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In recent years, the opportunity to 
exploit metal nanostructures as nano-
sources of heat, tunable with light,  has 
originated the fast-growing field of ther-
moplasmonics.[1] Upon illumination at 
the plasmon frequency, metal NPs display 
enhanced light absorption, enabling effi-
cient light-to-heat conversion.[1a] Recently, 
thermoplasmonic effects have been suc-
cessfully exploited mainly for biomed-
ical applications, such as photothermal 
cancer therapy,[2] neural stimulation,[3] 
bacteria killing,[4] intracellular delivery of 
miRNA,[5] photothermal biosensors for 
SARS-CoV-2 detection.[6] Additionally, 
thermoplasmonic effects also play a pivotal 
role in photothermal actuators,[7] nanofur-
naces for heterogeneous catalysis,[8] and 
solar-driven water evaporation.[9] In par-
ticular, thermoplasmonics could provide 
a relevant contribution for addressing the 
global water shortage, which represents 
one of the most vital open challenges for 
mankind,[10] further exacerbated by cli-
mate change[11] and particularly relevant 
in developing countries.[12] Concomitantly, 
the urgent need for a green transition[13] 
has boosted the advent of sustainable 

The control of heat at the nanoscale via the excitation of localized surface 
plasmons in nanoparticles (NPs) irradiated with light holds great potential in 
several fields (cancer therapy, catalysis, desalination). To date, most ther-
moplasmonic applications are based on Ag and Au NPs, whose cost of raw 
materials inevitably limits the scalability for industrial applications requiring 
large amounts of photothermal NPs, as in the case of desalination plants. 
On the other hand, alternative nanomaterials proposed so far exhibit severe 
restrictions associated with the insufficient photothermal efficacy in the 
visible, the poor chemical stability, and the challenging scalability. Here, it is 
demonstrated the outstanding potential of NiSe and CoSe topological nodal-
line semimetals for thermoplasmonics. The anisotropic dielectric properties 
of NiSe and CoSe activate additional plasmonic resonances. Specifically, NiSe 
and CoSe NPs support multiple localized surface plasmons in the optical 
range, resulting in a broadband matching with sunlight radiation spectrum. 
Finally, it is validated the proposed NiSe and CoSe-based thermoplasmonic 
platform by implementing solar-driven membrane distillation by adopting 
NiSe and CoSe nanofillers embedded in a polymeric membrane for seawater 
desalination. Remarkably, replacing Ag with NiSe and CoSe for solar mem-
brane distillation increases the transmembrane flux by 330% and 690%, 
respectively. Correspondingly, costs of raw materials are also reduced by 24 
and 11 times, respectively. The results pave the way for the advent of NiSe 
and CoSe for efficient and sustainable thermoplasmonics and related applica-
tions exploiting sunlight within the paradigm of the circular blue economy.
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technologies for seawater desalination,[14] enabling the inte-
gration of renewable energy sources, such as solar power, in 
desalination processes,[15] today dominated by membranes.[16] 
Among the various membrane technologies, membrane dis-
tillation (MD) affords a reliable prospect to recover simulta-
neously fresh water from seawater and brine at competitive 
costs.[17] Explicitly, MD is based on the evaporation and diffu-
sion of water through a microporous hydrophobic membrane 
under a vapor pressure gradient.[10c,18] Although unlimited by 
osmotic and concentration polarization phenomena affecting 
pressure-driven operations, such as reverse osmosis,[19] the effi-
ciency of MD is severely reduced (even by 30–50%[20]) by tem-
perature polarization,[20] which consists in the reduction of the 
temperature at the feed side, within the boundary layer adja-
cent to the membrane interface, as a result of the removal of 
the latent heat of vaporization associated to the transmembrane 
flux of water vapor.

While MD unquestionably still faces critical technological 
challenges, the use of radically innovative physicochemical 
concepts and processes, enabled by novel materials, could pro-
vide step-change improvements. In this respect, the localized 
heating at the water vapor–liquid interface achieved by light-to-
heat conversion in photothermal materials has recently opened 
unprecedented opportunities in MD.[21] Using photothermal 
materials in MD could be crucial to implementing an environ-
ment-friendly green technology, exploiting renewable energy 
sources, such as solar power, to achieve efficient solar desalina-

tion.[15] In particular, photothermal MD implemented with plas-
monic Ag nanofillers in hydrophobic polymeric membranes 
was shown to increase the transmembrane flux by one order 
of magnitude when irradiated with UV light.[10c,22] Accordingly, 
thermoplasmonic effects, promoted under solar irradiation, 
could be exploited to implement an innovative photothermal 
MD unit powered by sunlight, enabling its installation in 
remote areas without electric power grids for producing potable 
water for isolated communities, only using solar power. How-
ever, the use of Ag implies i) high costs impeding industrial 
scale-up and ii) an inefficient matching with sunlight radiation 
spectrum.

In general, replacing Ag and Au with cheap materials, exhib-
iting plasmonic resonances matching with the solar spectrum 
is one of the main open challenges of the whole plasmonic 
community.[23] Recently, several candidates for have emerged, 
such as nitrides (TiN[24] and HfN[25]), SnS2

[26]/SnSe2,[27] Xenes 
(phosphorene,[28] arsenene,[29] stanene[30]), titanium carbides 
(namely, MXenes[31]), metal oxides,[32] etc. However, most of 
them have poor photothermal efficacy[10e] and high chemical 
instability with spontaneous oxidation already at room temper-
ature, as in the case of Xenes[33] or tin dichalcogenides.[34]

Historically, individual plasmonic materials were initially 
identified mainly by intuition, trial, and error, and analogy to 
other materials, often with successive theoretical models to 
unveil their connection with band structure.[35] However, the 
recent efforts to perform a systematic analysis of band struc-
ture[36] can provide step-change support in the quest of photo-
thermal materials with desired features in terms of excitation 
spectrum and light-to-heat conversion efficiency.[35a] Such a 
materials genome approach, now implemented in open-source 
databases,[37] is ideal for achieving a band-structure engineered 
platform for thermoplasmonics and related applications. In 
particular, the crystal anisotropy,[38] with corresponding aniso-
tropic optical properties, offers novel functionalities for appli-
cations in plasmonics.[39] As a matter of fact, electromagnetic 
anisotropy is commonly adopted in engineering several optical 
devices, such as polarizers,[40] wave plates,[41] hyper-lenses,[42] 
spatial optical filters,[43] and phase matching components.[44] In 
principle, electromagnetic anisotropy could open new excitation 
channels with superior photothermal efficiency by improving 
the matching with the sunlight radiation spectrum.

Here, we demonstrate that the anisotropic optical proper-
ties of NiSe and CoSe make them a suitable platform for solar-
driven thermoplasmonics, by combining theoretical predictions 
based on their band structure and dielectric properties, up to a 
direct validation carried out by fabricating photothermal nano-
composite hydrophobic membranes with NiSe and CoSe nano-
fillers. Outstandingly, the replacement of Ag (widely recognized 
as a state-of-the-art reference for thermoplasmonics) with NiSe 
and CoSe nanoscale thermal hotspots enables a significantly 
improved efficiency of solar membrane distillation, with an 
increase of transmembrane flux by 330% and 690% and with a 
reduction of costs by 24 and 11 times, respectively.

Bulk NiSe and CoSe crystallize in the space group P63/mmc 
(group no: 194) with a hexagonal closed packing (hcp) structure 
held by covalent bonds. The unit cell of NiSe (CoSe) contains 
two Ni (Co) and two Se atoms with a bond length of 2.50 Å 
(2.48 Å). Their crystal symmetries include three vertical mirror 
planes, three vertical glide mirror planes, and a horizontal 

A. Cupolillo
Department of Physics
University of Calabria
Via P. Bucci cubo 31/C, Rende, CS 87036, Italy
M. F. L. Russa
Department of Biology, Ecology, and Earth Sciences
Università della Calabria
Via Pietro Bucci, cubo 12/B, Arcavacata di, Rende, CS 87036, Italy
D. Farias
Departamento de Física de la Materia Condensada
Universidad Autónoma de Madrid
Madrid 28049, Spain
D. Farias
Instituto “Nicolás Cabrera”
Campus de Cantoblanco
Madrid 28049, Spain
D. Farias
Condensed Matter Physics Center (IFIMAC)
Universidad Autónoma de Madrid
Madrid 28049, Spain
A. Locatelli
Elettra-Sincrotrone S.C.p.A
S.S. 14-km 163.5 in AREA Science Park, Trieste 34149, Italy
A. Locatelli
College of Science
Institute of Materials Physics and Chemistry
Nanjing Forestry University
Nanjing 210037, P. R. China
E. Curcio
Seligenda Membrane Technologies s.r.l.
c/o University of Calabria
Via P. Bucci Cubo 45A, Rende, CS 87036, Italy
D. W. Boukhvalov
Ilse Katz Institute for Nanoscale Science and Technology
Ben Gurion University
Be’er Sheva 8410501, Israel

Small 2022, 18, 2201473



www.advancedsciencenews.com www.small-journal.com

2201473 (3 of 11) © 2022 The Authors. Small published by Wiley-VCH GmbH

mirror plane. Moreover, their structure hosts an inversion 
center and sixfold screw rotation symmetry along the vertical 
direction, which plays a significant role in protecting band 
crossing points in the electronic structure.

Near the Fermi level, the dominant orbital contributions 
arise from Ni (Co) d orbitals and Se p orbitals. In particular, d 
orbitals of Ni (Co) originate nearly flat-looking bands around 
≈1.0 eV below the Fermi level (Figure 1c for NiSe; and Figure S1
in the Supporting Information, for CoSe), with corresponding
peaks in the density of states (DOS). Such a large DOS around
the Fermi level increases the probability of optical transitions.
Interestingly, the two bands near the Fermi level (highlighted in
red in Figure 1c) give rise to multiple Dirac nodal-line structures
(fourfold degenerate) in different mirror invariant momentum
planes of the Brillouin zone. The above-mentioned occurrence
of three distinct sets of mirror (glide) planes in the NiSe (CoSe)
crystal structure protects the nodal lines in the Brillouin zone.
In the k1 = π plane, a single diamond-shaped nodal line exists
(Figure  1d), while, in the k3  = 0 plane, two distinct types of
nodal lines, one encircling the Γ point and another encircling
the K point, occur (Figure 1e). The nodal line around Γ respects
the sixfold rotation symmetry, while the nodal lines around K
have threefold rotational symmetry (Figure  1e). Interestingly,
all nodal lines are interlinked with each other, and they form a
unique chainlike nodal-link structure.

Based on the peculiar band structure of NiSe and CoSe, we 
calculated their corresponding macroscopic dynamical dielec-
tric functions using time-dependent density functional theory. 

Note that both NiSe and CoSe are uniaxial crystals (i.e., the 
in-plane and out-of-plane dielectric permittivities ε∥ and ε⊥
are different). The calculated dielectric functions are shown in 
Figure 1f,g for NiSe and Figure S1 in the Supporting Informa-
tion for CoSe, respectively. Owing to their similar crystal and 
metallic band structure (Figure  1c,d), correspondingly, the 
dielectric function of both materials behaves similarly. Both 
materials display a giant electromagnetic anisotropy, even with 
a hyperbolic response (i.e., the real parts of the in-plane and 
out-of-plane dielectric permittivity have opposite sign) in some 
parts of the spectrum.

In the assessment of the dependence of the light-to-heat 
conversion on NP size, one should consider that the absorp-
tion process is efficient only whenever the NP size is smaller 
than the corresponding skin depth = λ/(2 π Im n), where n 
is the average of the in-plane and out-plane components of 
the NP refractive index and λ is the wavelength. As a matter 
of fact, when the light illuminates a metallic NP, a part of the 
incoming photons is scattered by NP, while the remaining 
part is absorbed. For the cases of NiSe and CoSe, we can assert 
that the light-to-heat conversion efficiency is maximized in the 
optical range for NP diameters ranging from 20 to 50 nm.

Before implementing a technological validation of our model, 
we also assessed the light-to-heat conversion of NiSe and CoSe 
NPs loaded as nanofillers in nanocomposite systems, taking as a 
case-study example the specific application in desalination tech-
nology extensively illustrated in Figure 5 and its related discus-
sion. The effective optical response of the nanocomposite was 

Small 2022, 18, 2201473

Figure 1. a) Crystal structure of bulk NiSe (CoSe). Green and red balls represent Se and Ni (Co) atoms, respectively. b) The hexagonal Brillouin zone 
of NiSe (CoSe) with different high symmetric points marked. Here, ki with i = 1,2,3 denote the reciprocal lattice vectors. The k3 = 0 and k1 = π mirror 
invariant planes are shaded in red and green, respectively. c) Electronic band structure and the DOS of NiSe. The red-colored bands denote the states 
originating multiple Dirac nodal lines (fourfold degenerate) in the mirror invariant momentum planes shown in panel b). The crossing points are 
indicated by blue arrows. The nodal line structure is represented in the d) k1 = π and e) the k3 = 0 planes, respectively. The color scale expresses the 
local bandgap between the bands near the Fermi level, highlighted in red in panel (c). Yellow and black indicate zero and finite bandgap, respectively. 
Thus, the yellow curves in (d) and (e) represent the structure of the nodal lines in the k-space. Panels (e) and (f) report the real and imaginary parts 
of the in-plane (ε∥) and out-of-plane (ε⊥) components of the bulk dielectric function for NiSe, respectively.
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evaluated by using an effective medium theory. Precisely, the  
effective dielectric function  εeff of the nanocomposites was  
calculated using the Maxwell Garnett approximation,[48] based 
on the theoretical model validated[49]

f� � �
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where f is the NP volume filling fraction, and εh is the dielec-
tric permittivity of the host medium (in our case, PDMS, see 
Figure  5). It is important to note that, regardless the anisot-
ropy of NiSe and CoSe, the resulting effective response of their 
nanocomposites is isotropic. Accordingly, it is described by a 
scalar dielectric permittivity and, thus, Equation (1) is related to 
a uniform orientation distribution.

Plasmonic resonances occur at either Re ε⊥  =  −2εh or Re 
ε|| = −2εh, corresponding to the localized surface plasmon con-
ditions of an anisotropic uniaxial sphere. The effective medium 
shows multiple surface plasmon resonances (Figure 2), 
unleashed by both the extreme anisotropy and the peculiar die-
lectric dispersion properties of NiSe and CoSe. The matching 
between surface plasmon resonances and sunlight radiation 
spectrum is beneficial for achieving an efficient plasmon-
assisted solar thermal conversion.

To estimate the light-heat conversion efficiency of the nano-
composites, we considered the scattering of a monochromatic 
plane wave normally impinging onto a NP composite film 
embedded in vacuum. Solving Maxwell’s equations, where 
the electromagnetic response of the nanocomposite is merely 
described by the effective dielectric permittivity, we analyti-
cally obtained the reflectivity (R) and the transmissivity (T). 
According to the energy conservation law, the absorption coef-
ficient A is given by the equation A  = 1-R-T. In Figure  2, we 
report the absorption coefficients as functions of the excitation 
energy and the volume filling fraction f for nanocomposite 
media with a) Ag, b) NiSe, and c) CoSe nanofillers. Remarkably, 
the considered nanocomposites support several surface plas-
mons (labeled by dashed white lines in Figure 2). In the NiSe-

based nano composite, the surface plasmon resonance condi-
tions occur at an energy of 3.09 eV (λ = 0.40 µm) corresponding 
to Re ε⊥  =  −2εh and, moreover, at 3.26  eV (λ = 0.38  µm) for 
which Re ε||  =  −2εh. In the CoSe-based nanocomposite, Re 
ε|| = −2εh is only satisfied for an energy of 3.02 eV (λ = 0.41 µm), 
whereas Re ε⊥  =  −2εh is fulfilled for 2.23, 2.75, and 3.02  eV  
(λ = 0.56, 0.45, and 0.41 µm, respectively).

Notably, silver nanofillers only exhibit a distinct surface 
plasmon resonance at 3.19 eV (corresponding to λ = 0.39 µm), 
with a limited matching with the solar spectrum. On the con-
trary, for NiSe- and CoSe-based nanocomposites, the multiple 
surface plasmons provide a broadband absorption, as reported 
in Figure 2b,c, nicely matching with the spectrum of sunlight 
radiation. In Section S9 (Supporting Information), we also 
directly compare the behavior of the Joule number (figure of 
merit for photothermal conversion introduced[50]) for Ag, NiSe, 
and CoSe in the optical range, where Ag is evidently less effi-
cient in light-to-heat conversion.

However, the implementation of NiSe- and CoSe-based appli-
cations requires additional information on i) the stability of 
their hexagonal closed packed (hcp) crystalline structure and ii) 
their oxidation resistance.

In the bulk, layered hcp structures (Section S3, Supporting 
Information) of both NiSe and CoSe are more energetically 
favorable than the rhombohedral structure (Figure S2, Sup-
porting Information). On the other hand, the surface energy, 
defined as the difference between total energy of slab (Figure S2,  
Supporting Information) and bulk, has a much smaller mag-
nitude for rhombohedral than for hcp structures (see Table 1).  
Hence, in the case of NP of smaller size (<10  nm), when the 
contribution from surface areas in total energies is compatible 
with contribution from bulk areas, rhombohedral phases can 
also be realized, with two different surface terminations.

Moreover, we computed the energetics for the reactivity of 
the surfaces of hcp-NiSe and -CoSe toward oxygen adsorption 
and its subsequent decomposition, with resulting surface oxi-
dation. In the case of hcp-NiSe, the decomposition of oxygen 
molecules (Figure S2d, Supporting Information) would be  
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Figure 2. The absorption coefficients of the nanocomposite films (NPs embedded in a porous PDMS layer with a thickness of 1 µm) as a function of 
the excitation energy and the NP volume filling fraction f. We compare the cases of nanocomposites with a) Ag, b) CoSe, and c) NiSe NPs. The effective 
optical response of nanocomposites is described by considering the effective dielectric function εeff of Equation (1), where the host dielectric material 

εh is evaluated by using the standard Bruggeman’s method,[45] i.e., (1 )
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=  with εv (εv = 1), εp are the vacuum and PMDS relative

dielectric constants, respectively, and fp is the PMDS volume filling fraction ( fp = 0.43). The PMDS and silver dielectric permittivity are given by the 
Sellmeier equation,[46] and a Lorentz–Drude model fitting the experimental data,[47] respectively. Dashed lines mark the spectral position of localized 
surface plasmon resonances.
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energetically favorable, but molecular physisorption (Figure S2b,  
Supporting Information) is unfavorable (+17.68  kJ mol−1).  
Congruently, dissociative adsorption can occur only at tempera-
tures above 100  °C. Further oxidation of the hcp-NiSe surface 
(Figure S2f, Supporting Information) is unfavorable, although 
the energy cost of this process is rather moderate (only  
5 kJ mol−1) and even smaller than the energy gain from further 
oxidation (−41.25 kJ mol−1). One can conclude that only partial 
oxidation of NiSe NP surface is energetically feasible at room 
temperature. This spot-like oxidation is expected to be localized 
just at defect-rich areas, such as steps, edges, and grain bounda-
ries. The oxidation of the whole surface could be possible only 
after heating at a temperature above 100 °C, leading to the for-
mation of limited oxidized skin over the surface (Figure S2i, 
Supporting Information), so that photothermal applications 
with operational temperature below 100 °C would operate with 
minimal surface oxidation rate and appropriate thermal stability.

In the case of hcp-CoSe, uniform oxygenation of defects-
free surface layer (Figure S2j, Supporting Information) is pos-
sible even at room temperature, as indicated by the differential 
free energy of oxygen decomposition ΔHdec = −40.02 kJ mol−1, 
although it is worth noticing that the formation of a thick oxide 
Co3O4 skin is limited by the reachability of subsurface Co 
atoms, with a resulting unfavorability already for a bilayer oxide 
thickness, with an energy barrier of 0.84 kJ mol−1.

Theoretical predictions were validated experimentally. NiSe 
and CoSe NPs were synthetized following the Experimental 
Section extensively described in the corresponding section. 
The analysis of X-ray diffraction (XRD) pattern indicated that 
the crystallographic structure for both NPs is hcp (P63/mmc 
space group), with lattice parameters matching with ICDD 
00-002-0892 and 00-008-0414 for NiSe and CoSe, respectively.
The analysis based on transmission electron microscopy (TEM)
images (see histograms in Figure S3, Supporting Informa-
tion) indicated a wide size distribution of synthetized NiSe and
CoSe NPs (Figure 3a,b), with an average diameter of 30 ± 7 and
15 ± 5 nm for NiSe and CoSe NPs, respectively.

The physicochemical properties of NiSe and CoSe nano-
fillers, including their surface status, were assessed by nano-
spectroscopy tools at the soft X-ray beamline Nanospectroscopy 
at Elettra–Trieste synchrotron, using an energy-filtered  
Low Energy Electron Microscope (LEEM)-Photoelectron 
Emission Microscope (PEEM) with spatial resolution of 10 nm. 
Using X-ray photoelectron microscopy (XPEEM), NiSe and CoSe 
NPs were imaged (see Section S8, Supporting Information) and, 

moreover, core levels were acquired (Figure 3e) with nanoscale 
resolution. To provide information on the surface of the NPs, 
surface sensitivity was enhanced by using low-energy photons 
(150  eV). Specifically, we observed by µ-XPS (X-ray photoelec-
tron spectroscopy) three different oxidation status in Se-3d core 
levels, arising from Se(II) and Se(0) species at a binding energy 
of 53.8 and 55.2 eV, respectively. On the other hand, oxidation is 
limited, as indicated by the SeO2−x component at 58.0 eV with 
only 11% of the spectral area, while in previous studies on NiSe 
NPs this component was even predominant in the region of 
Se-3d core levels.[51] Conversely, the bulk crystals of the NPs are 
stoichiometric, as also indicated by the excellent matching of the 
experimental Ni-L23 absorption edge with theoretical predictions 
for the case of NiSe by using Feff 9 code.[52]

To validate the use of NiSe and CoSe NPs in thermoplasmonics, 
we implemented solar-driven MD with nanocomposite mem-
branes with NiSe and CoSe nanofillers (see the Experimental 
Section for details on their fabrication). The SEM cross-sec-
tional micrograph of the nanocomposite membrane (Figure 4a),  
made of a polyvinylidene fluoride (PVDF) support coated 
with a thin porous polydimethylsiloxane (C2H6OSi)n (PDMS) 
layer embedding NiSe or CoSe NPs, revealed a porous struc-
ture, which extends throughout the membrane thickness 
(180 ± 2 µm). The choice of PDMS as an anchoring agent for 
NPs secured a proper adhesion to the substrate, owing to the 
abundance of silanol moieties able to interact with the fluori-
nated support.[53] The coating layer appeared uniformly distrib-
uted over the PVDF support with a thickness of around 2 µm 
(Figure  4b). NPs are clearly noticeable on the surface of the 
composite membrane (Figure  4c), endowing the membrane 
with photothermal features. Noteworthy, the low concentration 
of Si in the sprayed solution secured an appropriate membrane 
porosity of the photothermal layer (i.e., 54.6 ± 1.6%), slightly 
lower than that of the bare support (56.7 ± 0.8%). This mor-
phology, characterized by a mean pore size of 0.21 ± 0.05 µm, 
offers a minimal resistance to the mass transport of water 
vapor through the membrane.

Further characterization (Table S1, Supporting Informa-
tion) confirmed that the developed nanocomposite membranes 
exhibited suitable features for MD applications. In particular, 
the high hydrophobic behavior (contact angle > 110°), combined 
with the submicrometric pore size (largest pore <0.3  µm), 
secures a Liquid Entry Pressure (LEP)—estimated according 
to the Young–Laplace equation[54]—ranging from 1.5  bar 
for 2.5 wt% CoSe-PDMS to 2.6  bar for 2.5 wt% NiSe-PDMS  

Small 2022, 18, 2201473

Table 1. Relative formation energies of bulk (Ebulk) rhombohedral (Rhomb) and hexagonal close-packed (hcp) phases of NiSe and CoSe (ground state 
set as zero); formation energies of the surfaces (Esurf) for all considered structures; differential enthalpies and the differential Gibbs free energies of 
physical adsorption (Figure S1a,b, Supporting Information); and differential enthalpies of oxygen decomposition (ΔHdec, Figure S2c,d, Supporting 
Information). The formation of single and double oxygenated layers is also reported (ΔHO1, Figure S2e,f and ΔHO2, Figure S2i,j in the Supporting 
Information, respectively). All values are reported in kJ mol−1. Negative values correspond to exothermic processes.

Compound Structure Ebulk Esurf Physisorption ΔHdec [kJ mol−1] ΔHO1 [kJ mol−1] ΔHO2 [kJ mol−1]

ΔH [kJ mol−1] ΔG [kJ mol−1]

NiSe Rhomb-Se Rhomb-Ni 19.07 5.18 −32.90 −72.22 −21,41 −60,73 −138.46 −282.20 64.19 −176.44 128.46 21.49

Hcp 0 28.68 6.19 17.68 −155.57 5.04 −41.25

CoSe Rhomb-Se Rhomb-Co 19.56 −1.51 21.06 −100.61 32,55 −89.12 −42.89 −443.57 1178.24 1339.96 −126.48 −198.31

hcp 0 20.68 −39.47 −27.98 −40.02 −0.41 0.84
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Figure 4. SEM micrographs of CoSe (2.5 wt%) in PDMS/PVDF membrane: a) cross-sectional view (magnification 900x). b) Detail of the cross-section 
of the coating (magnification 10 000x). c) Top view of coated surface (magnification 4000x). Infrared pictures under 1-sun illumination of composite 
membranes coated by d) bare PDMS and e) PDMS loaded with 2.5 wt% CoSe. f) Evolution in time of the temperature profile of membrane surface 
under solar radiation of bare PDMS coating and of nanocomposite coatings based on 2.5 wt% of NiSe and CoSe embedded into PDMS.

Figure 3. a) TEM images of NiSe b) and CoSe. c) SAED images of NiSe. d) Powder XRD diffraction pattern of NiSe and CoSe. e) µ-XPS spectrum on 
an individual NiSe NP (see Section S8, Supporting Information) measured by means of XPEEM apparatus, with a photon energy of 150 eV. The purple, 
yellow, and green areas depict the spectral contribution from SeO2−x, Se(0) and Se(II) species, respectively. f) Experimental Ni-L23 absorption edge, 
measured on an individual NiSe NP (red spectrum, see Section S8 in the Supporting Information for XPEEM images), compared with theoretical 
predictions by Feff 9 code for L2 and L3 absorption edges of NiSe.
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(Section S5, Supporting Information). The values of LEP, i.e., 
the minimum hydrostatic pressure required to push the liquid 
into the largest membrane pores, exceeded the operational 
transmembrane pressure of vacuum membrane distillation 
(VMD) process (ΔP  = 1.05  bar), preventing the wetting phe-
nomenon and the consequent reduction of the salt rejection.[55]

Energy-dispersive X-ray spectroscopy (EDS) analysis revealed 
the presence of Si atoms only within the coated top layer 
(Figure S4a, Supporting Information). This observation was 
corroborated by cross-sectional EDS analysis of the membranes 
with PDMS coatings loaded with 2.5 wt% NiSe (Figure S4b,  
Supporting Information) and 2.5 wt% CoSe (Figure S4c, 
Supporting Information), which confirmed the presence of 
metallic NPs in the proximity of the membrane surface. This is 
a crucial aspect, since the localization of NPs at the membrane 
surface: i) secures an efficient absorption of the incident radia-
tion; ii) accelerates the evaporation rate thanks to an efficient 
light-to-heat conversion at the membrane-water interface, and 
iii) minimizes the cost of the nanocomposite photothermal
layer.[56]

Thermal imaging upon solar irradiation (Figure  4d,e; and 
Figure S5, Supporting Information) revealed the effectiveness of 
light-to-heat conversion promoted by the plasmonic nanofillers. 
Interestingly, the coating with 2.5  wt% CoSe (NiSe) coating 
reached a temperature of 61.9 ± 0.5  °C (52.4 ± 0.5  °C) under 
the equivalent of 1-sun solar irradiance (1000 W m−2) in about  
10 min (Figure 4f). On the contrary, without photothermal nano-
fillers, i.e., for the bare PDMS coating, a temperature of 32.7 ± 
0.5 °C was observed even after 1 h of sunlight exposure.

This efficient light-to-heat conversion localized on the mem-
brane surface is very attractive for the MD process, securing a 
sustainable energy harvesting for the interfacial evaporation of 
water molecules and an effective overcoming of the thermal 
polarization, the major drawback of MD technology.[20] There-
fore, the self-heating properties of the photothermal mem-
branes are exploitable for boosting the vaporization of water: 

CoSe coating demonstrated a superior light-to-heat-to vapor 
conversion with a photothermal efficiency (η) of 54.2%; whereas 
values of 18.4% and 38.3% were observed for bare PDMS and 
PDMS loaded with 2.5 wt% NiSe coating, respectively.

More precisely, we tested the potential of NiSe and CoSe for 
thermoplasmonics by implementing a solar-driven VMD. It 
should be remembered that in VMD the transmembrane flux 
(Jw) is proportional to the difference between the partial pres-
sure of water vapor at the feed-membrane interface (pw

membrane) 
and the vacuum pressure (pw

vacuum) 

J K p pw w
membrane

w
vacuum( )= − (2)

where p pw
membrane

w
vacuum( )−  represents the driving force for the

transport of water molecules in the gas phase through the 
membrane, and K is the mass transfer coefficient. According 
to Raoult’s law, the value of pw

membrane  is obtained by multiplying 
the vapor pressure of pure water pw

0  evaluated at the interface 
temperature of the membrane T( )f

* , the molar fraction (xw) and 
activity coefficient (γw, ≠1 for a nonideal mixture) of water in the 
feed solution.

The presence of photothermal NPs in the polymeric 
coating negligibly impacted on K. Membranes with a coating 
of bare PDMS and its modification by the inclusion of  
2.5 wt% NiSe and CoSe nanofillers exhibited K values of 
55.2, 58.1, and 58.9 kg m−2 h−1 atm−1 respectively, as resulting 
from VMD experiments carried out at 20 °C without sunlight 
irradiation.

The advantages of the efficient light-to-heat conversion of 
NiSe and CoSe NPs are evident from the inspection of Figure 5.  
The temperature increase generated by nanoscale thermal 
hotspots resulted in an exponential increase of the transmem-
brane flux (Jw), coherently with the trend of water vapor pres-
sure established by the Clausius–Clapeyron equation (pw

membrane 
increased from 39 to 152 mmHg under artificial solar irradia-
tion sun by embedding CoSe NPs).

Small 2022, 18, 2201473

Figure 5. a) Schematics of solar-driven VMD. The inset shows a photograph of the experimental apparatus. b) Transmembrane flux in VMD experi-
ments using composite membranes with a coating of (black curve) bare PDMS and, moreover, 2.5 wt% of (orange curve) Ag; (green curve) NiSe; 
and (red curve) CoSe NPs embedded into PDMS. Feed: artificial seawater (0.5 m NaCl). Experiments were repeated for three cycles covering 12 h in 
presence (light ON) or absence (light OFF) of artificial solar irradiation (1000 W m−2).
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For VMD operating under 1-sun illumination with pure 
water at 20  °C, bare PDMS coating provided a Jw of 2.6 ±  
0.13 kg m−2 h−1 (Tf

* = 32.7  °C), whereas the evaporative flux 
raised to 6.8 ± 0.3 and 11.4 ± 0.3 kg m−2 h−1 in the presence 
of NiSe and CoSe nanofillers (corresponding to Tf

* of 52.4 and 
61.9  °C), respectively. Moreover, the improvement of the pro-
ductivity of the VMD process without increasing the energetic 
input resulted in a decreasing of the Specific Thermal Energy 
Consumption (STEC) required for water vaporization. In fact, 
the embodiment of NiSe and CoSe reduced the STEC of VMD 
of 61.8% and 77.2%, respectively, in comparison to the bare 
PDMS coating. The STEC required for solar-driven VMD per-
formed with photothermal membranes load with CoSe nano-
fillers was 80 Kwh m−3 below the range of 130–210 Kwh m−3 
estimated for stand-alone pilot-plant supplied by Solar Photo-
voltaic Technology.[57]

The effectiveness of desalination operations was confirmed 
by VMD experiments performed by feeding both seawater 
(0.5 m NaCl) and seawater reverse osmosis brine (1.0 m NaCl). 
Regardless of the concentration of dissolved salt, a high-quality 
distilled water (electrical conductivity below 0.1 µS cm−1) was 
collected as permeate. Moreover, the transmembrane flux 
(Figure S6, Supporting Information) only showed a slight 
decrease by 4.3% and 5.2% when increasing the feed solution 
concentration to 0.5 and 1 m, respectively, due to the diminu-
tion of γw (from 0.983 to 0.966) and xw (0.991–0.981).

In Figure 5b, we also compare NiSe and CoSe with state-of-
the-art reference for photothermal MD, i.e., Ag under 1-sun 
illumination. Notably, replacing Ag with NiSe and CoSe for 
solar membrane distillation increases of the transmembrane 
flux by 330% and 690%, respectively. Correspondingly, costs 
are reduced by 24 and 11 times, respectively. Moreover, the fab-
ricated NiSe- and CoSe-based nanocomposite membranes are 
exceptionally stable, as demonstrated by the excellent repro-
ducibility even for an extended amount of working hours, con-
sistently with the suitable chemical stability of NiSe and CoSe 
nanofillers inferred by density functional theory (Table  1) and 
µ-XPS data (Figure 3e).

Both DLS and high-resolution continuum source atomic 
absorption spectrometer (HR-CS AAS) analysis proved the 
absence of NiSe or CoSe NPs and related ions in the distillate, 
which presented in all cases a conductivity below than 10 µS cm−1,  
demonstrating the efficiency of the photothermal membrane in 
seawater desalination (ion rejection>99%) and the absence of 
leaching.

The long-term stability of the photothermal membrane was 
demonstrated by protracting photothermal VMD practices for 
24 h (Figure S11 in the Supporting Information). VMD experi-
ments using composite membranes with a coating of PDMS 
loaded with 2.5 wt% of CoSe secured a recovery factor of ≈75% 
in 24 h leading to a significant improvement of the concentra-
tion of NaCl in the retentate from 0.5 to 2 m reducing there-
fore the driving force of the mass transport due to the due to 
the diminution of γw (from 0.983 to 0.923) and xw (0.991–0.965) 
(see Equation (2)). Hence, the implementation of CoSe in solar-
driven VMD favors a drastic reduction of the brine produced 
in the retentate as byproduct of the process. Noteworthy, these 
experiments confirmed the opportunity to intensify the desali-
nation process via solar-driven VMD exceeding the current 

water recovery factor of 50% of traditional desalination based 
on Reverse Osmosis.

Finally, the biofouling resistance of the hydrophobic poly-
meric membrane is discussed in Section S12 of the Supporting 
Information.

In conclusion, the promising prospect of NiSe and CoSe for 
thermoplasmonics has been demonstrated by a joint theoretical 
and experimental investigation, going from the disclosure of 
their exotic electronic and optical properties up to technolog-
ical implementation in the field of solar desalination. Remark-
ably, NiSe and CoSe show a giant electromagnetic anisotropy 
enabling multiple localized surface plasmon resonances lying 
in the optical range, as well as an unprecedentedly efficient 
plasmon-assisted solar thermal conversion. To validate our 
model, we carried out experiments of solar membrane distil-
lation, using NiSe and CoSe NPs synthetized for this aim with 
a size tuned for achieving the optimal light-to-heat conversion 
efficiency. Explicitly, replacing Ag with NiSe and CoSe for solar 
MD increased the transmembrane flux by 330% and 690%, 
respectively, and, in addition, the corresponding costs of raw 
materials are reduced by 24 and 11 times. Accordingly, already 
in the first implementation, NiSe- and CoSe-based solar desali-
nation largely exceeds state-of-the-art performances. Evidently, 
photothermal effects in NiSe and CoSe can improve the effi-
ciency of any other application based on solar thermal conver-
sion (solar steam generation, high-temperature heterogeneous 
catalysis, solar thermophotovoltaics, thermoelectric power gen-
eration, etc.), beyond solar-driven MD herein selected as a case-
study example.

Finally, it is noteworthy to highlight that NiSe and CoSe also 
exhibit unusual topological electronic states and optical features 
(viz., multiple topological Dirac nodal-line structures and hyper-
bolic electromagnetic response), bringing exciting new perspec-
tives in the field of nanophotonics and topological materials.

Experimental Section
Synthesis of NiSe and CoSe NPs: NiSe and CoSe NPs were synthesized 

by a solvothermal technique. The initial step for the synthesis of 
NiSe and CoSe consisted in dissolving nickel (II) nitrate hexahydrate 
Ni(NO3)2  ·  6H2O (0.2  mmol) and cobalt (II) nitrate hexahydrate 
Co(NO3)2 · 6H2O (0.2 mmol) in 50 mL of deionized water with stirring 
for 10  min, respectively. Separately, selenium powder (0.4  mmol) and 
hydrazine hydrate (20  mL) were stirred for 10  min. The two solutions 
were mixed and transferred to a Teflon-lined stainless-steel autoclave 
containing ethanolamine (10  mL) and kept at 180  °C for 16 h. After 
cooling to room temperature, the obtained products were centrifuged, 
washed several times with ethanol, and dried under vacuum.

Instrumentation and Methods: TEM: The suspensions were drop-
casted onto a TEM grid and dried. JEOL 2100F transmission electron 
microscope operated at 200 kV.

SEM: Field emission scanning electron microscope (FESEM) 
experiments were carried with Gemini SEM 500, at an accelerating 
voltage of 2 kV.

Powder XRD: Panalytical Empyrean powder X-ray diffractometer equipped 
with a position-sensitive X’Celerator detector using Cu kα radiation.

Porometer: Measurements of pore size of nanocomposite membranes 
were carried out by using a PMI capillary flow porometer (Porous 
Materials Inc., Ithaca, NY) using Porewick (surface tension = 16 dyn cm−1)  
as wetting liquid and processing the data with the software Caprep 
(Porous Materials Inc., Ithaca, NY).

Small 2022, 18, 2201473
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Membrane Preparation: Composite membranes based on a thin 
porous layer of PDMS (Sigma-Aldrich) loaded with NiSe and CoSe NPs 
were prepared by the spray coating method. As support, a microporous 
commercial PVDF membrane Fortex complying ISO 10 993 and USP 
Class VI, with nominal pore size 0.2  µm (GVS, Italy) was used. The 
coating solution was prepared by dispersing the photothermal NPs 
via sonication (Sonica2200ETH, Soltec, Italy) for 30  min in heptane 
(Sigma-Aldrich). Then, PDMS was dissolved into the colloidal solution 
(5 wt%) by stirring for 3 h at room temperature. The concentration of 
the photothermal NPs was 2.5 wt% with respect to PDMS. Finally, the 
crosslinker was added to the polymeric solution at a concentration of 
10 wt% with respect to PDMS. The polymeric solution (10 mL) was then 
transferred to an airbrush equipped with a compressor (Gocheer, model 
TS100BMC). The system was mounted on a 2D positioning control 
system for the planar motion (TEVO Tornado) at a velocity 60 mm s−1. 
Each PVDF membrane (112 cm2) was sprayed three times and then 
transferred in an oven at 60 °C for 60 min to promote the crosslinking of 
the polymer and the evaporation of the solvent.

VMD Experiments: A solar irradiation simulator (Abet Technologies, 
US) with irradiance of 1 sun (1000 W m−2) over a 35 mm diameter field 
was used to irradiate a dedicated dead-end VMD cell with effective 
membrane area of 7.06 cm2. The VMD cell was equipped with a quartz 
window and the solar lamp was put 10  cm above this quartz window 
to ensure that the light could irradiate the membrane. Feed solution 
recirculated throughout the cell at 5.5 × 10−6 m3 s−1 by using a peristaltic 
pump (VWR VP 820). The lab-scale plant operated under vacuum 
pressure of 20 mbar and initial feed temperature of 293 K. The permeate 
conductivity was measured using a YSI Model 3200 conductivity meter 
at 20 °C (range: 0–4999 µS m−1, accuracy: ±0.50% full scale, resolution:  
1 µS m−1). For solar-driven VMD experiments, experiments with the same 
Ag NPs used for the previous works[10c,d] for the sake of comparison 
were also carried out.

Feed solution recirculated throughout the cell at 5.5 × 10−6 m3 s−1  
by a Masterflex L/S digital peristaltic pumps (Cole-Palmer, US), 
whereas distillate was stripped by a vacuum pump VWR VP 820 (VWR 
International, US).

The quality of the distillate was estimated with a DLS 90Plus Particle 
Size Analyzer (Brookhaven Instruments Corporation, USA) and a HR-CS 
AAS by means of ContrAA 700 (Analytik Jena AG, Germany) with a high-
intensity Xe short-arc lamp as continuum source.

STEC of solar-driven VMD was estimated according to the following 
equation

STEC
P

J
ρ= (3)

where P is the irradiance of the artificial sunlight, ρ is the water density, 
and J is the transmembrane flux in VMD practice.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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