5 The lighting intensity test and desalination application of NiPN-
based films. Time-dependent temperature changes (a) and water-
mass change curves (b), and (c) the relationship between the evapo-
ration rate (blue) and the solar energy-to-vapor conversion efficiency
(hv; red) for 2.5 mg of NiPN-loading device under different solar irra-
diations. (d) Infrared images of the solar-thermal interfacial-heating
evaporation layers under 2.0 and 3.0 sun irradiation.

26168 | J. Mater. Chem. A, 2023, 11, 26164–26172
3 suns) were further investigated, as shown in Fig. 5a–d. The
surface temperature of the NiPN-adsorbed lm rises rapidly to
43.6 °C under 2-sun irradiation, and to 47.3 °C under 3-sun
irradiation within 3 min (Fig. 5a and d). The _m values are 2.11 ±

0.03 and 3.17 ± 0.04 kg m−2 h−1 under irradiation of 2 and 3
suns (Fig. 5b), respectively, and the evaporation efficiency was
calculated to be 71.98 ± 0.96% for 2-sun and 72.01 ± 0.86% for
3-sun irradiation (Fig. 5c). Despite the growing _m values with
the increase in power intensities, the results show optimum SSG
performance for the NiPN-adsorbed evaporation interface layer
under irradiation of one sunlight.

Solar-driven desalination of the NiPN-based SSG system

In efforts to resolve water shortages across the globe, developing
efficient and green seawater desalinization approaches is of
great importance to overcome the complicated preparation
process and equipment costs of traditional ones. Hence, the
deionized water was changed to Sizihwan seawater (Taiwan) to
assess the desalination ability of the SSG system based on the
NiPN-adsorbed evaporator. As shown in Fig. 6a, the water-mass
change in seawater under 1-sun irradiation for 90min is close to
that in deionized water. The best _m value in seawater is 1.38 kg
m−2 h−1 (an average of 1.34 ± 0.04 kg m−2 h−1), converting to
93.05% of the evaporation efficiency (an average of 90.18 ±

2.87%). Compared with the SSG results of deionized water, the
slightly decreasing efficiency of about 3% for seawater evapo-
ration may be owing to the salt crystals appearing on the solar
energy-to-vapor interface layer. In the process of solar-steam
Fig. 6 The desalination application of NiPN-based films. (a) Time-
dependent water-mass change curves for Sizihwan seawater evapo-
ration using 2.5 mg of the NiPN-loading device under one sun irra-
diation. Scanning electron microscopy (SEM) images of the (b) blank
filter paper (FP), (c) NiPN loading FP, and (d) NiPN-adsorbed FP after
desalination. (e) Four ion concentrations of the seawater before and
after desalination.

This journal is © The Royal Society of Chemistry 2023
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desalination, the vapor escape from the lter paper causes the
surface's sea-salt deposition, which will hinder the water vapor
from passing through the pores of the NiNP-adsorbed evapo-
rator. In view of this, scanning electron microscope (SEM)
analysis was further used to visualize interface layers' surface
features. As shown in Fig. 6b, blank lter paper shows a smooth
ber surface, whereas that based on the NiPN complex displays
rough and even partial aggregation (Fig. 6c). Upon desalination
with 5 sun irradiation, salt crystals appearing and spreading
over the ber surface of lter paper can be clearly noticed with
SEM images (Fig. 6d and S24†). Herein, the salt precipitation on
the OMC-evaporator will hinder the evaporation of seawater and
thus bring about declining SSG efficiency during the desalina-
tion process of the actual seawater. To overcome this problem in
the future, we will combine photothermal materials with the
water-absorbency porous supporter with capillary action and
super-hydrophilic wettability to construct the evaporator, which
may exhibit excellent salt-resistant performance through dis-
solving sea salt above the solar evaporator.20

Aer that, four primary ion concentrations of natural
seawater (K+, Na+, Ca2+, and Mg2+) before and aer desalination
were analyzed by inductively coupled plasma optical emission
spectrometry (ICP-OES), and their results are shown in Fig. 6e,
where Sizihwan seawater contains 407 ppm of K+, 8917 ppm of
Na+, 553 ppm of Ca2+, and 1223 ppm of Mg2+ ions, respectively.
Aer solar-driven seawater evaporation, it can be clearly seen
that ion concentrations (1.0 ppm of K+, 1.7 ppm of Na+, 0.9 ppm
of Ca2+, and 0.4 ppm of Mg2+ ions) reduce signicantly in
freshwater, which is far below the WHO standard for safe
drinking water ion concentrations. These results reveal that
solar evaporator based on the NiPN-adsorbed SSG interfacial
layer has the same excellent evaporation performance in
seawater. In other words, the NIR-II OMC-loading lter paper as
a solar-thermal absorber for the SSG system is a potential
application to produce freshwater by solar-driven seawater
evaporation.

Conclusions

This work proposed three neutral d8 metal bis(dithiolene)
complexes with strong electron-donating substituents to
develop high-performance light absorbers. The broad UV-vis-
NIR absorbed behaviors from 300 to 1700 nm for efficient
sunlight harvesting are attributed to the synergistic effect of
IVCT transition and intermolecular stacking. Among them, the
nickel complex (NiPN) with high reorganization energy caused
dim emission and high PTCE is suitable for serving as a STCM
for water evaporation. The NiPN-loading interfacial layer has
also proven to be the best candidate for solar-driven evaporators
with a water-mass evaporation rate of 1.406 kg m−2 h−1 and
a solar energy-to-vapor conversion efficiency of 95.64% under
one sun simulated solar irradiation. As a result, this STCM
exhibits excellent performance in seawater desalination and
then obtained freshwater by WHO standards. Compared to
organic small molecule-based STCM, a neutral nickel bis(di-
thiolene) complex tying electron-donating substituent exhibits
a broader range of UV-vis-NIR absorption for effective solar-light
This journal is © The Royal Society of Chemistry 2023
harvesting and higher photothermal conversion temperature
(185.5 °C for 16 s, 1064 nm irradiation) for accelerating water
evaporation. Thus, the SSG system based on a NiNP-adsorbed
evaporator has certain competitive advantages of solar energy-
to-thermal water evaporation rate and efficiency. This investi-
gative elucidation will not only successfully apply NIR-II
absorbed organometallic complexes in solar-heating water
evaporation but also assist in expanding new STCMs for
sustainable and green water treatment development.
Experimental section
Materials and methods

Chemicals were purchased from Sigma-Aldrich and TCI and
used directly without further purication. Tetrahydrofuran
(THF) was distilled from sodium benzophenone ketyl under
a dry Ar ow immediately before use. Other solvents were
directly used without further purication. 1H and 13C NMR
spectra were recorded using a Varian VNMRS 600 MHz spec-
trometer with CDCl3 as the solvent and tetramethylsilane (TMS)
as the internal standard. High-resolution mass spectra (HRMS)
were recorded using an Autoex Speed Bruker, operating in
a MALDI-TOF mode. UV-vis-NIR absorption and photo-
luminescence (PL) spectra were recorded using a ProTrusTech
spectrometer with an Avantes' SensLine andMRID, respectively.
The thermogravimetric analysis (TGA) was recorded using
a Mettler-Toledo spectrometer at a heating rate of 20 °C min−1.
The contact angle was measured using an OSA 60, NBSI. The
scanning electron microscopy (SEM) image was acquired using
a JSM-5610, JEOL. The inductively coupled plasma optical
emission spectrometry (ICP-OES) was performed using an iCAP
7000 Series, Thermo Scientic.
Synthesis of neutral d8 metal bis-dithiolene complexes

1,2-Bis[4-(di-n-octylamino)phenyl]ethane-1,2-dione (1.9 equiv.)
and phosphorus pentasulde (P2S5; 4.7 equiv.) dissolved in 1,3-
dimethyl-2-imidazo-lidinone (DMI; 0.1 M) were heated at 95 °C
for 10 h. A solution of “salt” (1 equiv.) in distilled water (0.4 M)
was added to the mixtures and further heated at 90 °C for 4 h.
Aer cooling, the solution is poured into distilled water and
extracted thrice with dichloromethane (CH2Cl2). The combined
organic fractions were dried over anhydrous MgSO4 and
concentrated via rotary evaporation. The residue was puried by
column chromatography using silica gel and CH2Cl2/hexanes
(1/4, v/v) as the eluent to give a solid.

NiPN. Dark-green solid, 66.10% of yield. 1H NMR (400 MHz,
CDCl3), d (ppm): 7.344 (d, J = 8.8 Hz, 8H), 6.516 (d, J = 8.8 Hz,
H), 3.240 (m, 16H), 1.56 (m, 16H), 1.308 (m, 80H), 0.887 (m,
24H). 13C NMR (400 MHz, CDCl3), d (ppm): 179.007, 148.536,
130.399, 130.002, 110.846, 51.130, 31.813, 29.474, 29.323,
27.261, 27.160. 22.639, 14.093. HRMS (MALDI-TOF): calculated
for C92H152N4NiS4 [M]+ 1501.1894; found: 1501.0180.

PdPN. Dark-brown viscous liquid, 15.83% of yield. 1H NMR
(400 MHz, CDCl3), d (ppm): 7.266 (d, J = 8.8 Hz, 8H), 6.506 (d, J
= 8.8 Hz, H), 3.258 (m, 16H), 1.571 (m, 16H), 1.311 (m, 80H),
0.894 (m, 24H). 13C NMR (400 MHz, CDCl3), d (ppm): 179.761,
J. Mater. Chem. A, 2023, 11, 26164–26172 | 26169
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148.674, 131.087, 130.596, 110.663, 51.079, 31.795, 29.451,
29.303, 27.301, 27.131, 22.621, 14.077. HRMS (MALDI-TOF):
calculated for C92H152N4PdS4 [M]+ 1546.9935; found: 1546.9977.

PtPN. Dark-green solid, 15.32% of yield. 1H NMR (400 MHz,
CDCl3), d (ppm): 7.248 (d, J = 8.4 Hz, 8H), 6.524 (d, J = 8.8 Hz,
H), 3.262 (m, 16H), 1.589 (m, 16H), 1.316 (m, 80H), 0.896 (m,
24H). 13C NMR (400 MHz, CDCl3), d (ppm): 175.515, 148.456,
130.264, 129.715, 110.837, 51.059, 31.811, 29.474, 29.321,
27.315, 27.158, 22.634, 14.085. HRMS (MALDI-TOF): calculated
for C92H152N4PtS4 [MH]+ 1637.0626; found: 1637.0490.

Theoretical calculations

The optimized geometries of the ground-state (S0) and excited-
state (S1) minima were calculated using Gaussian 16 with
time-dependent density functional theory (TD-DFT) at the level
of B3LYP using the Gauss View 6 soware.50 All non-metallic
atoms (C, H, S, and N) and metal atoms (Ni, Pd, and Pt) were
located via a combined basis set of 6-31G(d) and LANL2DZ,
respectively.

Solar steam generation (SSG) measurements

The solar energy-to-vapor conversion efficiency (hv) in solar-
steam generation devices was calculated using the following
equation:23

hv ¼
m
�
hLV

CoptP0

where _m refers to the water mass ux (evaporation rate), Copt

represents the optical concentration, and P0 is the nominal
solar irradiation value of the sunlight intensity, respectively. hLV
refers to the total liquid–vapor phase-change enthalpy, i.e., the
sensible heat and the enthalpy of vaporization, in the following
formula:

hLV = Q + Dhvap

where Q is the energy provided to heat the system from the
initial ambient temperature (T0) to the nal absorber's
temperature (Tabs), and Dhvap is the latent heat of water
vaporization.

The heat loss efficiencies of conduction (hcond), radiation
(hrad), and convection (hconv) for the device can be estimated
using the following equations:17,49

hcond ¼
Cw$m$DT=A$t

P0

¼ hcondðTu � TbÞ=d
P0

hrad = 3s(Tabs
4 − T0

4)/P0

hconv = hconv(Tabs − T0)/P0

where Cw is the specic heat capacity of liquid water (4.2 J g−1

K−1), m is the water mass, DT is the temperature change before
and aer SSG, A is the evaporation surface area, hcond is the
thermal conductivity of the wetted absorber (W m−1 K−1), d is
the thickness of the insulator, Tu and Tb are the temperatures of
26170 | J. Mater. Chem. A, 2023, 11, 26164–26172
the upper and bottom layers of the insulator, respectively, 3 is
the effective thermal emissivity of the absorber, s is the Stefan–
Boltzmann constant (5.67 × 10−8 W m−2 K−4), and hconv is the
convective heat transfer coefficient (5 W m−2 K−1).
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