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The demand of water is absolutely important for irrigation, industrial processes and domestic use. An interesting
strategy to cope with the increasing water need is water desalination, which can be pursued with several stra-
tegies. Usually, the energy requirement of desalination plants is rather high. Membrane distillation is a good
alternative, but it requires a non negligible amount of energy to heat the input water. Photothermal effects that

exploit photonic structures can overcome this problem. In this review, we report significant works that employ
photonic devices for water desalination. Moreover, we envisage the use of low-cost and easy-to-design one-
dimensional photonic crystals and random photonic structures as photothermal devices.

For billions of people around the world the availability of reliable
sources of drinkable water is a challenge of global importance [1,2].
Moreover, the demand of water worldwide is expected to increase by
55% over the next thirty years and this will be due to population growth,
climate change and augmented industrialization [3-5]. A growing
population is tightly connected to the challenge to produce more food,
which requires more water withdrawals for irrigation. It is noteworthy
that irrigation accounts for 70% of water withdrawals, while the in-
dustrial sector accounts for 20% and the domestic sector accounts for
10% of water withdrawals, respectively [6,7].

An interesting way to cope with the increasing water demand is
water desalination. Unfortunately, the energy need by the desalination
plants is rather significant [8,9]. Membrane distillation is a good alter-
native, but requires energy to heat the input water [9,10]. To decrease
the energy consumption of the membrane distillation-based water
desalination, photonic strategies to exploit photothermal effects have
been pursued. In this short review, we report several significant studies
on photonic-related water desalination strategies.

In 2016 Zhou et al. have demonstrated a plasmon-enhanced water
desalination device [11]. The device consists of three components: i) a
nanoporous anodic aluminum oxide membrane, obtained by the anodic
oxidation of an aluminum foil; ii) close-packed aluminum nanoparticles
along the sidewalls of the pores; iii) a thin film of aluminum onto the
anodic aluminum oxide membrane. Under solar illumination, the water
steam at the water-air interface exits the water desalination device and
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condenses in a condensation chamber [11]. The advantage of this
structure is the strong light absorption all over the solar spectrum.

In 2017 Dongare et al. have demonstrated nanophotonics-enabled
solar membrane distillation in which the nanophotonic structure leads
to localized photothermal heating, induced by solar illumination,
eliminating the requirement of heating the input water [9]. The same
research group have developed properly designed nanostructured arrays
that lead to a focus of solar illumination in “hot spots” [12]. Moreover,
they have demonstrated that, in the desalination process, the heat ex-
change between distilled and input water can reach a resonant condi-
tion, dramatically enhancing the fresh water production [2]. Also the
use of photonic crystals [13-15] can be beneficial for water desalination
processes. In 2020, Sayed, Krauss, and Aly have simulated with finite
element methods a two-dimensional photonic crystal, i.e. a
two-dimensional array of titanium nitrate pyramids coated with tita-
nium dioxide, which can show an efficient water desalination [16].

Haddad et al., in 2021 have demonstrated water desalination via
forward osmosis employing thermally responsive ionic liquids. To pro-
vide heat to the system, a photonic heater, the converts sunlight into
heat, has been used [5]. The experimental setup built by Haddad et al. is
sketched in Fig. 1. Pre-treated produced water enters in a forward
osmosis module that contains ionic liquid draw solute. The concentra-
tion of the ionic liquid draw solute is higher with respect to the feed.
Water molecules diffuse through the membrane under a natural osmotic
gradient. The diluted draw enters in the thermal separation module. The
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Fig. 1. Setup for water desalination with forward osmosis membrane and
photonic heater to regenerate the ionic liquid. Figure inspired from Ref. [5].
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Fig. 2. (b) Transmission spectra of 50 nm thick CdS layer and 12 nm thick
graphene oxide layer; (c) reflection of a one-dimensional photonic crystal made
of 8 bilayers of 130 nm thick silicon dioxide layers and 97.5 nm thick zirconium
dioxide layers. (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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photo-thermal effect occurring in the photonic heater leads to a tem-
perature increase in the module with a subsequent liquid-liquid phase
separation. The denser ionic liquid phase settles at the bottom of the
module, while the water-rich phase is at the top. The ionic liquid phase is
recycled in the forward osmosis module, while the water-rich phase, that
contains ionic liquid residuals, undergoes a nanofiltration polishing step
at low pressure in order to obtain high quality water [5].

1. Photothermal effect (photonic heating) employing photonic
crystals

Photo-thermal effect can be achieved also by employing photonic
crystals. Thus, properly designed photonic crystals can be used as pho-
tonic heaters. Photo-thermal effect with photonic crystals has been
exploited for photocatalytic systems. In 2018, Low et al. have reported
the fabrication of a titanium dioxide-based photonic crystals for pho-
tocatalytic solar fuel production. The photonic band gap of the photonic
crystal in the near infrared leads to heat production in the structure with
a resulting enhancement of the photocatalytic reaction [17]. Chen et al.
report a CdS/graphene oxide (GO) photocatalytic system in which GO
absorbs near infrared light, with a subsequent rise of the operating
temperature of the system, and a three-dimensional photonic crystal
enhances the near infrared absorption of GO [18].

Following the pioneering experiment reported by Chen et al. [18],
we propose the substitution of the three-dimensional photonic crystal
with a one-dimensional photonic crystal. One-dimensional photonic
crystals can be designed with simple theoretical tools and can be
fabricated with many experimental techniques, such as sputtering,
evaporation, and spin coating [19-21]. In Fig. 2a we sketch the CdS/GO
bilayer on top of a one-dimensional multilayer photonic crystal, in
which the alternation of layers of two different materials gives rise to the
photonic band gap. The light transmission of the films of CdS and GO has
been simulated with the transfer matrix method [22-24]. We simulated
a system in which light impinges the sample orthogonally with respect
to the surface. The studied system is layer above/layer/layer below. For
example, in the case of GO, the system is CdS/GO/SiO,. The charac-
teristic matrix of the layer can be written as:

M, M A B
Mﬁ{Mn Mzz}iklzll{ck Dk:| )
With Ax = cos(Zne(N)dy); B = #X)sin(%nk(/l)dk); C = —
ing (A)sin(Zng (1)di); D = cos(¥ne(A)di). m(4) in the wavelength-
dependent refractive index of the kth layer, while dy is the thickness
of the kth layer. 4 and di are in nanometers. The light transmission is
written as

:n_A 2}'23 {2 (2)
ng| (M 4 Miang)ng 4 (M +M22nA)|
And the light reflection is written as
RZI(MH + Mpng)ng — (M + Myny) : 3

(Myy + Mpna)ng + (May + Mxny)

In the expressions of transmission and reflection ny is the refractive
index of the layer above, while np is the refractive index of the layer
below.

The thickness of the CdS layer is 50 nm, while the thickness of the GO
layer is 12 nm. The real and imaginary parts of the refractive index
dispersion of CdS are taken from Refs. [25,26], while the real and
imaginary of the (ordinary) refractive index of GO are taken from
Ref. [27]. In Fig. 2b we show the simulated transmission curve of a 50
nm thick CdS film (black curve) and the simulated transmission curve of
a 12 nm thick GO film (red curve). To the transmission spectrum of GO,
an offset of 0.35 of the transmission has been subtracted in order to find
a better agreement with the experimental data reported in Ref. [18].
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Fig. 3. (above) Reflection of a one-dimensional photonic crystal made of 8
bilayers of silicon dioxide and zirconium dioxide (black solid curve) and of a
random photonic structure following the sequence ZrO./ZrO,/SiOs/ZrOy/
ZI‘Oz/SiOz/SiOz/ZI'Oz/ZrO2/ZI‘02/SiO2/ZI‘02/ZI'02/5102/ZI‘02/Si02 (red
point-dashed curve); (below) Sun spectral irradiation (direct and circumsolar
irradiation [30]). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

Also the light reflection spectrum has been simulated with the
transfer matrix method. The photonic crystal is made by 8 bilayers of
silicon dioxide and zirconium dioxide. The thickness of the silicon di-
oxide layers is 130 nm, while the thickness of the zirconium dioxide
layers is 97.5 nm. The refractive index dispersion of silicon dioxide is
taken from Ref. [28], while the refractive index dispersion is taken from
Ref. [29]. In Fig. 2c we show the reflection spectrum of the designed
photonic crystal, with a photonic band gap that reflect light in the near
infrared region, where the absorption of GO occurs. It is remarkable that
with 8 bilayers, which correspond to a total thickness of 1.82 pm, a
reflection close to 1 has been achieved.

In Fig. 3 (above) we show the comparison between the light reflec-
tion of the periodic SiO2/ZrO2 photonic crystal and a random photonic
structure that follows the sequence of 16 layers ZrO,/ZrO,/SiO2/ZrOy/
Zr02/Si02/S102/Zr02/Zr02/Z1r02/Si02/Zr02/Zr02/Si02/Z1r02/SiOx.
As in the periodic photonic crystal, the thickness of the silicon dioxide
layers is 130 nm, while the thickness of the zirconium dioxide layers is
97.5 nm. It is remarkable that, with the random sequence, more
reflection peaks occur over the range between 300 and 2500 nm. A high
reflection of the photonic structure also in the near infrared is important
since in this region there is a significant amount of the Sun spectral
irradiation (Fig. 3, below) [30].

The reflection of the photonic crystal can be easily tuned via a
judicious choice of materials and layer thicknesses. This type of photo-
thermal effect with photonic crystals can be very promising also for
water desalination. For the fabrication of real devices, it is certainly
necessary to take into account experimental aspects such as the angular
dependence of reflection in photonic structures, their roughness, and,
finally, their fabrication reproducibility.

2. Conclusion

Desalination of water is one of most important contemporary chal-
lenges since desalinated water is used for irrigation, industrial processes
and in the domestic sector. In this work, we have reported the most
significant works on water desalination via membrane distillation
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supported by photothermal effects in the water separation processes. We
have also envisaged the employment of low-cost and easy-to-design one-
dimensional multilayer photonic crystals and random photonic struc-
tures as photonic heaters that heat water via a photothermal effect.
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