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ABSTRACT
Interfacial solar desalination using plasmonic metal semiconductors is a valuable process for freshwater production. However, the

design of a sustainable and efficient photothermal evaporator is still challenging. In the present research, polyethylene terephthal-

ate waste bottles were upcycled into carbon foam (CF) and further functionalized with CuS nanoflakes as a photothermal layer.

Analytical characterizations (X-ray diffraction, Fourier transform infrared spectroscopy, Scanning electron microscopy, and

scanning transmission electron microscopy–high-angle annular dark field) demonstrated the successful decoration of two-

dimensional Covellite CuS nanoflakes on graphitic CF having microporous channels. UV/vis spectroscopy measurements show

enhanced optical absorption with CuS/CF of up to 95% compared to bare CF (72%). The photothermal desalination experiment

displayed an improved evaporation rate of 1.90 kgm−2 h−1 for the CuS–CF compared to 1.58 kgm−2 h−1 for the bare CF and CuS

1.41 kg m−2 h1, reveling the excellent water evaporation efficiency of 91%. The obtained results suggested that the design of

CuS-functionalized CF derived from waste plastic for solar desalination is a useful strategy to produce fresh water from the

upcycling of waste materials and a good example of circular economy through the development of engineered composite systems.

1 | Introduction

Considering waste as a resource is a vital strategy for the transi-
tion from a linear economy to a circular economy and can be
implemented in various ways such as durable design, mainte-
nance, repair, reuse, and remanufacturing [1, 2]. Due to high
dependence on plastic products, the end life of post-consumed

plastic is a huge obstacle. Plastics can be recycled into various
products, but recycling is mostly downcycling toward less recy-
clable or low-quality products [3]. The inappropriate manage-
ment of waste plastics has adverse effects on the environment
and affects human health by entering the food chain in the form
of micro and nanoplastic. Polyethylene terephthalate (PET)
belongs to a class of polyesters and is widely used in textiles,
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packaging, carpets, and single-use beverage bottles [4]. By the
end of 21st century, it is estimated that in the European
Union on land plastic disposal will increase from 4.73 × 105 to
9.1 × 105 tons, and in the ocean approximately from 2.5 × 107 to
1.3 × 108 tons [5]. To mitigate this urgency, the reduction of plas-
tic waste is strongly needed. Plastic disposal in landfills or its
incineration can cause severe environmental issues; alterna-
tively, great intention was paid to its conversion into value-added
products such as fuels, carbon-based materials, and fine chemi-
cals. Interestingly, plastic wastes contain carbon materials and
can be upcycled into a series of C-based structures such as carbon
nanotubes (CNTs), carbon nanosheets, graphene, carbon dots,
and porous carbon foams (CFs). Utilizing techniques such as
flash Joule heating, microwave heating, catalytic carbonization,
carbonization, and hydrothermal carbonization, it is possible to
tune the functionality of the synthesized carbon materials [6].
Plastic-derived carbon materials provide great environmental
and economic benefits and can have diverse applications in
the broad field of renewable energy such as in supercapacitors,
batteries, hydrogen production, or sustainable environmental
practices for pollutant adsorption/degradation, solar evapora-
tion, and CO2 capture [7–12].

On the other hand, water pollution is a serious and persistent
problem due to the rapid increase in urbanization [13]. Water
scarcity can be mitigated by treating seawater resources that
are widely available on earth, but saline water treatment is
very complex. Numerous technologies are available to treat
saline water such as the use of membranes, thermal technique,
electrochemical processes, advanced oxidation, coagulation–
flocculation, and ion exchange process [14]. Recently, a new
concept of solar desalination has been introduced, to exploit solar
light, because solar energy is the most abundant and cost-
effective renewable energy and provides energy equivalent to five
million tons of coal when solar radiation irradiates on the earth in
1 s [15]. An ideal solar evaporator must consist of an efficient pho-
tothermal layer and a matrix material with a hydrophilic porous
channel that not only provides a water channel, but also prevents
heat loss [6, 16]. In the literature, some studies are reported on
low-cost solar evaporators such as CNTs, graphene, graphene
oxide hydrogel, and wood-based material for solar evaporation
[17–20]. But these materials could not meet the significant require-
ments of ideal solar evaporator such as high UV/vis absorption to
the infrared (IR) region [12], low thermal conductivity [21], high
surface temperature, [22, 23] and high hydrophilicity [12] for an
enhanced evaporation rate. Recently, CF-based material has
attracted great attention for solar evaporator devices due to various
advantages such as meso/microporous channels, maximum light
absorption from UV/vis to near-IR (NIR), highly reduced heat loss,
and lightweight [21–24]. The architecture of the CF includes the
sp2 strips of graphene and the sp3 carbon atom junction which
leads to the porous 3D structure. This architecture owing to the
properties of lightness, high specific surface area, and porosity is
a good substrate for decoration with metallic nanostructures in
3D pores with high chemical and thermal stability, resulting in
an excellent composite system for energy application [25].

Due to large thermal conversion, plasmonic metals such as gold,
silver, and platinum nanoparticles are extensively studied for
solar desalination to harvest solar energy and transform it into
heat [26–28]. However, their high cost and scarcity have limited

their application in solar evaporation. In this framework,
copper-based materials can provide significant advantages due
to their low cost over precious metals, environment-friendly
behavior, excellent LSPR, and photothermal properties [29, 30].
All these features guarantee the harvesting of solar radiation with
increased optical absorption toward near-IR (NIR) region [31].

Due to the high versatility of CF for solar desalination process,
ongoing research has been reported while the combination with
nanostructured such as plasmonic metals is rarely reported. The
development of composites for efficient solar evaporator devices is
still challenging, but these systems are expected to provide a high
solar evaporation rate due to high-temperature surface and mor-
phological advantages. Capitalizing on this concept, we upcycled
waste PET into CF to achieve micropores that function as water
channels and further decorate the CF for the first time with
hydrophilic Covellite CuS that is expected to harvest more solar
radiation to enhance the evaporation rate. The CuS nanoflakes
decorated CF presented enhanced absorption to harvest solar
radiation with an enhanced evaporation rate. The obtained results
will assist researches focusing on the rational development of low-
cost narrow bandgap energy material from waste plastic for inter-
facial solar desalination to produce fresh, promoting sustainable
circular economy practices. In addition, the presently suggested
strategy avoids the use of cobalt, which was previously applied
in our research, but which is a harmful solution for the risk of
cobalt contamination both in the environment and in the fresh
water obtained at the end of the desalination process.

2 | Results and Discussion

The Covellite phase of CuS was decorated on CF (derived from
the carbonization of waste PET bottle) using the hydrothermal
method (Figure 1). X-ray diffraction (XRD) analyses of synthe-
sized CF, CuS, and CuS–CF were performed in the angular range
20°–80° to investigate the phase and crystal structure (Figure 2).
The XRD pattern of the CF shows the broad Bragg peak at
2θ= 18°–32°, attributed to the graphitic (002) plane (JACPDS
no. 41–1487), in agreement with previous results from the litera-
ture [21, 32]. CuS grown on CF exhibits the Covellite phase with
diffraction peaks at 2θ values of 27.1, 31.7, and 47.7° correspond-
ing to the three crystal planes (100), (103), and (107) of Covellite
CuS (JACPDS no. 06–0464). A similar XRD pattern with the rel-
ative intensity of the (103) and (101) peaks was reported for the
pure Covellite structure [33, 34].

Scanning electron microscopy (SEM) was performed to analyze
the surface morphology of synthesized CF and the CuS growth
on the CF (Figures 3 and S1 and S2, Supporting Information).
The SEM images of CF present an apparent open-cell pores struc-
ture (Figure 3a), which is due to the physical templating effect of
molten salt and foaming features that occurred due to small mol-
ecules such as H2O and CO2 during degradation that leads to the
development open cell pores [21]. The SEM images of the CF
present flat sheets which reflect the existence of multilayer gra-
phitic sheets corresponding to the recently reported morphology
of CF [32, 35]. In the literature, a similar surface morphology is
reported for the occurrence of micropores on the flat sheets of CF
due to aggregation of eutectic salts ZnCl2/NaCl [24]. The SEM
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images in Figure 3b,c present the successful decoration of CuS
nanoflakes that are randomly distributed in CF surface, and
the nanoflake’s morphology well matches well with the recently
reported study Shifa et al. [34] The elemental compositions of the
samples were investigated with energy-dispersive X-ray spectros-
copy (EDX). Elemental mapping of CuS–CF evidences the uni-
form distribution of Cu and S on the CF surface (Figure 3d,e).
The transmission electron microscope (TEM) analysis was
performed for a more detailed nanoscale analysis, particularly
of copper-based crystals. Detailed results are presented in
Figure 3g–i and Figure S2, Supporting Information. TEM analysis
confirms the successful growth of nanoflakes with varying
dimensions of flakes. High-magnification TEM micrographs
for the thinner crystal investigation have confirmed the polycrys-
talline Covellite phase of CuS and the overlap of several layers
(Figure 3g–i). The obtained d-spacing values of 0.33, 0.19, and
0.28 nm were successfully matched the corresponding XRD
patterns with the crystal planes (100), (103), and (107) for the
Covellite phase of CuS. Furthermore, high-angle annular dark-
field scanning transmission electron microscopy (HAADF–
STEM) images show how the flakes are randomly placed, resulting
in highly different contrast. This observation can be explained by
differences in density, not chemical composition. Electrons

passing through a multilayer flake placed on the short side must
go through thicker material due to the single layer being almost
two-dimensional, as shown by the yellow arrow (Figure 3f ). To
confirm these observations, EDS analyses of the CuS flakes were
carried out, taking into account the STEMmicrograph in Figure S2
g,h, Supporting Information, as a reference, to better define the
atomic ratio between Cu and S, taking advantage of the higher
spatial resolution guaranteed by STEM mode. The S/Cu atomic
percentage ratio matches perfectly with the 1:1 of CuS in both
cases, confirming all structural observation made by XRD,
SEM–EDS, and high-resolution TEM (HR-TEM) (S/Cu= 1,05
for point 1 and 0,91 for point 2).

The survey of X-ray photo-electron spctroscopy (XPS) spectrum
shows that the bare CF consists of C, N, and O, as is evident in
Figure S3, Supporting Information, and the survey that of CuS-
functionalized CF comprising C, N, O, Cu, and S (Figure 4a). The
high-resolution C 1 s core-level spectrum can be deconvoluted
into three contributions, ascribed to C═N (288 eV), C─N
(286.3 eV), and graphitic carbon C─C (284.8 eV). The O 1 s
core-level spectrum can be fitted with two contributions COOH
(531.5 eV) and C─O (533.01 eV). The high-resolution N 1 s
spectrum is deconvolved into two peaks, ascribed to graphitic
N (400.2 eV) and pyridinic N (398.7 eV) species (Figure S3,
Supporting Information). The obtained binding energies of
C 1 s, O 1 s, and N 1 s peaks are well matched with the reported
results [21]. The high-resolution Cu 2p spectrum in Figure 4e
exhibits the doublet 2p3/2 and 2p1/2 at 932.6 and 952 eV, respec-
tively. Figure 4f displays the S 2p core-level spectrum which
exhibits two doublet with the 2p3/2 at 162.3 and 164.2 eV,
assigned to sulfide of Covellite CuS nanocrystals and S(0), respec-
tively [34]. In the case of CuS–CF, the high-resolution C 1 s, O 1 s,
and N 1 s spectra are almost the same as the spectra obtained
from the CF, clearly indicating that the functionalization of
CF with CuS does not affect the graphitic character of CF.
The CuS–CF sample is rich in C, N, and O content confirming
its graphitic nature, which enables its hydrophilic characteristics.

Fourier transform infrared spectroscopy (FTIR) analysis was per-
formed to identify the functional groups present on the CF and to
confirm the CuS nanoflake’s growth (Figure 5a). A broad peak at
3420 cm−1 is observed for the stretching vibration of ─OH and

FIGURE 2 | X-ray diffraction patterns of CF-, CuS-, and CuS-decorated

CF. CF= carbon foam.

FIGURE 1 | Graphical illustration of carbon foam synthesis and functionalization of CuS nanoflakes on carbon foam powder for interfacial solar

desalination experiment.
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the asymmetric stretching vibration of ─NH. The peak for the
stretching vibration of COOH is observed at 1720 cm−1, while
the graphitic structure is confirmed by the presence of C═N
stretching and benzene vibration. Furthermore, the presence
of oxygen in the graphitic CF skeleton is also confirmed by
the presence of small peaks related to C─O bonds at 1114 and
1280 cm−1. The functional groups in CF matched well with
the reported studies on CF [21, 32]. Interestingly, FTIR analysis
of the CuS–CF sample shows the advent of new peaks absent in
pure CF. The additional peak at 617 cm−1 ascertains the success-
ful growth of CuS nanoflakes (Figure 5a). Wang and coworkers
reported the growth of CuS on a graphene scaffold and reported
similar peak observations for CuS [36, 37]. Moreover, there is no
major distortion in the functional groups of graphitic CF after
functionalization with CuS nanocrystals, suggesting that the
growth of CuS did not alter the structure of the CF platform.

An efficient solar steam generator must have the following char-
acteristics: high light absorption, low thermal conductivity, and
porous channel morphology to facilitate the escape of vapors.
Almost half of the solar radiation energy lies in the IR region,
and IR absorbing material should have an enhanced capacity
to harvest radiation in the IR region for photothermal application
[37]. Focusing on the basic principle for good performance of
synthesized CF and CuS–CF, the light absorption properties of

the CF, CuS, and the CuS–CF composite were measured
(Figure 5b). The obtained results showed the excellent light
absorption of CF powder in the UV–vis region (more than
95%) while a decrease in absorption toward the NIR region
(from 95% to 72%, Figure 5b) was reported. Similar optical
absorption has been reported for CF powder for solar steam gen-
eration [21]. The CF-functionalized with the CuS Covellite phase
exhibited more than 95% steady light harvesting from UV–vis
toward NIR region, indicating the successful enhancement of
light absorption due to the CF functionalization with CuS.
Bumping of material efficiency for enhanced optical absorption
of CuS–CF was achieved due to the local surface plasmon reso-
nance (LSPR) of the Covellite phase of CuS which leads to free
carrier. The conductive oscillation of conduction electrons gen-
erated the LSPRs effect after interaction with photon radiation.
Our result here agrees with the report of Tao et al. who stated that
Covellite CuS shows optical absorption in the visible region
(maximum around 650 nm) due to the LSPRs of the free carrier
(holes) [33]. Covellite CuS is a p-type semiconductor that shows
localized surface plasmonic absorption in the NIR region [38].
The nanoflakes of Covellite CuS generate the free holes, which
are directly attributed to the cation vacancies due to copper defi-
ciency. The other phases Anilite (Cu1.75S), Digenite (Cu1.8S),
Djuleite (Cu1.96S), and Chalcocite (Cu2S)) do not present
LSPRs effect due to the high copper concentration [33, 39].

FIGURE 3 | (a) SEM image of CF. (b,c) SEM images of CuS nanoflakes on CF. (d–f ) SEM–EDSmass sum spectrum and elemental mapping of CuS-CF.

(g,h) TEM and HR-TEM of CuS nanoflakes. (i) STEM–HAADF of CuS nanoflakes. CF= carbon foam; EDX= energy-dispersive X-ray spectroscopy;

HAADF= high-angle annular dark field; HR-TEM= high-resolution transmission electron microscope; SEM= scanning electron microscope;

STEM= scanning transmission electron microscope; TEM= transmission electron microscope.
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The solar thermal desalination experiment was conducted under
simulated solar light (AM 1.5G 1 Sun irradiation) by depositing
the synthesized CF powder, CuS, and CuS–CF on the glass micro-
fiber membrane. The evaporation rate of solar evaporators (CF,
CuS, and CuS–CF) and glass microfiber under 1 Sun irradiation
and in the dark is presented in Figure 6 . Before running the solar
desalination experiment, the surface temperatures of photother-
mal membranes were measured under dry conditions under
1 Sun irradiation using a photothermal camera. A steady temper-
ature is reached after less than 5min of irradiation for investi-
gated samples. The maximum surface temperature of 75.1°C
was achieved in the case of CuS–CF sample compared to CF

powder and CuS (68°C and 62.8°C) Figure 6a,b. The results
are presented in Figure 6b and illustrate the continuous and
rapid increase in surface temperature to an asymptotic level
reached after less than 5min of irradiation. In the case of the
CuS–CF sample, the rapid increase of the temperature can be
attributed to the LSPRs effect of the CuS Covellite phase and
the architecture of CF that prevented loss of heat. The obtained
dry surface temperature 75.1°C was achieved higher than that
recently reported cobalt and nickel selenite hydrates (67 and
57°C) [23]. The wet surface temperatures of CF, CuS, CuS–CF
materials were also presented in Figure S4, Supporting
Information. The surface temperature during photothermal

FIGURE 4 | (a) XPS spectrum of CuS–CF. High-resolution (b) C1s, (c) O1s (d)N1s (e) S2p and (f ) Cu2p spectrum of CF. CF= carbon foam.

FIGURE 5 | (a) FTIR and (b) UV–vis absorption spectra of CF- and CuS-functionalized CF. CF= carbon foam and FTIR= Fourier transform infrared

spectroscopy.
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desalination was significantly higher for CuS–CF (41.4°C) com-
pared to the literature reported for CuS membranes (35.2°C)
under 1 Sun radiation [33].

The solar thermal experimental results presented an excellent
average evaporation rate for CF (1.58 kg m−2 h−1) and an even
further enhanced evaporation rate for CuS–CF (1.90 kgm−2 h−1,
Figure 6c) compared to CuS (1.41 kgm−2 h−1). The excellent
water evaporation rate was achieved due to the existence of pores
in the CF shown in surface morphology images obtained with
SEM (Figure 3a), enhancing the capillary movement of water.
Moreover, the presence of hydrophilic oxygen and nitrogen
groups helps to boost water transport toward the photo-
thermal layer along with capillary action through the pores
in CF to allow water vapors escape during interfacial evapora-
tion. A similar mechanism has been reported in the literature
for CF powder on polyvinylidene fluoride (PVDF) membrane
which demonstrated an evaporation rate of 1.62 kgm−2 h−1

[24]. The present study revealed a promising average evaporation
rate of 1.58 kg m−2 h−1 for bare CF powder on glass wool mem-
brane compared to the recently reported evaporation rate of
1.27 kgm−2 h−1 for CF powder on PVDF membrane [21]. An
enhanced evaporation rate of 1.90 kgm−2 h−1 has been achieved
for CuS–CF compared to CF due to hydrophilic nanoflakes
decoration which provides an LSPRs effect. The change in mass
(kgm−2) of water during the desalination experiment was
recorded and presented a continuous reduction in mass
(Figure 6d). This effect demonstrated the salt resistance efficiency
of a synthesized photothermal generator with the capacity of

pores capability in CF to facilitate water transport [21]. The pres-
ent investigation shows a remarkable enhancement in the evap-
oration rate of CuS–CF (1.90 kgm−2 h−1) compared to the
previously reported evaporation rate of CuS nanoflowers on
semipermeable colloidal membranes that reported evaporation
rate as 1.09 kgm−2 h−1 under 1 Sun radiation. The hydrophilicity
of the solar evaporator plays a significant role in the evaporation
rate [33]. The contact angle measurements presented in
Figure 7a show the rapid absorption of water droplet in less than
a second for both CF and CuS–CF. This experimental evidence
indicates that the Covellite CuS semiconductor has a hydrophilic
character and does not negatively affect the hydrophilicity of the
CF. The high hydrophilicity of the material was achieved due
to the presence of oxygen and nitrogen in the graphitic skeleton
of CF.

The experiment for the sample CF and CuS–CF was repeated
three times and the mean evaporation rate with standard error
bar is presented in Figure 7b. Moreover, the DSC analysis was
carried out to calculate the water vaporization enthalpy to eval-
uate the energy consumption of water (heat flow versus temper-
ature) that is required to investigate the reason underlying the
evaporation efficiency of the best-performing sample CuS–CF.
The analysis was carried out at 5°C/min and it gives water vapor-
ization enthalpy of 1897 J/g. Evaporation efficiency (η) is calcu-
lated by using the following equation

η=
ṁhlv
Coptqi

(1)

FIGURE 6 | (a,b) Thermal images and rise in the dry surface temperature of the membranes, (c) evaporation rate, and (d) change in mass of CF, CuS,

and CuS–CF membrane under 1 Sun radiation during photothermal desalination process. CF= carbon foam.

6 of 9 Solar RRL, 2025

 2367198x, 2025, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/solr.202400777 by C

ochraneItalia, W
iley O

nline L
ibrary on [19/05/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



where ṁ is the mass flux kgm−2 s−1, hlv is enthalpy of liquid to
vapor phase change, and Copt is optimal concentration and qi is
solar radiation (1 KW/m2). The results revealed an excellent evap-
oration efficiency of 91% proving the performance of CuS–CF as
the solar evaporator. The CuS–CF solar evaporator ascribed excel-
lent evaporation efficiency of 91.17% compared to literature
reported efficiency of CF/PVDF 53% and CuS/SCM 68.6%
[19, 31]. Stability tests of CuS–CF were performed to investigate
the effect of salt accumulation on evaporation rate. The schematic
diagram of the experimental setup and real photos of the experi-
ment are presented in Figure S5a,b, Supporting Information. The
photographs of solar evaporators before and after the desalination
experiment presented in Figure S5c, Supporting Information,

show that there is no salt crystal present on the surface of solar
evaporators but slight decrease in evaporation rate is noted that
might have occurred due to salt accumulation in cotton sponge
that works as a water transport channel. By comparing the
obtained results from the CuS–CF sample with the recently
reported carbon- and copper-based solar evaporators, the present
study provides a significantly higher evaporation rate, as reported
in Table 1. The successful enhancement of the evaporation rate
can be ascribed to the combined effect of the hydrophilic graphitic
CF micropores, which facilitate water transport, preventing heat
losses due to the low thermal conductivity of CF, along with the
photothermal properties of Covellite CuS–CF, which lead to strong
solar light absorption and enhanced evaporation rate.

TABLE 1 | Comparison of present study evaporation rate with recently reported solar evaporators.

Photothermal material Evaporation rate (kg m−2h−1) Surface temperature (dry,°C) Reference

Carbon foam/PVDF 1.27 75 [21]

CuS nanoflowers 1.09 35 [33]

Chitin/CuS composite 1.52 84.1 [31]

Cu2SnSe3 1.62 40.1 [40]

Wood CNT 0.95 36.2 [41]

Fe3O4 at polydopamine 1.002 47 [42]

Graphene oxide aerogel 1.39 40 [19]

CuS nanoflakes/carbon foam 1.90 75.1 Present study

FIGURE 7 | (a) Contact angle measurements, (b) average evaporation rate of CF and CuS–CF with error bar, (c) DSC analysis of CuS–CF, and

(d) stability test of CuS–CF. CF= carbon foam and DSC= differential scanning calorimetry.
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3 | Conclusion

Interfacial solar desalination is an appealing technology to pro-
duce freshwater. In this study, we upcycled the waste PET plastic
into graphitic CF and we further functionalized it with 2D
Covellite CuS nanoflakes to enhance the evaporation rate. The
morphology and structure of the material produced have been
clearly defined using techniques such as XRD, SEM, HR-TEM,
STEM, XPS, and EDS. The LSPRs effect on Covellite CuS remark-
ably enhanced the capacity of CF to harvest solar radiation,
reaching more than 95% absorption from the UV/vis to NIR
region. The CuS/CF showed an enhanced evaporation rate of
1.90 kg m−2 h−1 compared to the bare CF (1.58 kgm−2 h−1) with
an evaporation efficiency of 91.17%. This work suggests a very
promising sustainable development of new photothermal mate-
rials from waste plastic, combined with functionalization with
low-cost plasmonic metals for freshwater production via interfa-
cial solar desalination. This strategy may help to mitigate the
water and plastic crises, enabling the upcycling of plastic wastes
in a circular economy model.

4 | Experimental Section

4.1 | Reagent and Chemicals

All the chemicals and reagents that are used in this study were
purchased from Sigma Aldrich, NaCl, ZnCl2, melamine, HCL,
CuNO3·3H2O, and thiourea.

4.2 | Synthesis of CuS–CF

Initially, the CF (yield= 35.95%) was prepared by the already
reported method, 1.5 g of the waste PET bottle sheets was mixed
with 3 g ZnCl2/NaCl (58/42 wt%) and 0.75 g of melamine,
the mixture was pyrolyzed in a muffle furnace at 340°C for
30 min with a heating rate of 10°C. After that, the obtained black
foam was washed using dilute 0.5 M HCl and deionized water
until pH neutral. Finally, the obtained CF was dried in an oven
at 50°C overnight, packed, and labeled as CF. After the successful
synthesis of CF, the CuS was decorated by following the already
reported method, 0.2 mmol of CuNO3·3H2O, 2 mmol of thiourea
and 0.15 g of CF powder were stirred in 80 ml of deionized water
for 20 min. Then, the prepared mixture was added to a Teflon-
autoclaved for hydrothermal treatment for 12 h at 120°C, with
a filling ratio 3:1. Finally, the obtained black powder was centri-
fuged and washed with deionized water and ethanol, and the
powder material dried at 50°C overnight and labeled as
CuS–CF. The same procedure was used for the synthesis of
CuS without the addition of CF.

4.3 | Characterization

The XRD analysis for synthesized samples was performed using
on a Philips PW1050/37 diffractometer. XPS measurements were
carried out on a PHI Versa Probe II Scanning XPS Microprobe
spectrometer using a monochromatic Al Kα radiation as the
excitation source (200 μm diameter, 25.0W, 15 kV, 1486.6 eV).

The SEM–EDX analysis was performed with a Zeiss SUPRA
35VP field-emission SEM with acceleration voltage 5–20 kV
coupled with an EDS (Oxford Instruments, INCA) at 20 kV. HR-
TEM and high-angle annular dark field (HAADF)-STEM micro-
graphs were recorded via Tecnai F20T TEM FEI equipped with a
200 kV Schottky emitter. The TEM is equipped with a MSC794
Gatan CCD camera, a Fischione HAADF–STEM detector, and a
double-tilt sample holder. The elemental analysis was carried out
by EDS, coupled with STEM-HAADF to map elemental distribu-
tion. The IR spectrum was recorded with an FTIR spectrometer
(Nicolet 6700 FT-IR Spectrometer). The UV/vis spectroscopy
measurements were carried out using ultraviolet–visible spectro-
photometer LAMBDA 1050+, Perkin Elmer, with an integrating
sphere. The contact angle measurements was carried out using
the FTA 1000 Analyzer System with 1 × 1 cm piece from the
already prepared membrane for the photothermal desalination
experiment. Differential scanning calorimetry (DSC) analysis
was performed using a 1020 Series DSC 7 thermal analysis system
and the temperature range was selected as 20–150°C at 5°C/min.

4.4 | Solar Evaporation Test

The solar evaporation experiment for CF and CuS–CF powder
was conducted under 1 Sun radiation separately with a relative
humidity 34.8%; the 0.1 g of synthesized material was sonicated
for 10 min and deposited on a glass microfiber membrane using
vacuum filtration and the membrane was dried in the oven at
60°C. The 45 ml of brine solution in a 50 ml beaker was taken
along with a cotton sponge that facilitated saline water transport
and the beaker was covered with polyethylene foam as a thermal
insulator. A piece of membrane 1 × 1 cm was placed on a cotton
sponge and the experiment was carried out to measure the dry
and wet surface temperature and evaporation rate for 1 h under 1
Sun radiation using the solar simulator. The change in mass was
calculated by using an analytical balance and solar evaporation
was calculated with the following equation:

Evaporation rate=Δm=S× τ (2)

where Δm is the mass loss of water (kg), S is the area of the evap-
oration (m2), and τ is the evaporation time (h).
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