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Solar-driven interfacial evaporation has gained increasing attention as an emerging and sustainable
technology for wastewater treatment and desalinization. The carbon/molybdenum disulfide (C/MoS,)
composite has attracted more attention due to its outstanding light absorption capability and
optoelectronic properties as a solar steam generator. However, the hydrophobic nature of carbon and
MoS,-based materials hinders their wettability, which is crucial to the effective and facile operation of
a solar generator of steam. Herein, a pH-controlled hydrothermal method was utilized to deposit
a promising photothermal MoS, coating on melamine-derived carbon foams (CFs). The hydrophilic CF/
MoS, composite, which can easily be floatable on the water surface, is a high-efficiency solar steam

evaporator with a rapid increase in temperature under photon irradiation. Due to the localized heat
Received 7th December 2022 . . . .
Accepted 3rd January 2023 confinement effect, the self-floating composite foam on the surface of water has the potential to

produce a significant temperature differential. The porous structure effectively facilitates fast water vapor

DOI: 10.1039/d2ra07810d escape, leading to an impressively high evaporation efficiency of 94.5% under a light intensity of 1000 W
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1. Introduction

Despite the fact that more than 70% of the earth's surface is
covered by water, only roughly 0.3% of our freshwater may be
found in the surface water of lakes, rivers, and swamps. Four
billion people are at risk due to the severe global crisis of
freshwater shortage." Fast industrialization, urbanization, and
population growth have worsened these difficult worldwide
problems.>* Due to its capacity to collect and use readily avail-
able and limitless sunlight, solar-assisted water treatment,
a type of desalination technology, has recently received wide-
spread attention as a viable technique for very effective fresh-
water purification.* Due to its economical, non-polluting, and
environmentally friendly functioning, this strategy has garnered
a lot of interest. Water is a poor sunlight absorber, thus, pho-
tothermal materials capable of harvesting a wide range of light
spectrum with solar energy-to-heat conversion ability can be
utilized on the surface of the water.>® For effective light
absorption, a variety of photothermal materials have been used,
such as carbon-based materials, plasmonic metal nano-
structures, narrow band-gap semiconductors, polymers, and
even rare materials.”™
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MoS, is a promising photothermal solar absorber for appli-
cations such as water evaporation due to its good features,
including variable band-gap (1.3-1.9 eV), high carrier mobility,
strong electron-hole confinement, and broad light absorption
range from visible to near-infrared region. MoS, monolayers
have been shown to have stronger sunlight absorption than the
most popular solar absorbers, including GaAs, Si, and gra-
phene, with a thickness of less than 1 nm and the ability to
absorb 5-10% of the incident sunlight.*** Owing to low cost,
favorable thermal conductivity, black color, and high energy-
conversion efficiency across the whole solar spectrum, carbon-
based materials have been integrated with MoS, to operate as
efficient solar steam generator composites.**°

For very effective solar steam generation, a localized photo-
thermal membrane made of an ultrathin flexible single-wall
carbon nanotube (SWCNT)/MoS, composite film has been
used. The prepared free-standing film displayed self-floating
behavior and high light to thermal conversion efficiency,
leading to an evaporative interface with the optimum temper-
ature of 50 °C.”* The onion-like graphene/MoS, hybrid aerogel
beads have been proven for clean water production with
a collection efficiency of ~21% under natural outside condi-
tions on a typical spring day.?” Nitrogen-doped graphene aero-
gel has been decorated by MoS, nanoflowers as a steam
generator under low solar flux. Outstanding photothermal,
water purification, and desalination performance were dis-
closed by the self-floating hybrid aerogel.*
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A straightforward chemical reduction technique has been
used to create a three dimensional (3D) porous photothermal
graphene/MoS, composite hydrogel in which MoS, nanoflowers
have been intercalated between the graphene layers. The hier-
archically porous hydrogel in this proposed generator contrib-
uted to light trapping to enhance solar absorption, generated
more dispersed hotspots to access and activate water.>* Addi-
tionally, MoS, nanosheets were hydrothermally produced on
low-temperature carbonized wood to make a solar steam
generator. The prepared composite displayed about 96% solar
absorption and a water evaporation rate of 1.49 kg m > h™!
under 1000 W m™? simulated solar irradiation.® A robust
composite with a significant evaporation area was produced by
combining activated carbon fiber cloth and MoS, with a 3D
hollow cone shape.*® It is important to note that surface
wettability is a key factor in water transport and affects the
stability of solar evaporators. In general, the hydrophilic nature
of solar absorbers persuades water transport to evaporate.>”** A
new configuration of evaporator layers has been developed,
consisting of a hydrophobic top layer and a hydrophilic bottom
layer to simultaneously take advantage of two wetting states, in
order to use hydrophobic materials as solar steam generators.>”
Herein, a solar steam evaporator made of a hydrophilic CF/
MoS, composite was shown to be capable of easily floating on
the water's surface. MoS, nanosheets were deposited on the CF
made from commercial melamine foam using the pH-
controlled hydrothermal technique to create a self-floating
hydrophilic solar absorber composite. The prepared
composite displayed an excellent evaporation rate of 1.43 kg
m~> h™" with an high efficiency of 94.5% under one sun.

2. Experimental

2.1. Materials

Commercially available melamine foams (MFs) were provided
by a domestic producer. Sodium molybdate (99.5%), sulfur
powder (99%), and NaOH (99.8%) were purchased from Merck
Co. (Darmstadt, Germany).

2.2. Composite synthesis

The MFs were pyrolyzed at 800 °C in a N, environment for one
hour to produce CFs. Then, using a hydrothermal technique,
MoS, nanosheets were applied to the ready CFs. In a nutshell,
60 cm® of deionized water was magnetically agitated for 30
minutes while 1.5 mmol Na,MoO,-2H,0 and 6 mmol sulphur
powder were added. A piece of prepared CF was dipped into the
resulting suspension and then brought to the autoclave. In both
neutral (pH = 7, CMN sample) and basic (pH = 11, CMB
sample) conditions, the hydrothermal treatment was conducted
at 240 °C for 12 hours. NaOH was introduced to the reaction
environment to set up the basic conditions. The obtained
composites were dried at 70 °C after being repeatedly washed
with ethanol and deionized water.
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2.3. Solar-assisted evaporation

Solar-assisted evaporation tests have been carried out by
simulated solar illumination at a constant intensity of 800,
1000, 1200, and 1400 W m 2. A thermocouple coupled to a data
logger module was used to measure temperature changes as
a result of sun irradiation. The setup also included a balance to
measure the mass of the water and a solar steam generation
system (Fig. 1). The produced composites were used as an active
photothermal material floating in the water, with a surface area
of 3 em? and thicknesses of 5 and 10 mm. The sample was dried
at 60 °C in between each cycle of irradiation, which lasted 30
minutes. All solar evaporation experiments were tested at
temperature of 26-28 °C and 50-55% humidity.

2.4. Characterization

SEM micrographs of the cross-section of the composite foam
were acquired using a TESCAN VEGA/XMU microscope (Czech).
The infrared spectra of powders were obtained by a Shimadzu
8400S Spectrometer (Japan) with a 4 cm™" spectral resolution.
Compressed KB pellets mixed with prepared powder were used
to produce all spectra in the 500-4000 cm ' range. XRD
patterns were recorded using a diffractometer with Cu K,, (A =
1.54 A) radiation (X'Pert Pro MPD, Philips, Germany). A 532 nm
laser was used as the excitation source for the Raman spec-
troscopy, which was carried out on a Takram micro Raman
spectrometer (TeksanTM, Iran) with a power output of 90 mW
and a spectral resolution of 6 cm™'. A KRATOS Axis Ultra system
was used to conduct the XPS measurements. The apparatus is
equipped with a charge neutralization system, an aspherical
mirror electron analyzer, and a monochromatized Al K X-ray
source. The carbonaceous Au 4f line (84.2 eV) was used as the
reference to calibrate the binding energies. A T-type thermo-
couple inserted in the test sample was attached to a data logger
module (Advantech USB-4718) to collect the test temperature
fluctuations, while an infrared camera (Ti27, Fluke, USA)
recorded the temperature of composite.

3. Results

The SEM micrographs of MF and carbonized-MF at 800 °C are
shown in Fig. 2(a) and (b), respectively. As can be seen, the
resulting flexible CF maintained the initial melamine frame-
work's 3D interconnected porous structure. In contrast to
polymeric foam, the pores of CF appear to have shrinkage
during the pyrolysis.

To prepare the composites, MoS, was deposited on the CFs
via a one-step hydrothermal reaction at 240 °C under the
different pHs of 7 and 11. By using XRD analysis, the crystalline
structure of produced CF/MoS, composites were identified.
Fig. 3(a) displays the XRD patterns of the CMN and CMB. CMN
composite displays a peak around 14° as a characteristic peak of
the hexagonal phase (2H) of MoS, assigned to (002) lattice
fringes. Further, the appeared peaks at 33.4°, 39.9°, and 59.1°
are attributed to (100), (103), and (110) reflections of the 2H-
MoS, phase (JCPDS card no. 75-1539), respectively.> A broad
peak about 25° that corresponded to CF as the composite

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Scheme of the set-up consisted of a solar simulator, a balance to record the water mass, and a thermocouple connected to a data logger

to acquire the temperature variations during light irradiation.

framework also appeared in addition to MoS, diffraction
peaks.”® The growth of MoS, crystallographic planes was
affected when the hydrothermal synthesis environment was
switched from a neutral to a basic one. A comparison of CMN
and CMB XRD patterns reveals that after basic synthesis, the
relative intensity ratio of the (002) to (110) crystallographic
peaks dropped. Because of layered structure of MoS, flowers,
(002) diffraction has a higher intensity than other crystallo-
graphic planes, and it represents the favored orientation for

growth.***! This implies that basic issues may impede growth in
this direction.

To assess the thickness of the MoS, nanosheets seen in
Fig. 3(b) and to learn more about the bonding properties of the
as-prepared nanocomposites, their Raman spectra were
collected. The Raman spectrum of CMN composite shows MoS,
characteristic peaks at about 380 cm ™" and 400 cm ™", respec-
tively, corresponding to the in-plane Ej, and out-of-plane A,
mode of typical lamellar MoS, structure. CMB shows the weaker

Fig. 2 SEM micrographs of (a) MF and (b) carbonized MF at 800 °C.
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Fig. 3 (a) XRD patterns and (b) Raman spectra of CMN, and CMB samples.
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Fig.4 SEMimages of (a) and (b) CMN, and (c) and (d) CMB samples. The insets show wetting angles measured in (@) CMN, and (c) CMB samples in
the case of a water droplet placed on the composite surface.
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and wider Eég mode in comparison to Raman spectra of the
composite generated under neutral circumstances. The rela-
tively broader E;, peak with weaker intensity suggests that the
crystal structure of MoS, may contain substantial defect
sites.**** However, Moe et al.,** noted that there was a pause
between the Raman out-of-plane mode A;; and the in-plane
mode Ej, to specify the number of MoS, layers. When a basic
solution is used, the measured Aw reduced from 27 cm™* to
13 cm ' in CMB, which may indicate an apparent decrease in
the number of layers.

Investigating the deposited MoS, shape on CFs under
various synthesis conditions has been done using SEM images.
The flower-like MoS, microspheres with sizes of about 1 + 0.4
pm may be seen on CFs filaments for the CMN composite, as

View Article Online
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shown in Fig. 4(a) and (b). Nanosheets with a thickness of 50 +
10 nm can be found in every flower-shaped microsphere of
CMN, whereas they are thinner (30 + 10 nm) in the CMB sample
(Fig. 4(c) and (d)). In comparison to CMN composite, the SEM
micrograph of CMB shows thinner MoS, layers and smaller
distributed microspheres on the carbon framework, which is
consistent with Raman spectrum investigations. It can also be
supported by a wider (002) peak in the XRD of CMB compared to
CMN, showing that the basic solution produced thinner nano-
sheets. This observation supports the XRD patterns of the
produced composites appeared diffraction intensity variation,
which indicated the orientational growth and smaller crystallite
sizes.
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Fig.5 High-resolution XPS spectra and peak positions of (a) Mo 3d (CMN), (b) Mo 3d (CMB), (c) O 1s (CMN), (d) O 1s (CMB), () S 2p (CMN), and (f)

S 2p (CMB).
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The spreading of a water droplet on the CF/MoS, nano-
composites was measured. The water droplets maintained
a roughly spherical shape on the CMN nanocomposite surface
with an approximate contact angle of 124°, confirming the
superhydrophobic behavior, as seen in the wetting condition of
the surface in the inset of Fig. 4(a). However, the hydrophilic
behavior was detected by the wetting angle measurement in the
samples made under standard circumstance, CMB. These
hydrophilic foams are capable of floating unimpeded on the
surface of water (Inset of Fig. 4(c) and S17).

XPS analysis was used to assess the surface composition of
the CMN and CMB composites. The Mo 3d XPS spectra of the
composites are shown in Fig. 5(a) and (b), together with the
accompanying deconvoluted Lorentzian-Gaussian peaks that
were generated using the Shirley baseline correction approach.
Five components with binding energies of 226.3, 228.9, 230.3,
231.8, 232.8, and 234.8 eV were identified in the deconvoluted
Mo 3d XPS spectra of the CMN. The 228.9 and 232.82 eV peaks
are attributed to the Mo 3ds,, and 3d;),, respectively, indicating
bonding between Mo*" and S*~ in 2H-MoS,. The peak at
226.3 eV is assigned to the binding energy of S 2s electrons.***
The doublet peaks at 231.3 and 234.8 eV provide evidence of low
amounts of Mo®".?” The MoS, compounds may be the cause of
the minor peak at 230.3 eV.*® Similar Mo 3d5/, and 3d;/, peaks
were seen in the CMB, proving that MoS, was successfully
formed on CF. However, compared to the prepared sample
under neutral conditions, the percentage of Mo®* in CMB was
increased. The surface chemistry and MoS, affinity to wetta-
bility were reported to change as a result of surface function-
alizing bulk MoS, sheets. The hydrophilicity of the MosS,
products was caused by the oxidation of the active edge sites in
MoS, and anionic molybdates like MoO, (which contain
MO6+).39

On the other hand, the O 1s core level spectra of the
composites were deconvoluted into two peaks (Fig. 5(c) and (d)).
The O (—2) oxidation state is represented by the first peak at
531.1 eV, while the adsorbed species from the environment are
responsible for the second peak at 532.6 eV.* Comparing the O
1s spectra of the produced composites reveals that the CMB
sample has a greater oxygen content related to oxidation. Three
peaks measured at 161.9, 163.1, and 164.1 eV were obtained
from the deconvoluted S 2p signals in Fig. 5(e) and (f). The
peaks of 161.9 and 163.1 eV are attributed to MoS, formation. At
the same time, the peak at higher binding energy has been
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assigned to the involvement of oxygen in the MoO,S,, formation.
When the oxygen percent rises in MoO,S, compounds, the
increasing of the high bonding energy region has been
observed.**** Therefore, the basic circumstance resulted in
a higher oxygen content compared to the neutral condition.

The effectiveness of MoS, formation and growth on the
wetting behavior of CMB led researchers to use an IR camera to
examine how the material responded to light irradiation in
terms of temperature (Fig. 6). As can be seen, rapid temperature
increase to 50 °C caused by light illumination led to color
change of the nanocomposite, quickly. Due to the carbon
framework coated with MoS, nanoflowers with strong light
absorption capacity and the subsequent high optical energy
conversion into thermal energy, the surface temperature of the
nanocomposite is rapidly rising. Even though the temperature
of pure water is much lower than its evaporation temperature,
locally generated heat on the surface might be the primary
source of water evaporation.*>*

A suitable candidate for solar evaporation systems can be
constructed by integrating strong hydrophilicity, acceptable
floatability, and excellent light absorption of the composite. A
piece of CMB composite with a thickness of 5 mm was floated
on the water's surface in order to evaluate the effectiveness of
solar evaporation. The temperature fluctuations of the CMB
composite are shown in Fig. 7(a) when the light intensity is
800 W m 2. As can be observed, the nanocomposite tempera-
ture increased monotonically over the period of 30 minutes to
reach 41 °C, but the temperature diagram of pure water indi-
cates a maximum temperature of 33.5 °C under the same
circumstances. Furthermore, there was a 10 °C temperature
difference between the area above and below the composite.
This apparent temperature difference between the bulk water
and the composite shows low heat conduction to the bulk water,
while the composite has a significant heat absorption.”® To
consider the evaporator thickness, a composite with thick-
nesses of 5 mm was employed. When compared to the thinner
composite, the composite with a 10 mm thickness reached
a greater temperature and, as a result, had a higher water
evaporation efficiency (Fig. 7(a)). For instance, the temperature
of the thicker composite increased to 66 °C with the intensity of
1400 W m ™2, while the temperature of the thinner composite
was 61 °C. The thicker photothermal absorber produced
a better thermal barrier, which stopped heat from transferring
to the water. The highest temperature increased to 48, 54, and

— 44.0°C

- m330°C

Fig.6 Infrared images of CMB sample as the temperature response under light irradiation with an intensity of 1400 W m~2 after (a) 30 s, (b) 90's,

(c) 180 s and (d) 270 s.
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Fig.7 Temperature changes with time under the light illumination for water and CMB foam with 5 and 10 mm thickness under the light intensity

of (a) 800, (b) 1000, (c) 1200, and (d) 1400 W m~2.

66 °C, respectively, when the light intensity was increased to
1000, 1200, and 1400 W m ™2 in Fig. 7, demonstrating a direct
relationship between the temperature observed and the applied
light intensity. We need to thoroughly research the sun-to-vapor
efficiency () in order to create a more effective solar steam
generator:

AH, vapl'water
I;

n= (1)
where the AH,,, is the enthalpy of the liquid-vapor phase
change, ryaer is the evaporation rate, and I, refers to the power
density of solar irradiation on the absorber surface.** According
to eqn (1), under the illumination of 800, 1000, 1200, and
1400 W m 2, respectively, pure water evaporation without
photothermal elements was calculated to be approximately
16.8, 17.1, 17.3, and 17.6 percent. Under light irradiation of
1000 W m™?, this composite as a photothermal absorber
revealed remarkable efficiency of 94.5 percent.

The next phase involved analyzing the mass variations of
evaporated water and their rate with time. In Fig. 8, it was
examined how the weight changes caused by water evaporation
for CF/MoS, nanocomposite under light irradiation for 30 min
at various light intensities. Under light intensities of 800, 1000,
1200, and 1400 W m 2, respectively, the amounts of water that
evaporated were 1.19, 1.43, and 1.73, and 2.21 kg m 2. For
comparison, the rate of pure water evaporation under the same
conditions is measured, and it is found to be 0.2, 0.23, 0.27, and
0.33 kg m~? at light intensities of 800, 1000, 1200, and 1400 W

© 2023 The Author(s). Published by the Royal Society of Chemistry

m~?, respectively. As can be seen, the produced CF/MoS,
composite greatly increases the evaporation rate.

The researchers used various carbon-based materials and
molybdenum disulfide nanosheets to produce the C/MoS,
composites, which are used as solar steam generators. Due to
the efficient localized heat confinement, the single-wall CNT/
MosS, film floating on the water surface could provide a sharp
temperature gradient and high evaporation efficiency.”* Under
1000 W m™2 of light intensity, MoS,/bio-CF composites with
a 10 mm thickness demonstrated an evaporation rate of 1.2 kg

0.6
—800 W m?2

q’g 051 —1000 Wm
it —1200 W m2
L —1400 W m
D
on
5 03 -
=
<
A
< 0.2 1
=

0.1 1

0 - T T T T
0 10 20 30 40 50

Time (s)

Fig. 8 Mass changes with time for CMB with 10 mm thickness under
the light intensities of 800, 1000, 1200, and 1400 W m~2.
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m 2> h™'.>* A free-standing water reservoir with a high energy
efficiency of 88 percent is made of C/MoS, microbeads elec-
trostatically grown on a 3D polyurethane sponge.”® The excellent
evaporation efficiency of the produced composite may result
from strong light absorption capacity of the MoS, nanosheets.
Because of the well-distributed MoS, nanosheets on the surface
of CF and the nanocrystalline size of the MoS, flower-like
structure, the internal electronic vibrations provide a rough
surface with high light reflectivity.®

4. Conclusion

In conclusion, we developed a facile method for fabricating
a superhydrophilic and flexible solar steam generator. The MoS,
nanosheets are successfully deposited on CF with improved
evaporation rates, utilizing a straightforward pH-controlled
hydrothermal process. The produced composites showed an
effective solar-thermal conversion efficiency of 79.7, 81.4, 83.2
percent to 84.7 percent, respectively, under 800, 1000, 1200, and
1400 W m~> of the sunshine. This was due to their good pho-
tothermal conversion, insulation, and quick water transfer. This
module can be improved to produce drinking water and desa-
linate water in an environmentally friendly manner.
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