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A B S T R A C T

Solar-driven interfacial evaporation (SDIE) has emerged as a promising approach for sustainable water purifi
cation; however, its performance remains dependent on the design of efficient and tunable photothermal ma
terials. In this work, alkyl chain-modified organonickel bis(dithiolene) complexes were developed and 
subsequently integrated onto filter paper substrates to create high-performance solar interfacial evaporators. By 
systematically varying the alkyl chain length, we demonstrate precise control over the complex’s photothermal 
properties, molecular packing, and surface hydrophobicity on paper fibers. Specifically, the complex substituted 
with the long n-hexadecyl chain and possessing larger dihedral angles between dithiolene and thiophene units 
triggers intramolecular motion-induced photothermy, resulting in broadband solar absorption and efficient 
thermal localization. Under 1 sun irradiation, the SDIE device achieved a high evaporation rate of 1.72 ± 0.09 
kg m− 2 h− 1, corresponding to a solar-to-vapor efficiency of 98.48 ± 3.27%. This high efficiency, approaching 
and potentially exceeding the theoretical limit for 2D evaporators, is attributed to the light-trapping effect 
enabled by the filter paper’s porous structure. Structural and spectroscopic analyses confirm the stable physical 
adsorption of the complexes on the filter paper fiber network, while cycling tests demonstrate excellent dura
bility and desalination performance. This study highlights the potential of molecular-scale alkyl engineering for 
the development of tailored organometallic photothermal agents, providing a scalable platform for solar-driven 
water purification.

1. Introduction

Water scarcity is a serious global issue that not only affects ecosys
tems and human health but can also trigger food and economic crises. 
The United Nations proposed including “clean water and sanitation” as 
one of the Sustainable Development Goals (SDGs). To address the issue 
of water purification, various desalination techniques, including reverse 
osmosis, electrodialysis, mechanical vapor compression, and multi-stage 
flash distillation, have been developed to convert saline and brackish 
water into potable water. [1–3] However, these methods often involve 
high energy consumption, significant installation and maintenance 
costs, and environmental impacts. In contrast, solar-driven interfacial 
evaporation (SDIE) systems leverage clean solar energy to locally heat 

water at the water-air interface, thereby efficiently producing water 
vapor while minimizing thermal losses. [4,5] As expected, they not only 
exhibit high solar-to-vapor conversion efficiency, even exceeding 100% 
for 3D-designed devices, [6,7] but can also be manufactured in a large- 
scale, low-cost, and environmentally friendly manner. [8] In recent 
years, the SDIE technology has thus emerged as a promising alternative 
for sustainable and efficient water purification.

The critical component of the SDIE system is the photothermal 
conversion material (PTCM), which determines the efficiency of solar- 
to-thermal energy conversion. [9] To date, extensive research has 
focused on carbon-based materials [10], plasmonic nanoparticles 
[11,12], aerogels [13], metal-organic frameworks [14–16], semi
conductors [17–19], semiconducting polymers [20], and organic small 
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molecules. [21] Among the emerging candidate materials (Table S1), 
organonickel bis(dithiolene) complexes have recently attracted interest 
as advanced photothermal agents due to their intense and tunable ab
sorption in the near-infrared (NIR) region, strong electronic delocal
ization, high thermal and chemical stability, and excellent 
photostability. [22] These characteristics originate from their square- 
planar conjugated structures and intervalence charge transfer (IVCT) 
transitions, [23] which enable them to form H- or J-aggregates on water 
transport substrates, such as paper and foam. [24] Interestingly, inter
facial solar evaporators based on such H− /J-aggregation can achieve 
highly efficient sunlight harvesting from the visible to NIR region, 
making them particularly suitable for SDIE applications under solar 
irradiation. [24,25] Therefore, it remains a valuable approach to modify 
the molecular structures of these complexes in SDIE technology to 
optimize their photothermal properties. In particular, the role of alkyl 
chain substituents on the dithiolene ligands may provide a worthy 
avenue for exploring the relationship between molecular structure and 
solar-to-vapor performance.

Alkyl-chain engineering is a popular strategy to directly modify a 
range of chemical, physical, and even photophysical properties, 
including solubility, aggregation behavior, molecular hydrophilicity, 
thermal conductivity, and electronic delocalization. [26–28] In addi
tion, the long alkyl chain in the donor-acceptor backbone can provide 
sufficient intermolecular space for the excited-state intramolecular 
motion in aggregates, allowing excited molecules to relax their molec
ular configuration back to the ground state through nonradiative 
energy-release pathways. [29] That is, this intramolecular motion- 
induced photothermy (iMIPT) phenomenon utilizes the nonradiative 
decay process of the material to efficiently convert light into thermal 
energy, further enhancing the photothermal conversion efficiency of 
PTCMs. [30,31] On the other hand, the terminal alkyl chain of conju
gation materials can also effectively modulate the molecular orienta
tion, [32,33] enhance the intermolecular interaction in aggregates, and 
promote their uniform dispersion and adsorption on porous matrices, 
facilitating the construction of excellent interfacial solar evaporators. As 
a result, introducing alkyl chains into the molecular structure of PTCMs 
would provide an opportunity to improve the efficiency of solar energy- 
to-steam conversion.

In this study, we investigate a series of organonickel bis(dithiolene) 
complexes with systematically varying alkyl chain lengths to evaluate 
their effects on photothermal behavior and overall evaporation perfor
mance in the SDIE platform (Scheme 1). Along with the alkyl chain 
length of complexes extending from n-butyl to n-hexadecyl, the 
decomposition temperature at 5% weight loss was improved from 182 to 
322 ◦C due to increased molecular weights. Among them, the long n- 

hexadecyl chain substituted complex (NiTh16) can be dispersedly 
adsorbed onto filter paper to form a solar interfacial evaporator with a 
broad, continuous absorption band and a higher photothermal conver
sion temperature, reaching 185 ◦C within 20 s under 1064 nm laser 
irradiation. Moreover, the hydrophobic alkyl chain-modified paper fi
bers and pores can inhibit salt accumulation, thereby achieving effective 
salt removal and enhancing the efficiency of solar energy conversion 
into steam. Under one-sun radiation, the water evaporation rate (ṁ) of 
seawater can be as high as 1.67 ± 0.06 kg m− 2 h− 1, with an efficiency of 
95.0%. This performance is quite close to the theoretical value of the 
two-dimensional SDIE system [24], which is attributed to the stability, 
durability, and salt tolerance of the organonickel complex-adsorbed 
evaporator. For contaminated aqueous solutions, the ṁ value can also 
reach 1.65–1.69 kg m− 2 h− 1. Through systematic alkyl-chain modifi
cation on complexes, the relationship between the molecular structure, 
photothermal property, and STIL morphology is explained in depth, and 
the impact on the SDIE system is further demonstrated. All in all, this 
investigation highlights a molecular design strategy for optimizing 
organonickel molecules through alkyl chain engineering, advancing 
highly efficient solar evaporation technologies.

2. Materials and methods

2.1. Chemicals and instrumentation

Chemicals were purchased from Acros Organics and Alfa Aesar and 
used directly without further purification. 1H and 13C nuclear magnetic 
resonance (NMR) and high-resolution mass (HRMS) spectra were 
recorded on a Varian VNMRS 600 MHz spectrometer, using CDCl3 as the 
solvent, and an Autoflex Speed Bruker, operated in MALDI-TOF mode, 
respectively. The thermogravimetric analysis (TGA) was recorded on the 
Mettler-Toledo spectrometer, with a heating rate of 20 ◦C min− 1. 
Fourier-transform infrared spectroscopy (FTIR) was measured with a 
PerkinElmer Spectrum 3 FT-IR spectrometer. UV–vis-NIR absorption 
spectrum was recorded on a ProTrusTech spectrometer (Taiwan) with 
an Avantes’ SensLine and MRID. The X-ray photoelectron spectrometer 
(XPS) was recorded on a Thermo K-Alpha. The contact angle was 
measured with the OSA 60, NBSI. The scanning electron microscope 
(SEM) and inductively coupled plasma optical emission spectrometry 
(ICP-OES) were recorded on the JSM-5610 and iCAP 7000 Series, 
respectively.

2.2. Synthesis of neutral organonickel bisdithiolene complexes

1,2-Bis(5-alkylthiophen-2-yl)ethane-1,2-dione (2.0 equiv.) and 
phosphorus pentasulfide (4.7 equiv.) are dissolved in 1,3-dimethyl-2- 
imidazo-lidinone (0.1 M) and then heated at 95 ◦C for 10 h. A solution 
of nickel chloride hexahydrate (1.0 equiv.) in distilled water (0.4 M) is 
added to the reaction mixtures and further heated at 90 ◦C for 2 h. After 
cooling to room temperature, the solution is poured into distilled water 
and extracted with dichloromethane (CH2Cl2) three times. The com
bined organic fractions are dried over anhydrous magnesium sulfate, 
concentrated, and purified by column chromatography on silica gel 
using the CH2Cl2/hexanes mixture (1/4, v/v, Rf, 0.8) as the eluent, 
yielding a dark-green solid, NiThR derivatives. The details of the rele
vant chemical structure identification results are described in the Sup
porting information.

2.3. Fabrication of SDIE device

The 3.0 mg of NiThR derivative was dissolved in dichloromethane 
and added dropwise onto an 18 mm diameter filter paper (FP) for 
adsorption. The NiThR-adsorbed FP (NiThR@FP) was then dried at 
40 ◦C for one day to prepare the solar-thermal conversion interface 
layers (STILs), noted as NiTh4@FP, NiTh8@FP, NiTh12@FP, and 
NiTh16@FP, respectively. As above, NiTh16 with different loading 

Scheme 1. The design strategy of alkyl-chain engineering on organonickel bis 
(dithiolene) complexes.
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amounts (1.50, 2.25, 3.75, 4.50 mg) on filter papers with a diameter of 
25 mm was also prepared. A cylinder of Melamine sponge, with a 
diameter of 45 mm and a thickness of 27 mm, served as both thermal 
insulation and support for STILs. The SDIE system, containing NiThR 
derivatives-adsorbed filter paper and sponge insulation, was placed in a 
50 mL beaker filled with deionized water, seawater, and polluted water, 
respectively. It was then irradiated with different solar powers (0.5, 1.0, 
1.5, 2.0, and 3.0 suns) and concurrently recorded water loss.

3. Results and discussion

3.1. Optical and photothermal properties of NiThR derivatives

As shown in the synthetic routes (Scheme S1), the organonickel 
complexes based on bis(dithiolene) ligands with different alkyl chain 
lengths (Fig. 1a) were synthesized via a one-pot coordination method, 
which is a relatively facile preparation compared with conventional 
organic STCMs. Herein, the organonickel complexes substituted with n- 
butyl-, n-octyl-, n-dodecyl-, and n-hexadecyl-chains are named NiTh4, 
NiTh8, NiTh12, and NiTh16, respectively. Their molecular identifica
tions, including 1H and 13C NMR and HRMS spectra, are provided in the 
Supporting Information. The thermogravimetric analysis (TGA; Fig. 1b) 
shows that complexes tying long alkyl chains have higher thermal 
decomposition temperatures (297.7 ◦C for NiTh12 and 321.7 ◦C for 
NiTh16) than those with short chains (182.3 ◦C for NiTh4 and 175.0 ◦C 
for NiTh8), with 5% weight loss. The main substituent decomposition 
process is divided into three distinct steps (Figs. S1-S4): (i) Alkyl chains 
pyrolysis: The pyrolysis temperature of the alkyl chains generally in
creases with molecular weight: NiTh4 (269 ◦C), NiTh8 (243 ◦C), NiTh12 
(396 ◦C), and NiTh16 (~435 ◦C). This step produces a potential bis(1,2- 

dithienyl-dithiolene)nickel complex intermediate. (ii) Thienyl pyrolysis: 
The decomposition temperature of the two thienyl groups shows a 
similar trend, being highest for the longest chain substituent (NiTh16) 
and decreasing for the shorter chains (NiTh12 at 462 ◦C, NiTh8 at 
450 ◦C, and NiTh4 at 382 ◦C). (iii) Final residue: The residue at 800 ◦C is 
likely a (dithiolene)nickel structure for NiTh8, NiTh12, and NiTh16, but 
it degrades to nickel sulfide for NiTh4. This analysis clearly demon
strates that the complexes with higher molecular weights (NiTh12 and 
NiTh16) exhibit higher decomposition temperatures for both the alkyl 
and thienyl groups, which strongly indicates an enhancement in the 
thermal stability resulting from the increased molecular weight. Fourier- 
transform infrared spectroscopy (FTIR) analysis yielded characteristic 
peaks at 2846 cm− 1 and 2918 cm− 1, which are attributed to the 
stretching vibrations of the C–H bonds within the alkyl chains (Fig. 1c). 
A band at 3076 cm− 1 is assigned to the stretching vibrations of the C–H 
bond within the ethenyl group. These results are consistent with the 
successful substitution of alkyl chains and thiophene groups on the 
target organonitrile complex.

For the photophysical properties of NiThR derivatives, their UV–vis- 
NIR absorption spectra were recorded in dichloromethane (10 μM) at 
room temperature, as shown in Fig. 1d. All complexes exhibit strong 
absorption within the 800–1200 nm region. Specifically, the maximum 
absorption wavelengths were determined to be 1054 nm for NiTh4, 
1044 nm for NiTh8, 1041 nm for NiTh12, and 1040 nm for NiTh16, 
respectively, attributed to intervalence charge transfer (IVCT) transi
tions within the delocalized bis(dithiolene) ligand system. [34] Addi
tionally, these molecules display visible absorption bands arising from 
ligand-to-metal charge transfer and intense π-π* transitions. In 
contrast, the fluorescence in the solutions of all complexes was observed 
to be dim, even quenching (Fig. S5). This quenching indicates that the 

Fig. 1. Photophysical and photothermal properties of NiThR derivatives. (a) Chemical structures, (b) TGA spectra, (c) FTIR spectra, (d) normalized UV–vis-NIR 
absorption spectra in dichloromethane (10 μM), (e) time-dependent temperature changes in chlorobenzene (10 μM) under 1064 nm irradiation (1 W cm− 1), (f) The 
plot of irradiation time versus –ln(θ). θ is the driving-force temperature. The inset shows the fitting equation, where the slope indicates the system time constant (τs).
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excited molecules primarily dissipate energy through nonradiative in
ternal conversion processes, resulting in the generation of heat rather 
than radiative emission. [35] To further explore their photothermal 
conversion behaviors, complexes in chlorobenzene (55 μg mL− 1) were 
irradiated with a 1064 nm laser (1 W cm− 2) for 10 min, and their 
temperatures (TMax) were up to 56.4 ◦C (NiTh4), 58.7 ◦C (NiTh8), 
58.0 ◦C (NiTh12), and 64.7 ◦C (NiTh16), respectively (Fig. 1e). After 
closing laser irradiation, the system time constants for heat transfer (τs) 
were fitted using the time-dependent temperature drop curve, yielding 
values of 64.5 s (NiTh4), 59.7 s (NiTh8), 50.0 s (NiTh12), and 50.2 s 
(NiTh16), respectively (Fig. 1f). The photothermal conversion effi
ciencies (PTCEs) [36] are further estimated to be 6.9%, 12.1%, 14.5%, 
and 30.1% for NiTh4, NiTh8, NiTh12, and NiTh16, respectively. Herein, 
NiTh16 achieves the highest PTCE primarily due to its significantly high 
temperature change (ΔT ~ 35.2 ◦C) and its low time constant (τs) for 
heat transfer. Its low τs value indicates a more rapid change in the sys
tem’s temperature in response to the driving force, translating to more 
efficient heat localization. This is achieved despite having the lowest 
effective absorption at 1064 nm (A1064; Fig. S6) of the conjugation unit 
(the Ni-thienyldithiolene center). This result highlights that the efficient 
confinement and utilization of thermal energy (high ΔT and low τs) can 
be achieved by modifying the material with long alkyl chains, further 
enhancing its PTCE performance. Unfortunately, we must also note that 
target complexes with alkyl chains longer than C16 (n-hexadecyl-) are 
unable to form due to the requirements of the coordination reaction 
condition (in a hydrophilic environment). Moreover, according to the 
intramolecular motions restriction mechanism, nonradiative energy 
decay for the long alkyl chain substituted complex may be attributed to 
its active intramolecular motions. [37] This means that developing 
improved synthetic routes to obtain and study organometallic com
plexes with longer alkyl chains is a crucial strategy for fully optimizing 
the PTCE through intramolecular motions and heat localization, thereby 
fully realizing the potential of these materials in high-efficiency solar 
applications.

3.2. Theoretical calculations of NiThR derivatives

Time-dependent density functional theory, using the PBE1PBE 

functional and a 6-31G(d)/LANL2DZ basis set, was employed to calcu
late the NiThR derivatives and gain a detailed understanding of the 
photophysical mechanism. For the optimized molecular geometries 
(Fig. 2), the square-planar organonickel bis(dithiolene) complex is 
bound to thiophene, and the dihedral angles of NiTh4, NiTh8, NiTh12, 
and NiTh16 are 43.5◦, 43.7◦, 45.3◦, and 45.3◦, respectively. The smaller 
dihedral angles for NiTh4 and NiTh8 facilitate the delocalization of 
electrons from the thienyl ring to the organonickel complex, resulting in 
a downward shift in the energy levels of the highest occupied molecular 
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). 
In contrast, NiTh12 and NiTh16 with long alkyl chain substituents have 
larger dihedral angles and energy gaps. For the same reason, as the alkyl 
chain lengthens, the first transition energy rises from 1.21 eV (NiTh4) to 
1.34 eV (NiTh16), corresponding to the hypsochromic shift of the IVCT 
band, which is consistent with the UV–vis-NIR absorption data (Fig. 1c). 
In addition, according to the iMIPT mechanism [27], the large dihedral 
angle between the organonickel coordination center and thienyl ring 
planes leads to relatively loose intermolecular stacking, providing suf
ficient space for intramolecular motions in the aggregation state. 
Therefore, the configurational reorganization of NiTh16 with a long 
alkyl chain is relatively active during the de-excitation process 
compared with the other complexes. The nonradiative molecular 
relaxation of the former is more conducive to achieving higher photo
thermal conversion characteristics, which corresponds with the experi
mental results (Fig. 1d). Overall, from the perspective of theoretical 
calculations, alkyl chain engineering on organonickel complexes can 
enhance their solar light-harvesting capabilities and photothermal 
properties, promoting them to serve as the STCM for the SDIE 
evaporator.

3.3. The morphologies and SDIE performances of STILs based on NiThR 
derivatives

For SDIE fabrications, 3.0 mg of NiThR derivative adsorbed on filter 
paper (NiThR@FP) with a diameter of 18 mm was prepared as STILs. 
According to the different alkyl chain lengths, the filter paper (FP) 
substrates adsorbed with organonickel complexes are named NiTh4@FP 
(n-butyl-), NiTh8@FP (n-octyl-), NiTh12@FP (n-dodecyl-), and 

Fig. 2. Theoretical calculations of NiThR derivatives. Molecular orbitals with isovaluce of 0.02 au and energy levels of the highest occupied molecular orbital 
(HOMO) and the lowest unoccupied molecular orbital (LUMO), respectively, and their dihedral angles between the bis(dithiolene) nickel center (green plane) and 
thiophene (yellow plane), calculated with TD-DFT at the level of PBE1PBE/6-31G(d)/LANL2DZ. The f denotes the oscillator strength of the first transition. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

J.S. Lin et al.                                                                                                                                                                                                                                     Separation and Puriϧcation Technology 382 (2026) 136139 

4 



NiTh16@FP (n-hexadecyl-). Insight into the structure revealed by SEM 
(Fig. 3a-e) shows that the surface of NiTh16-adsorbed filter paper 
(NiTh16@FP) is notably coarser than that of the blank one (Fig. 3a). This 
rougher surface indicates that the material adheres well to the paper 
fibers, and the ideal pore structure enhances the effective collection of 
sunlight within the filter paper, facilitating efficient water evaporation. 
[25] In contrast, the agglomeration and uneven distribution of com
plexes on the filter papers (Fig. 3b-d) can be observed using shorter alkyl 
chain-substituted complexes, which adsorb onto them. The fibers that 
are partially free of adsorbed complexes remain hydrophilic on the 
surface of filter papers. Therefore, with shortening alkyl chain length, 
the water contact angles (WCAs) of NiThR@FPs’ surfaces decrease in the 
order of NiTh16, NiTh12, NiTh8, and NiTh4 (Fig. 3f), whereas their 
WCA values are almost zero as NiThR@FPs are wet (Fig. S7), i.e., during 
SDIE operation. Interestingly, the complex-adsorbed filter paper, in its 
final configuration, functions as a Janus structure evaporator. Herein, 
two distinct functional layers: (i) Hydrophobic top layer (photothermal 

surface) is functionalized with the organonickel complex and serves as 
the photothermal evaporator surface. It features a significantly large 
water contact angle (124◦), confirming its hydrophobic nature (Fig. S8). 
This layer is responsible for efficient photothermal conversion and 
crucial anti-salt accumulation behavior, both of which are necessary for 
stable SDIE operation. (ii) Hydrophilic bottom layer (water transport), 
composed of the original filter paper cellulose, remains highly hydro
philic, exhibiting a low water contact angle (23◦) (Fig. S8). This property 
ensures the continuous water supply to the top evaporative layer by 
efficiently drawing water up from a reservoir via capillary action. This 
result strongly suggests that utilizing organonickel complexes (due to 
their strong light absorption) on filter paper creates highly functional 
Janus evaporators, paving the way for efficient solar-powered desali
nation applications.

Furthermore, comparing the solution and solid-state absorption 
spectra of the complexes (Fig. S9), NiThR@FPs used as STILs in the SDIE 
system exhibit broad absorptions in the range of 400 to 1600 nm 

Fig. 3. The surface morphologies and solar-driven interfacial evaporation (SDIE) of NiThR derivatives-adsorbed filter papers (FPs). (a–e) Scanning electron mi
croscope (SEM) images of (a) blank filter paper (FP), (b) NiTh4-, (c) NiTh8-, (d) NiTh12-, and (e) NiTh16-adsorbed filter papers. (f) The contact angle analysis, (g) the 
reflective UV–vis-NIR absorption spectra, (h) time-dependent temperature changes under 1064 nm irradiation (1 W cm− 2), and (i) water-mass change curves under 
one sun irradiation (1 kW m− 2) for 3 mg of NiThR-adsorbed filter papers, compared with blank FP.
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(Fig. 3g). This results from the close packing of complexes in the solid 
state, leading to coexisting π-π* transition and charge-transfer pathways 
that are responsible for the broad spectrum spanning the visible to NIR 
region [38]: (i) The π-π* transition is attributed to electronic coupling 
between neighboring complexes through π–π stacking and S⋅⋅⋅S orbital 
overlap, which mainly promotes visible absorption. (ii) Intermolecular 
intervalence charge transfer (IVCT) results from electronic coupling 
between neighboring Ni centers and π-conjugated dithiolene ligands. 
(iii) Intramolecular IVCT is the inherent charge transfer within a single 
molecule. The last two factors mainly contribute to enhanced near- 
infrared absorption. Therefore, the coexistence of these pathways cre
ates an extended delocalization network, which in turn gives rise to the 
broad, continuous absorption band observed on the NiThR@FP. On the 
other hand, the difference in the absorption spectra between the 
NiThR@DC and NiThR@FP suggests distinct aggregation mechanisms. 
Specifically, the hypochromic shift in the maximum intervalence charge 
transfer (IVCT) wavelength is indicative of H-aggregate formation. In 
contrast, the bathochromic, broader absorption peak originates from 
intermolecular J-aggregation on the filter fiber.

These stacks not only effectively boost sunlight absorption rates but 
also suppress the radiative process and enhance the nonradiative heat 
release; thereby, the photothermal conversion temperatures of 
NiThR@FPs’ surfaces rise to 173.4–184.6 ◦C over 20 s (Fig. 3h) under 
1064 nm laser irradiation (1 W cm− 2), while the blank paper reaches 
only 30.0 ◦C. Interestingly, NiTh16@FP has the largest red-shifted ab
sorption range compared with the others, which can be attributed to the 
uniform adsorption on the fiber surface (Fig. 3e) after modification with 
long alkyl chains. Hence, under one solar irradiation (1 kW m− 2), the 

deionized water evaporation rates (ṁ) of STILs based on NiTh4 (2.19 ±
0.10 kg m− 2 h− 1), NiTh8 (2.25 ± 0.08 kg m− 2 h− 1), NiTh12 (2.27 ±
0.06 kg m− 2 h− 1), and NiTh16 (2.47 ± 0.02 kg m− 2 h− 1) increase in 
sequence (Fig. 3i). Compared to the blank filter paper-based SDIE system 
(only 0.20 ± 0.01 kg m− 2 h− 1 of ṁ value), the organonickel complex- 
modified STILs significantly accelerate water evaporation. The esti
mated solar energy-to-vapor efficiency (ηv) exceeds 100% of the theo
retical value, owing to the porous morphology of NiThR@FP’s surface 
(Fig. 3b-e), which efficiently captures incident solar irradiance and re
duces reflection losses. [39] Despite this, the NiTh16-coated filter paper 
exhibits superior water evaporation performance compared to the other 
complex-adsorbed layers tested. Subsequently, NiTh16@FP will be 
investigated stepwise as the STIL for solar-driven water evaporation.

3.4. SDIE performances of NiTh16@FP

To evaluate the optimal dose of the complex on STIL, different 
amounts of NiTh16 (1.50, 2.25, 3.00, 3.75, and 4.50 mg) were loaded on 
a scaled-up filter paper with a diameter of 25 mm to fabricate 
NiTh16@FP STILs. For the reflective UV–vis-NIR absorption spectrum 
(Fig. 4a), the absorbance of NiTh16@FP reaches its highest when the 
complex loading exceeds 3.0 mg. Using a high quantity (4.5 mg) only 
slightly increases visible light absorption. Under one-sun illumination, 
the initial heating rate of NiTh16@FP STILs through photothermal 
conversion increases with the complex dose (Fig. 4b), while the final 
temperature reaches 40–44 ◦C within 90 min (Fig. 4c). The SDIE system 
reaches the maximum evaporation rate (ṁ) with the increase of complex 
dose from 1.5 mg (1.50 ± 0.04 kg m− 2 h− 1) and 2.25 mg (1.62 ± 0.03 

Fig. 4. SDIE performances of NiTh16@FP with different loading. (a) The reflective UV–vis-NIR absorption spectra of NiTh16@FP with different loading amounts of 
NiTh16 (1.50, 2.25, 3.00, 3.75, and 4.50 mg). (b) Time-dependent temperature changes and (c) infrared images of the solar-thermal interfacial-heating evaporation 
layers under one sun irradiation (1 kW m− 2). (d) Water-mass change curves and (e) the relationship between evaporation rate (blue) and solar energy-to-vapor 
efficiency (η; red) for different amounts of NiTh16-loading FPs under one sun irradiation. (f) SDIE stability for 3.0 mg of NiTh16-loading device. The inset of (f) 
is the surface change of NiTh@FP before and after SDIE work. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.)
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kg m− 2 h− 1) to 3.0 mg (1.72 ± 0.09 kg m− 2 h− 1), where the blank filter 
paper without complex adsorption exhibits only 0.28 kg m− 2 h− 1 of ṁ 
value (Fig. 4d and e). By comparison, high complex-adsorbed evapora
tors display dropping ṁ values of 1.58 ± 0.09 kg m− 2 h− 1 for 3.75 mg 
and 1.60 ± 0.05 kg m− 2 h− 1 for 4.50 mg, respectively. To analyze the 
surface morphology of evaporators using SEM (Figs. S10-S13), the pores 
were almost reduced or blocked with high dosage loading (Figs. S12 and 
S13), resulting in reduced performance. This indicates that the 
NiTh16@FP layer loaded with 3.0 mg is the optimal condition for solar 
energy-to-vapor generation, with an efficiency of 98.48 ± 3.27%. The 
efficiency exceeding 100% is likely a result of the light-trapping effect 
inherent to the evaporator’s porous structure. Specifically, the pores of 
the NiTh16@FP material enhance the absorption of incident solar irra
diance, minimizing reflection losses [40]. Thereafter, for 10 cycles of 
evaporated experiments, even though the evaporation rate fluctuates 
slightly, the ṁ values and surface morphology do not change signifi
cantly (Fig. 4f), confirming the reusability and stability of NiTh16@FP 
for SDIE operation.

The SDIE device loaded with 3.0 mg NiTh16 was further irradiated at 
different power densities (0, 0.5, 1.0, 1.5, 2.0, and 3.0 suns) to observe 
the effect of light source intensity. As the sunlight intensity strengthens 
from 0 to 3.0 suns, the photothermal conversion temperatures increase 
sequentially (Fig. 5a). After being illuminated for 90 min, the surface 
temperature can rise to 56 ◦C using 3.0-solar radiation (Fig. 5b), whereas 
it changes only 0.6 ◦C in the dark. The deionized water’s ṁ values of 

SDIE devices also reveal an increasing tendency from 1.08 ± 0.04 kg 
m− 2 h− 1 at 0.5 sun, 1.72 ± 0.09 kg m− 2 h− 1 at 1 sun, 2.49 ± 0.06 kg 
m− 2 h− 1 at 1.5 suns, and 3.59 ± 0.28 kg m− 2 h− 1 at 2 suns to 4.94 ±
0.20 kg m− 2 h− 1 at 3 suns of illumination (Fig. 5c and d). Considering 
natural evaporation in the absence of solar illumination, the ṁ value of 
the SDIE device in darkness was measured to be 0.56 kg m− 2 h− 1, which 
is the inherent evaporation rate for all devices during operation. 
Furthermore, the observed linear increase in the evaporation rate with 
higher optical concentration, rather than an exponential trend, un
derscores the NiTh16@FP’s ability to effectively manage the heat 
generated under intensified solar irradiance levels while maintaining 
robust structural stability.

3.5. Solar-powered desalination and outdoor evaporation test

Stability and durability are important characteristics because they 
determine the service life of the evaporator and, thus, the cost of the 
freshwater. Here, real seawater from the Sizihwan seawater (Kaohsiung, 
Taiwan) was used to investigate the stability and durability of the 
desalination evaporator over 10 cycles of use. As shown in Fig. 6a and b, 
the SEM images of the STIL surface without salt accumulation after 
multiple uses confirm the excellent salt-rejecting property of the as- 
prepared NiTh16@FP evaporator. This feature effectively prevents 
sunlight reflection and reduces conversion efficiency caused by salt 
deposition. Therefore, the water evaporation rate (1.67 ± 0.06 kg m− 2 

Fig. 5. SDIE performance of NiTh16@FP under different irradiation powers. (a) Time-dependent temperature changes, (b) infrared images of the solar-thermal 
interfacial-heating evaporation layers, (c) water-mass change curves, and (d) the relationship between evaporation rate (blue) and solar energy-to-vapor effi
ciency (η; red) for 3.0 mg of NiTh16-loading FPs under different irradiation powers (0.5–3 suns). (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.)
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h− 1) and the conversion efficiency (94.97%) remained unchanged dur
ing the entire measurement time (Fig. 6a). To further demonstrate the 
evaporator’s ability to resist salt accumulation, a dynamic salt diffusion 
test was performed, where 0.8 g of NaCl salt was directly spread on the 
NiTh16@FP’s surface (Fig. 6c). During the SDIE operation, the solar- 
driven capillary effect promotes an upward water flux, creating a ver
tical salt concentration gradient. This gradient facilitates salinity ex
change via immediate diffusion, allowing the additional carpeted salt to 
be diluted and continuously transported back into the bulk brine solu
tion [41], thus enabling self-cleaning. Furthermore, thanks to the hy
drophobicity of the organonickel complex (Fig. 3f), its solar-absorbing 
evaporation layer prohibits salt deposition. [42] The combined effect 
ensures that NaCl salt rapidly dissolves into the photothermal film and 
eventually disappears on the STIL surface. This phenomenon showcases 
the self-cleaning capacity of the evaporator, facilitating the conversion 
of solar energy from seawater into vapor. Herein, the ion concentrations 
of the seawater, both before and after desalination, were assessed using 
inductively coupled plasma optical emission spectroscopy (ICP-OES) for 
accurate monitoring of salinity ion concentrations. The Sizihwan 
seawater initially contains 489.1 ppm of K+, 9724 ppm of Na+, 370 ppm 
of Ca2+, and 1257 ppm of Mg2+ (Fig. 6d). Subsequent to SDIE evapo
ration, it is evident that the concentrations of four primary ions (1.48 
ppm of K+, 18.47 ppm of Na+, 3.20 ppm of Ca2+, and 2.00 ppm of Mg2+) 
significantly decrease in the produced freshwater. These reduced levels 
are well below the World Health Organization (WHO) standards for safe 
drinking water ion concentrations [43].

Additionally, an outdoor evaporation test was conducted between 
10:00 and 17:00 on August 8, 2025, on the rooftop of NKUST. The 

sunlight intensity reaches its highest at 12:00 (0.87 kW m− 2) and then 
decreases with time (Fig. S14). The maximum water evaporation rate for 
seawater in a NiTh16@FP-based device (Fig. 6e) is 3.18 kg m− 2 h− 1 at 
11:00, and the solar irradiance is 0.71 kW m− 2. In comparison, the blank 
filter paper evaporator shows only 0.76 kg m− 2 h− 1 at 11:00 and 12:00 
(Fig. S15). This indicates that the SDIE device with NiTh16@FP evap
orator exhibits excellent performance for outdoor seawater desalination.

3.6. Solar-powered evaporation with sewage

To demonstrate the effectiveness of the water purification system in 
removing pollutants, wastewater samples simulating organic waste
water containing dye solutions, methyl blue (MB), methyl orange (MO), 
Rhodamine B (RhB), and methylene blue (MeB), were selected in this 
experiment. As shown in Fig. S16, UV–vis absorption spectra show that 
dye concentrations in the condensed water after treatment are close to 
zero, where the clarity of the solution is visible to the naked eye (the left 
of Fig. 7a–d). The ṁ values based on pollution solutions are estimated to 
be approximately 1.65–1.69 kg m− 2 h− 1 (Fig. 7e). Moreover, regardless 
of whether the source water is acidic or alkaline, the pH value of the 
purified water remains stable at approximately 7 (Fig. 7f and g). These 
findings highlight the capability of NiTh16@FP-based solar water pu
rification systems to efficiently purify a diverse range of water types in 
an environmentally friendly manner. Finally, considering fabrication 
costs, the estimated cost of a large-area NiTh16@FP evaporator is 
approximately $ 0.50 per square meter (Table S2). While the material’s 
development cost is competitive with organic photothermal conversion 
materials [21,44] and low-cost inorganic or carbide-based SDIE systems. 

Fig. 6. Desalination application of NiTh16@FP. (a) The cycle solar energy-to-evaporation of 3.0 mg of NiTh16-loading SDIE device for Sizihwan seawater under 1 
sun irradiation. The inset pictures are the surface of NiTh16@FP before and after desalination. (b) SEM images of the surface morphology of NiTh16@FP after 
desalination. (c) The self-cleaning test of NiTh16@FP. (d) Four ion concentrations of the seawater before and after desalination. (e) The outdoor solar-driven 
interfacial evaporation device (I: deionized water with blank FP; II: deionized water with NiTh16@FP; III: seawater with NiTh16@FP). (f) The outdoor water 
evaporation mass and rate with seawater of NiTh16@FP at different times.
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[17,45,46] To achieve commercial viability, future efforts will focus on 
both improving synthesis efficiency to reduce material costs and 
enhancing cost-effectiveness by integrating multifunctional properties, 
such as photodynamic, thermoelectric, or anti-adhesion capabilities.

4. Conclusion

This study has developed a high-performance solar-driven interfacial 
evaporation system by integrating alkyl-chain-engineered organonickel 
bis(dithiolene) complexes onto a low-cost filter paper substrate. By 
extending the alkyl chain of the complex from n-butyl chains to n-hex
adecyl chains, its thermal stability (182.3 and 321.7 ◦C of Td for NiTh4 
and NiTh16, respectively), photothermal conversion efficiency (6.9% 
for NiTh4 and 30.1% for NiTh16), absorption range, and adsorption 
behavior on the substrate were noticeably improved. The optimized 
evaporator based on NiTh16 photothermal material achieves evapora
tion rates of 1.72 ± 0.09 and 1.67 ± 0.06 kg m− 2 h− 1 for deionized 
water and seawater, respectively, under 1-sun irradiation, and also ex
hibits excellent cycling stability and desalination capability. For outdoor 
applications, the maximum water evaporation rate of 3.18 kg m− 2 h− 1 

can be achieved at 11:00. These findings highlight the power of mo
lecular design in tailoring organometallic photothermal agents and 
demonstrate the feasibility of combining such tunable complexes with 
water transport substrates for sustainable water purification. This work 
opens up new opportunities for the rational design of photothermal 
materials through terminal alkyl chain engineering, laying a foundation 
for the future development of next-generation multifunctional SDIE 
systems.
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