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A Universal Design Strategy Based on NiPS3 Nanosheets
towards Efficient Photothermal Conversion and Solar
Desalination

Honglei Wang, Yifan Bo, Malte Klingenhof, Jiali Peng, Dong Wang,* Bing Wu,
Jörg Pezoldt, Pengfei Cheng,* Andrea Knauer, Weibo Hua, Hongguang Wang,*
Peter A. van Aken, Zdenek Sofer, Peter Strasser, Dirk M. Guldi,* and Peter Schaaf

2D nanomaterials are proposed as promising photothermal materials for
interfacial photothermal water evaporation. However, low evaporation
efficiency, the use of hazardous hydrofluoric solution, and poor stability
severely limit their practical applications. Here, a mixed solvent exfoliation
surface deposition (MSESD) strategy for the preparation of NiPS3 nanosheets
and NiPS3/polyvinyl alcohol (PVA) converter is successfully developed. The
converter is obtained by drop-casting the NiPS3/PVA nanosheets onto a
sponge. The PVA is mainly deposited on the edge of NiPS3 nanosheets, which
not only improves the stability of NiPS3 nanosheets, but also adheres to the
sponge to prepare a 3D photothermal converter, which shows an evaporation
rate of 1.48 kg m−2 h−1 and the average photothermal conversion efficiency
(PTCE) of 93.5% under a light intensity of 1 kW m−2. The photothermal
conversion mechanism reveals that the energy of absorbed photons in NiPS3

nanosheets can be effectively converted into heat through non-radiative
photon transitions as well as multiple optical interactions. To the best of the
knowledge, this is the first report on the application of 2D
metal-phosphorus-chalcogen (MPChx) for solar desalination, which provides
new insights and guidance for the development of high-performance 2D
photothermal materials.
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1. Introduction

Global population growth, rapid industrial-
ization, and environmental pollution have
exacerbated the energy crisis and freshwa-
ter scarcity.[1] Therefore, it is urgent to de-
velop low-cost and environmentally friendly
photothermal conversion technologies to
efficiently collect solar energy for solar
desalination.[2] 2D materials have attracted
increasing attention from researchers due
to their unique physical and chemical prop-
erties, such as large specific surface area
and tunable band gap.[3] However, although
2D materials have achieved great success
in photothermal conversion and solar de-
salination, there are still various obstacles.
The exfoliation efficiency of 2D transition-
metal dichalcogenides (TMDs) is low,[4] the
preparation of transition metal carbides
and nitrides (MXenes) requires the use
of hazardous hydrofluoric solution,[5] and
black phosphorus (BP) is prone to oxidation
and decomposition under air and humid
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conditions,[6] which are not conducive to the commercial desali-
nation. Therefore, the development of novel types of 2D materi-
als for photothermal conversion and solar desalination is a major
challenge.

In recent years, metal-phosphorus-chalcogen (MPChx) com-
plexes, which have a long history dating back to the 19th century,
have attracted increasing attention.[7] However, a comprehen-
sive study of MPChx at the atomic level still has not yet been
achieved.[8] The general formulas of the MPChx could be rep-
resented as MPCh (e.g., PdPS and PdPSe), MPCh3 (e.g., NiPS3
and CoPS3), and MPCh4 (e.g., BiPS4 and GaPS4).[9] The broader
distribution of MPChx compared to TMDs on the periodic
table, along with their greater chemical diversity and structural
complexity, results in a greater variety of physical and chemical
properties, as well as greater potential for applications.[10] The
most widely studied group is based on metal phosphorous
trichalcogenides (MPCh3), which exhibit a layered structure in
which both P2 pairs and metal atoms are in octahedral coor-
dination, and van der Waals forces facilitate layer stacking.[11]

MPCh3 have a wide range of layered compounds and tunable
bandgap (1.3–3.5 eV),[12] offering potential for photothermal
conversion and solar desalination. However, to the best of our
knowledge, there are currently no reports on the use of MPChx,
including MPCh3, for solar desalination. This is due to the poor
stability of MPCh3 in water and oxygen environments, which
makes it unsuitable for direct use as a light converter.[13] There-
fore, it is worthwhile to explore suitable MPCh3 nanosheets
and design strategies for photothermal conversion and solar
desalination.

As the typical MPCh3 material, NiPS3 nanosheet dispersions
in organic solvents such as isopropanol (IPA) have attracted
widespread attention,[14] and its small band gap (≈1.42 eV)[15]

offers potential for photothermal conversion. The deposition of
additives on the surface of 2D materials is an effective method to
enhance their stability.[16] However, some additives, such as aque-
ous polyvinyl alcohol (PVA) solution, cannot be directly mixed
with NiPS3 nanosheets dispersed in IPA. Therefore, developing
a universal strategy to apply NiPS3 nanosheets for efficient pho-
tothermal and solar desalination with high stability and studying
the related photothermal conversion mechanism is of great im-
portance.
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Herein, we have successfully developed a universal mixed sol-
vent exfoliation surface deposition (MSESD) strategy to utilize
NiPS3 nanosheets for photothermal conversion and solar desali-
nation. In this work, we not only use IPA-water as a mixed sol-
vent to efficiently prepare NiPS3 nanosheet dispersions and avoid
PVA precipitation, but also mainly deposit PVA on the edge of
the NiPS3 nanosheets and bond it to the sponge to prepare a sta-
ble converter. In particular, the prepared NiPS3/PVA converter
shows the high performance of photothermal conversion and
solar desalination with an evaporation rate of 1.48 kg m−2 h−1

and an average photothermal conversion efficiency (PTCE) of
93.5% under a light intensity of 1 kW m–2, which present the
NiPS3-based converter prepared using the MSESD strategy ex-
hibits excellent photothermal conversion in the field of 2D ma-
terials. To our knowledge, this is the first report of MPChx for
photothermal water evaporation and solar desalination. The en-
tire preparation process is environmentally friendly, and the as-
prepared converter has good stability. The investigation using
scanning transmission electron microscopy (STEM), femtosec-
ond transient absorption spectroscopy (fs-TAS), and photolu-
minescence (PL) revealed the photothermal conversion mecha-
nism and showed that the energy of absorbed photons in NiPS3
nanosheets can be effectively converted into heat through non-
radiative photon transitions with phonons, defects or dangling
surface bonds as well as multiple optical interactions, which pro-
motes the enhancement of PTCE in the NiPS3/PVA converter.
This work provides new ideas and insights for the application
of novel 2D materials in photothermal conversion and solar
desalination.

2. Results and Discussion

The NiPS3/PVA converter was prepared using the MSESD strat-
egy as shown in Figure 1. First, the bulk NiPS3 crystals were
ground for 30 min using an agate mortar, with the continuous
addition of IPA throughout the grinding process. As shown in
Figure S1 (Supporting Information), the size of the NiPS3 crys-
tals effectively decreased under the action of shear force after
the grinding. Inspired by the use of mixed solvents to adjust the
surface tension to promote the exfoliation of MoS2 nanosheets,
the exfoliation of NiPS3 was carried out using mixed solvents.
The NiPS3 crystals were sonicated in a mixed solvent of IPA
and water in a volume ratio of 1:1 for mixed solvent exfoliation.
The prepared 10 mL NiPS3 nanosheet dispersions were then
mixed with 1, 3, and 5 mL of 5 wt.% PVA aqueous solution,
namely Ni10P1, Ni10P3, and Ni10P5, respectively. During this
process, PVA was deposited on the surface of NiPS3 nanosheets
via surface deposition. Finally, 2 mL of the as-prepared Ni10P1,
Ni10P3, and Ni10P5 solutions were evenly dropped on the blank
sponge and dried at 110 °C to obtain Ni10P1-s, Ni10P3-s, and
Ni10P5-s, respectively. Repeat several times until the dispersion
is used up. It is worth noting that it is usually necessary to ex-
foliate the NiPS3 nanosheets in IPA to efficiently prepare the
stable NiPS3/PVA nanocomposite dispersions. However, mixing
the aqueous solution of PVA causes premature precipitation of
the NiPS3 nanosheets and PVA, which is not conducive to pho-
tothermal conversion and solar desalination (Figure S2a left and
b, Supporting Information). Our MSEDE strategy cleverly solves
this problem, and the prepared NiPS3/PVA nanocomposite
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Figure 1. The preparation scheme of MSESD strategy for solar desalination.

dispersions have good stability, providing a basis for efficient pho-
tothermal conversion and solar desalination (Figure S2a right,
Supporting Information).

We then characterized the crystal structure and surface mor-
phology of NiPS3 nanosheets, Ni10P1, and Ni10P1-s using
atomic force microscopy (AFM), scanning electron microscopy
(SEM), and high-angle annular dark-field STEM (HAADF-
STEM). The results in Figure 2a–c shows that we success-
fully fabricated few-layered ultrathin NiPS3 nanosheets with
a thickness of <3 nm (<4 layers).[17] Compared with pure
NiPS3 nanosheets, the height of Ni10P1 is significantly in-
creased to 13–21 nm (Figure 2b,c). This is because the PVA as
a binder is deposited on the surface of the NiPS3 nanosheets,
causing the NiPS3 nanosheets to be stacked. It also increases
the number of internal reflections, refractions, and scatter-
ing of the incident light, which is beneficial for photother-
mal conversion.[18] We further investigated the Ni10P1-s by
SEM. Figure 2d shows that the pore diameters of the sponge
are <50 μm and the water absorbed by the sponge would
rise along the holes and accelerate desalination.[19] Figure 2e
shows that there are a large number of folds on the sur-
face of the sponge, and Figure 2f suggests that a substantial
amount of the prepared NiPS3/PVA nanocomposites were suc-
cessfully covered on the surface of the sponge, which is nec-
essary for photothermal conversion and solar desalination. The
large-scale HAADF-STEM image of Ni10P1 shows the distribu-
tion of NiPS3 nanosheets (Figure 2g), which indicates the lat-
eral size of the nanosheets, which is consistent with the AFM
results (≈100 nm). In addition, HAADF-STEM results suggest
that the prepared nanosheets have a crystal structure consistent
with previous reports (Figure 2h).[14] We also observed that the
prepared nanosheets have point defects (Figure 2i), which is con-
ducive to improving the photothermal conversion.[20] Figure 2j
shows the results of STEM electron energy-loss spectroscopy
(EELS) maps, which reveal the presence of Ni, P, S, and C in
Ni10P1, providing direct evidence for the successful preparation
of the NiPS3/PVA nanocomposites. In particular, C is mainly dis-
tributed at the edges of the NiPS3 nanosheets. Since the edges

of MPCh3 nanosheets are more susceptible to oxidation,[13] the
deposited PVA will effectively improve the stability of the NiPS3
nanosheets, thereby promoting their stability in photothermal
water evaporation.

X-ray absorption near-edge structure (XANES) and extended
X-ray absorption fine structure (EXAFS) measurements were
then performed to elucidate the electronic configuration and lo-
cal environments of the NiPS3 nanosheets. The white line posi-
tion of the NiPS3 nanosheets was nearly identical to that of the
reference NiO from K-edge XANES (Figure 3a), indicating a +2
valence of Ni in the NiPS3 nanosheets. In the corresponding Ni
K-edge EXAFS spectra in the R-space of NiPS3 (Figure 3b), a sig-
nificant peak is observed at ≈2 Å, indicating the prominent pres-
ence of the Ni–S interatomic interaction.[21] The crystal struc-
tures of NiPS3 were then studied by X-ray diffraction (XRD) in
the 2𝜃 range from 10° to 80°. In Figure 3c, the peaks of bulk
NiPS3 are identified as monoclinic NiPS3 (space group C2/m)
(PDF No.78-0499).[22] The NiPS3 nanosheets show lower intensi-
ties and increased peak width, indicating that ultrathin 2D struc-
tures have been prepared.[23] Figure 3d shows Raman spectra of
NiPS3 nanosheets and bulk NiPS3 with an excitation laser line
of 532 nm. Raman peaks from 50 to 600 cm−1 originate from
A1g and Eg vibrational modes of the P2S6 units. The A1g vibra-
tional mode Raman peaks of NiPS3 nanosheets showed a slight
shift (≈2 cm−1) due to the exfoliation of bulk NiPS3 crystals,
demonstrating the successful exfoliation of NiPS3 nanosheets
from the layered bulk NiPS3 crystals.[24] In Figure 3e, the UV–vis
absorption spectra of NiPS3 nanosheets and Ni10P1 almost com-
pletely overlap, indicating that PVA does not affect light absorp-
tion and photothermal conversion. Fourier-transform infrared
(FTIR) spectra of NiPS3 nanosheets, PVA, and Ni10P1 in the
region of 250–4000 cm−1 are shown in Figure 3f and Table S1.
Bands at 270, 285, and 574.8 cm−1 appeared in the FTIR spec-
trum, which is attributed to NiPS3.[25] For the Ni10P1, the typ-
ical bands at 856.4, 1411.9, 2939.0, and 3375.4 are attributed to
C─C stretching, O─H/C─H bending, CH2 asymmetric stretch-
ing, and O─H stretching, respectively, which also shows that we
have successfully prepared NiPS3/PVA nanocomposites.[26] X-ray
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Figure 2. AFM images of exfoliated a) NiPS3 nanosheets, b) Ni10P1, and the corresponding height profiles c) top (NiPS3 nanosheets) and bottom
(Ni10P1)). d–f) SEM images of Ni10P1-s with increasing magnification. g) HAADF-STEM image and h) atomically resolved HAADF-STEM image of
Ni10P1 i) with the HAADF intensity profile. j) HAADF-STEM image and the corresponding STEM-EELS maps of the Ni (yellow), P (green), S (blue), C
(red), and their composite map, respectively.

photoelectron spectroscopy (XPS) was performed to measure the
composition of NiPS3 nanosheets. The characteristic Ni, P, S, C,
and Si peaks are observed in Figure S3a (Supporting Informa-
tion). High-resolution XPS spectra of NiPS3 nanosheets (Figure
S3b–d, Supporting Information) show peaks located at Ni 2p, P
2p, and S 2P, further suggesting that the exfoliated nanosheets
are NiPS3.[27]

We then investigated the optical and thermal properties and
performance of Ni10P1-s as a representative converter. Figure 4a
shows the photograph of the blank sponge and Ni10P1-s, indi-
cating a size of 2 × 2 × 0.5 cm3 for the converter. The sponge
changed from yellow to black after the addition of Ni10P1. Figure
S4 (Supporting Information) shows that the blank sponge is
a micrometer-scale porous structure, proving its high porosity,
which is consistent with the SEM results. Figure 4b shows that

the converter is extremely light due to its low density and high
porosity, and even a dandelion can withstand its weight without
significant deformation, which is beneficial for subsequent wa-
ter evaporation. To investigate the wettability of the Ni10P1-s, we
measured its contact angle before and after wetting, as shown
in Figure 4c. The results show that, upon water drops on the
Ni10P1-s, it is quickly absorbed by the sample in less than one
second, implying the Ni10P1-s sample has excellent hydrophilic
properties. This high hydrophilicity facilitates the easy penetra-
tion of water into the Ni10P1-s and its movement to the surface
through microchannels for solar-driven evaporation, where the
superhydrophilic Ni10P1-s converter can naturally float on water
(Figure S5, Supporting Information).

Ni10P1, Ni10P3, and Ni10P5 were dripped onto a blank
sponge to prepare the black Ni10P1-s, Ni10P3-s, and Ni10P5-s
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Figure 3. a) Normalized Ni K-edge XANES spectra of NiO and NiPS3 nanosheets. b) The corresponding Ni K-edge R-space EXAFS spectra of NiO and
NiPS3 nanosheets. c) XRD patterns of bulk NiPS3 and NiPS3 nanosheets on the glass substrate. d) Raman spectra of bulk NiPS3 and NiPS3 nanosheets,
and the corresponding enlarged Raman spectra (inset). e) Normalized UV–vis absorption spectra of NiPS3 nanosheets and Ni10P1. f) FTIR spectra of
NiPS3 nanosheets and Ni10P1.

converters, which clearly show that Ni10P1-s has the lowest re-
flectance over a wide wavelength range from 250 to 2500 nm
(Figure 4d), indicating that excessive addition of PVA cannot im-
prove the PTCE of the NiPS3-based solar converter. Furthermore,
Figure 4e shows that the Ni10P1-s has a high absorption in the
whole solar spectrum with an average absorption of ≈91.2%.[28]

This indicates that the converter has excellent light-harvesting ca-
pability and a strong ability to convert solar energy. Too high PVA
content will hinder solar absorption and is not conducive to pho-
tothermal conversion. In a typical photothermal response exper-
iment, we used Ni10Px samples to investigate the temperature
change on the sample surface under an intensity of 1 kW m−2

(AM 1.5G). Figure 4f shows that the Ni10P1-s sample exhibits
the fastest rising rate of increase in surface temperature upon
illumination and gradually decreases to room temperature due
to thermal equilibrium with the environment after the sunlight
is removed. In particular, the surface temperature of Ni10P1 can
reach 57 °C within 300 s, demonstrating the best solar-to-thermal
conversion performance. Meanwhile, Ni10P3-s and Ni10P5-s ex-
hibit a rapid temperature rise process, with their surface temper-
atures reaching 56 and 54 °C, respectively, after 300 s. This tem-
perature rise is higher than the maximum temperature (30 °C)
reached by the blank sponge at the same time. The temperature
difference (≈27 °C) indicates the excellent heat localization of

the NiPS3-based converter, which is further confirmed by real-
time infrared (IR) images (Figure 4g and Figure S6, Support-
ing Information). As shown in Figure S7 (Supporting Informa-
tion), we conducted SEM tests on Ni10P3-s and Ni10P5-s. The
results show that as the amount of PVA added increases, the
sponge holes of Ni10P3-s (Figure S7a, Supporting Information)
and Ni10P5-s (Figure S7b, Supporting Information) are signifi-
cantly reduced or blocked compared with Ni10P1-s (Figure 2d),
which will seriously limit their evaporation performance.

Then, the water evaporation and desalination performance of
the NiPS3/PVA converter was evaluated. To eliminate the inter-
ference of temperature and humidity,[29] we conducted all the wa-
ter evaporation experiments at ≈ 21 °C and ≈35% RH. Figure 5a
shows the schematic diagram of photothermal water evaporation,
where the Ni10P1-s absorbs the solar energy and converts water
into heat under solar light irradiation. The 3D porous structure
of the sponge facilitates the transport of bulk water to the surface
of the Ni10P1-s, which promotes the release of water vapor.[30]

Figure 5b shows IR images illustrating the rapid photothermal
response and distinct equilibrium temperatures of the Ni10P1-
s and a blank sponge when exposed to 1 kW m−2 of light. After
35 min, an equilibrium temperature difference of ≈7 °C is ob-
served between the Ni10P1-s and the blank sponge. The corre-
sponding surface temperature changes of the Ni10P1-s and the
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Figure 4. a) Photograph of the blank sponge (left) and Ni10P1-s (right). b) The photo shows the ultralight characteristics of the Ni10P1-s. c) Water contact
angle measurements of Ni10P1-s. d) Reflection of the blank sponge, Ni10P1-s, Ni10P3-s, Ni10P5-s from wavelength 300 to 2500 nm. e) Absorbance
of the Ni10P1-s, Ni10P3-s, and Ni10P5-s from wavelength 300 to 2500 nm. The inset is AM 1.5G solar spectrum. f) The surface temperature of blank
sponge, Ni10P1-s, Ni10P3-s, Ni10P5-s changes with time when the Xe lamp is turned on or off under an optical density of 1 kW m−2 (1 sun). g) The
real-time surface temperatures of Ni10P1-s are monitored by an IR camera under 1 sun irradiation for 300 s.

blank sponge are shown in Figure 5c. The surface temperature
increases rapidly and stabilizes within 15 min. After 55 min, the
temperatures of the Ni10P1-s in the stable state (38 °C) are higher
than those of the blank sponge (31 °C) and the room temperature
(21 °C), indicating a more efficient photothermal conversion of
the Ni10P1-s.

The evaporation rate is evaluated by the mass loss of wa-
ter, which is recorded with mass differences (Δm) at the begin-
ning of evaporation (t = 0 min) and at the end of evaporation

(t = 60 min) using an analytical balance. The following equation
can be used:[31]

r = Δm
ST

(1)

where r is the evaporation rate, Δm is the mass difference, S is
the area of the light converter, and T is the evaporation time. The
evaporation rates for pure water, empty sponge, and Ni10P1-s are
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Figure 5. a) Schematic diagram of the experimental setup for photothermal water evaporation. b) Real-time surface temperatures of the blank sponge
and Ni10P1-s are monitored by an IR camera under 1 sun irradiation for 35 min. c) Surface temperature change during photothermal water evaporation
for the blank sponge and Ni10P1-s. d) Water evaporation results under different conditions. e) Photothermal conversion efficiencies for Ni10P1-s,
Ni10P3-s, Ni10P5-s, Ni5P1-s, and Ni20P1-s. f) Cyclic water evaporation test of the Ni10P1-s. g) Comparison of the evaporation efficiency of this work
with previously reported other 2D photothermal materials under 1 sun irradiation. h) The measured concentration of Na+, Mg2+, and Ca2+ before and
after solar desalination.

shown in Figure 5d. Compared to pure water and blank sponge,
the Ni10P1-s shows a more remarkable evaporation rate, provid-
ing 11.9 and 2.3 times improvement, respectively. In addition, we
tested the mass changes of blank sponge and Ni10P1-s with time
under 1 sun irradiation (Figure S8, Supporting Information). The
mass changes in Ni10P1-s are larger than those in a blank sponge
within 60 min. To investigate the impact of the size of 3D convert-
ers on the evaporation performance, the Ni10P1-s converter was
prepared into square-shaped surfaces with side lengths of 2, 3,
and 4 cm (Figure S9a, Supporting Information). The evaporation
rate of different-sized evaporators decreased with an increase in
the size of the evaporation surface (Figure S9b, Supporting In-
formation). This changing trend is consistent with the previous
report.[32] We also changed the thickness of Ni10P1-s and blank
sponge to 0.25, 0.5, and 1.0 cm and named them Sample-T-0.25,

Sample-T-0.5, and Sample-T-1.0 respectively, and then studied
their evaporation rate under 1 sun irradiation (Figure S10, Sup-
porting Information). The results show that the evaporation rate
increases significantly when the thickness increases from 0.25
to 0.5 cm, while the change is not obvious when the thickness
increases from 0.5 to 1.0 cm. This is attributed to the fact that,
within certain limits, the thinner converter is not as efficient in
localizing heat as the thicker ones, so some heat may be lost to the
surroundings, causing the comparatively lower solar evaporation
rate.

The evaporation rate can also be used to calculate the PTCE
according to the following equation:[33]

𝜂 = Δrh
Q

(2)
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where 𝜂, Δr, h, and Q are the photothermal water evaporation ef-
ficiency, the evaporation rate difference (evaporation rate for the
converter minus the evaporation rate for pure water in the dark),
the evaporation enthalpy (2.43 kJ g−1) of water at 303.15K, and the
solar intensity, respectively. In addition, we obtained Ni5P1-s and
Ni20P1-s by mixing 5 mL and 20 mL of NiPS3 nanosheet disper-
sions with 1 mL of 5 wt.% PVA aqueous solution, respectively,
and then dropping the resulting mixture onto a blank sponge
and drying it at 110 °C. Compared with other converters, Ni10P1-
s still has the highest PTCE, achieving a high PTCE of 91.0%
under 1 sun irradiation (Figure 5e). The excellent photothermal
water evaporation performance can be attributed to the excellent
light trapping performance and unique hierarchical structure of
the NiPS3-based converter. In addition, Ni10P1-s exhibits supe-
rior stability for photothermal seawater evaporation, with an av-
erage PTCE of 93.5% over 9 cycles of the experiment (Figure 5f).
This value is obviously higher than the average absorptance of
Ni10P1-s of 91.2% because a hybrid hydrogel composed of a hy-
drophilic polymer framework (PVA) and absorber (NiPS3) has in-
ternal capillary channels and the PVA can greatly promote the wa-
ter evaporation owing to the reduced water evaporation enthalpy
in the hydrogel network.[34] It is worthwhile mentioning that
the value of our NiPS3-based converter is higher than the other
2D photothermal materials beyond graphene for photothermal
water evaporation, such as transition metal oxides (TMOs),[35]

TMDs,[36] BP,[37] and MXenes,[38] which perform the record evap-
oration rate under 1 sun irradiation (Figure 5g and Table S2). To
evaluate the long-term stability and solid discharge of Ni10P1-
s converter and the erosion behavior of NiPS3 nanosheets dur-
ing photothermal water evaporation, we conducted a 12 h pho-
tothermal water evaporation test under 1 sun irradiation. There
was no obvious change in the appearance of the wet Ni10P1-s
after the water evaporation (Figure S11a, Supporting Informa-
tion), and no NiPS3 material shedding off after removing wet
Ni10P1-s was observed (Figure S11b, Supporting Information).
In addition, we also used SEM to characterize the micromor-
phology of the Ni10P1-s after the water evaporation (Figure S12,
Supporting Information). Compared with Figure 2d–f, the mi-
cromorphology of Ni10P1-s does not change significantly before
and after the water evaporation, which shows that Ni10P1-s con-
verter has good long-term stability and no obvious solid discharge
and erosion behavior. When performing the photothermal wa-
ter evaporation experiments, water will evaporate from the sur-
face of the evaporator under solar light illumination, and sub-
sequently water steam will condense on the thinner wall of the
glass plate, then the desalinated water flows into a collection
tube (Figure S13, Supporting Information). As evaporation pro-
ceeds, salt will gradually segregate on the surface of the converter
(Figure S14, Supporting Information), which may be not bene-
ficial for light absorption of the converter. However, removing
the salt from the converter can continue to maintain evapora-
tion performance. The results show that the NiPS3-based con-
verter prepared using the MSESD strategy exhibits excellent pho-
tothermal conversion, which provides numerous opportunities
for MPChx in photothermal conversion evaporation. In addition,
Figure S15 (Supporting Information) shows that the peaks of
XRD patterns remain almost unchanged before and after the 12 h
water evaporation test. The peaks at ≈31° and 45° are attributed
to the formation of NaCl. The results further confirm the stabil-

ity of NiPS3/PVA-based converters. We also investigated the ef-
fect of solar desalination in detail and found that three specific
ions (Na+, Mg2+, and Ca2+) were significantly reduced, which was
below the standards of the World Health Organization (WHO)
(Figure 5h).[39]

As discussed above, the NiPS3 nanosheets have excellent light
absorption in the UV–vis–NIR region to capture solar energy
under irradiation. Non-thermal and/or radiative transition pro-
cesses should be minimized to achieve better photothermal per-
formance. To understand the light energy conversion process in
NiPS3 nanosheets, we measured the excited state dynamics of
NiPS3 in IPA/water using femtosecond transient absorption (fs-
TAS) upon 387 nm photoexcitation (Figure 6a). The differential
absorption spectra are shown in Figure 6b with time delays up
to 7900 ps. Immediately after the excitation, ground state bleach-
ing (GSB) with a minimum at 570 nm, which is well matched
to the absorption seen in the steady-state absorption spectrum
(Figure 3e), is accompanied by two broad positive excited state
absorptions (ESAs) at 440–480 nm and 700–1400 nm. During
the first 2 ps, these features are subject to blue shifts, indicat-
ing the cooling of hot excitons and/or the formation of multiex-
citons. In particular, the rapid 2 ps decay of GSB is observed with
an amplitude of ≈60%. Considering the non-emissive nature of
NiPS3 (Figure S16, Supporting Information), the fast exciton de-
cay must be governed by non-radiative recombination. Thus, the
energy of absorbed photons is likely to be transferred into the
vibrations, namely a temperature increase of NiPS3 nanosheets.
A global analysis based on three sequential species is suitable
to fit the fs-TAS data (Figure 6c,d). The three species have life-
times of 1.81 ps, 187.08 ps, and 2.98 ns, respectively. The hot ex-
citon is generated immediately after photoexcitation and is char-
acterized by two dominant ESAs in the range of 440–480 nm
and 700–1400 nm, together with a GSB centered at 570 nm.
After 1.80 ps, the second species exhibits not only the same
GSB and 440–480 nm ESA signatures as the first species, but
also a blue-shifted 700–1400 nm ESA. We ascribe the second
species with its 187.08 ps lifetime, to a mixture of cooled ex-
citons and/or multiexcitons due to high-energy excitation. The
third species, which shows the same characteristics as the sec-
ond species, exists for 2.98 ns. Likely scenarios are that the re-
laxed excitons diffuse through different layers of NiPS3 or are
trapped at defect states. However, there is no emission during
this time. This suggests a thermal transition. Moreover, all exci-
tons decay within 2.98 ns, suggesting that the total thermal en-
ergy accumulation occurs on the same time scale. Most impor-
tantly, by comparing the differential optical density of GSB be-
tween the first and the third species, we conclude that ≈90% of
the excitons have decayed and that most of the thermal energy
accumulation occurs in the region of 187.07 ps. Due to the low
thermal diffusivity of pure PVA, the thermal energy dissipation
of NiPS3 after irradiation must be slower than the thermal accu-
mulation, which rationalizes the high photothermal conversion
efficiency.

Based on the experiments, we can use the following mech-
anism to explain the high PTCE of the NiPS3-based converter:
When a photon is absorbed, it can excite an electron to move
from a low-energy ground state to a higher energy level. As shown
in Figure S17 (Supporting Information), light with a photon en-
ergy higher than the band gap of the material can be absorbed

Adv. Funct. Mater. 2023, 2310942 2310942 (8 of 11) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 6. a) Heat map of fs-TAS raw data obtained from pump-probe experiments after photoexcitation at 387 nm with time delays up to 7900 ps.
b) Differential absorption spectra at different time delays (ΔOD: differential optical density). Inset: Time absorption profiles and corresponding fits of
selected wavelengths (see the figure legend for details). c) Evolution-associated spectra (EAS) of the deconvoluted species. d) Relative populations of
each species with colors correlating with the EAS.

in semiconductors, causing electrons to move from the valence
band (VB) to the conduction band (CB). These excited electrons
are then relaxed to the bottom of the CB by a non-radiative re-
laxation process. The excited electron at the bottom of CB can
be further recombined with a hole in the defect state by electron-
phonon coupling through non-radiative recombination.[40] Based
on the HAADF-STEM, fs-TAS, and PL measurements, the radia-
tive recombination is negligible, and thus the absorbed photon
energy is mainly released by non-radiative phonons interacting
with defects or surface dangling bonds. It is worth pointing out
that although defects are beneficial to the photothermal effect,
due to the low concentration of defects, may have limited help
in improving the performance of photothermal water evapora-
tion. On the other hand, photon energy smaller than the band
gap of NiSP3 can also be efficiently utilized by multiple interac-
tions (Figure S18, Supporting Information), including multiple
reflections, refractions, and scatterings.[41] The multiple interac-
tions with the NiPS3 nanostructure are able to absorb infrared
light by extending the effective length of light propagation, thus
benefiting the PTCE. In this principle, the incident photons are
more effectively trapped within the nanostructures, resulting in
minimal photon leakage. As a result, the nanostructures can ab-
sorb the photon energy covering the entire solar spectrum and
ultimately convert it into heat for water evaporation.

3. Conclusion

In summary, NiPS3 nanosheets prepared from layered NiPS3
bulk crystals were successfully applied to photothermal conver-
sion and solar desalination based on the MSESD strategy. In this
strategy, we not only efficiently prepare the NiPS3 nanosheet dis-
persions using IPA-water as the mixed solvent, but also mainly
deposit PVA on the edge of NiPS3 nanosheets to prepare a
NiPS3/PVA converter. The whole preparation process is envi-
ronmentally friendly, and the prepared converter has good sta-
bility. The prepared converter shows high performance with
an evaporation rate of 1.48 kg m−2 h−1 and an average PTCE
of 93.5% under 1 sun irradiation. To our knowledge, this is
the first report of MPChx for photothermal water evaporation
and solar desalination. According to the relevant measurements,
the first MPChx-based photothermal conversion mechanism is
proposed, revealing that the energy of absorbed photons is ef-
ficiently transferred into the molecular vibrations as well as
multiple optical interactions to satisfy the energy conversion.
This work provides a facile and universal strategy for apply-
ing MPChx to photothermal conversion and solar desalination
and provides important insights into the performance develop-
ment of MPChx-based and 2D-based photothermal conversion
materials.

Adv. Funct. Mater. 2023, 2310942 2310942 (9 of 11) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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