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of plasmonic/reduced graphene oxide based
copper oxide nanocomposites
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Water desalination via solar-driven interfacial evaporation is one of the most essential technologies to limit
the problem of global freshwater scarcity. Searching for a highly efficient, stable, eco-friendly, and cost-
effective solar-absorber material that can collect the full solar spectrum is critically important for solar
steam generation. This study reports the development of a new solar thermal evaporation system based
on plasmonic copper oxide/reduced graphene oxide (rGO). The silver nanoparticles in the composite
exhibit a very strong solar absorption. Also, rGO and CuO nanoparticles offer excellent thermal
absorptivity. Polyurethane was used as the support and as a thermal insulator. Moreover, filter paper was
used for fast water delivery to the surface of the solar absorber. Ag/CuO-rGO nanocomposite is
manifested to be one of the most efficient solar-absorbers reported to date for solar desalination which

exhibits an average 2.6 kg m2 h™!

evaporation rate with solar thermal efficiency up to 92.5% under 1
sun irradiation. Furthermore, the composite has excellent stability and durability as it displays stable
evaporation rates for more than 10 repeated cycles in use, with no significant decrease in the activity.
Besides, the successful removal of various organic dyes from contaminated water is also revealed,
resulting in the production of clean condensed freshwater. Finally, this work commences a new avenue

of synthesizing cost-effective thermal absorbers based on metal oxides.

Introduction

Freshwater scarcity and energy shortage have become two of the
most fundamental global challenges. Although water covers
three-quarters of the Earth's surface, 97.5% is undrinkable
saline water including seawater, wastewater, and brackish
water."” Freshwater lack all over the world is due to population
growth, environmental pollution, agricultural activities, indus-
trial expansion, and abuse of water usage.*® Currently, several
seawater desalination technologies exist, including multiple-
effect distillation, electro-dialysis, multi-stage flash distilla-
tion, capacitive deionization, reverse osmosis, and desalination
batteries.®® These dominant strategies require electrical energy
more than 0.4% of the worldwide electricity generation
capacity.’ Innovative desalination strategies that would mini-
mize energy use and costs are in persistent need, such as the
solar evaporation technique that uses free and abundant solar
energy to produce fresh water from brackish water, seawater,
and contaminated water.>'!

Solar energy is the most abundant renewable natural
resource available and can be used in several processes as
photocatalysis,">** photovoltaics,” and solar steam genera-
tion.”'® The solar steam generation (SSG) technique will have
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various applications in industry and power plants to reduce the
production cost.'” Typically, the interfacial evaporation system
consists of a bilayer configuration, in which the bottom sup-
porting layer is used to pump water to the top layer to inces-
santly replenish the water missing as well as reduce heat loss,
and the top layer is a photothermal material used to promote
the sunlight absorbability and improve the efficiency of solar
thermal conversion.™

Photothermal materials used in the SSG system can effi-
ciently collect solar light and convert it to thermal energy to heat
the water at the interface in place of directly heating bulk water
to lower heat loss and enhance the efficiency of light-to-vapor
conversion."*® The absorption of broadband light and the
high wettability of the photothermal layer are the key issues
required for high-efficiency solar desalination. Additionally, the
feasibility of scaling up and cost-effectiveness are unavoidable
for real-world applications. The currently employed photo-
thermal materials for solar desalination are metals with surface
plasmon resonance (SPR) absorption which show over 95%
absorption of sunlight. Plasmonic metals have been demon-
strated for efficiently heating water to temperatures above the
boiling point of water.>*>® Most recently, metal nanoparticles,
especially gold,* silver,”® alumina,* and other nanoparticles>®
have been proposed for steam water generation under solar
irradiation. However, the complicated fabrication process, high
cost, and potential safety issues have been hindering high-
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volume production, which limits their possible practical appli-
cations.”® Eying to solve the high-cost problem that plasmonic
metals-based evaporators have, other solar absorbers are sought
with SPR as well as with some transition metal semiconducting
materials.”

In addition to plasmonic metal nanoparticles, nano-
structured carbon-based materials as graphene oxide (GO),
reduced graphene oxide (rGO), and single-wall carbon nano-
tubes, have recently been used in photothermal energy
conversion due to their ability to absorb light over the visible
part of the electromagnetic spectrum and convert this light into
heat with excellent photothermal transduction properties.>**°
Graphene-based photo absorber materials have attracted
remarkable interest in solar desalination because of facile
fabrication, well-controlled microstructures, and efficient light
absorption.** For example, Shi et al. synthesized rGO-based
porous as a photoabsorber material and reported a water
evaporation rate corresponding to 1.31 kg m~> h™" under 1 sun
illumination.* The photothermal effects by plasmonic metal-
graphene nanocomposites as graphene oxide nanosheets-
based copper, gold, or silver nanoparticles have also been re-
ported.*>** Moreover, it has been revealed that the GO interface
improves photothermal effect of the plasmonic nanoparticles
which increases the water temperature to above 105 °C with
direct sunlight without any focusing mirrors or lenses.** These
results suggest that the plasmonic-graphene oxide nano-
composites are the best photothermal absorbers used in pho-
tothermal water distillation systems.

Distinct from metal materials, metal oxide type of semi-
conductors with a narrow bandgap between the valence and
conduction bands have opened up new ways for the absorbance
of solar energy.*” By tuning the composition, size, and structure
of the semiconductors, the position of the VB and CB can be
adjusted, thus modulating the energy band-gap and light
absorption capability.*® These materials absorb the light to
generate electron-hole pairs and the solar light with higher
energy than its band-gap would create above-bandgap electron-
hole pairs, which would then relax to the band edges and
convert the extra energy into heat.’” Recently, some semi-
conductor metal oxides with narrow bandgap as MoO;
quantum dots, hydrogenated black TiO,, and Ti,O; nano-
particles have also been reported as photothermal materials for
solar desalination.'*® Although these materials, have a high
solar energy conversion efficiency, however, its large-scale
application is limited by inflexibility, poor stability, low yield,
and high cost.’® Among metal oxide semiconductors, copper
oxide (CuO) is a p-type semiconductor with a narrow bandgap of
1.2 eV and high optical absorption coefficient so it is considered
as one of the promising selective solar absorbers.*

Herein, we report the preparation of a low-cost semi-
conductor, nanostructured copper oxide (CuO), as one of the
viable solar absorbers due to its high solar absorptance, low
thermal emittance, and facile and cost-effective synthesis at low
temperature.*’ To achieve a high evaporation rate, we demon-
strate solar thermal collector nanocomposite, plasmonic
reduced graphene oxide-based copper oxide (Ag/CuO-rGO).
RGO exhibits a broad light absorption and a large superficial
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area, which provide a favorable distribution profile for CuO and
Ag NPs.** Moreover, the abundant pores of CuO can confine the
light in the composite and Ag NPs enhanced the solar absor-
bitivy.*> In this study, we fabricated a floating solar steam
generation device involving a bottom thermal insulation stand
(polyurethane foam, PU), and a top photothermal composite
sprayed onto the filter paper substrate by a simple method. The
brine was transferred to the surface through the stand wicks
and the filter paper channels. Therefore, salt can precipitate on
the filter paper then rapidly dissolved by continual water supply,
which is the reason for the stable rate of evaporation. The
experimental results display that the flexible Ag/CuO-rGO pho-
tothermal paper has potential applications in seawater desali-
nation. These materials also have several advantages as
excellent stability, high solar evaporation efficiency, long-time
durability, and successful elimination of organic dyes from
contaminated wastewater through the solar desalination of
wastewater.

Experimental

Materials and chemicals

Graphite powder (99.99%), copper acetate (Cu(OAc),-H,0),
sodium hydroxide (NaOH), hydrogen peroxide (H,O,, 30%
aqueous solution), and hydrochloric acid (HCI) were purchased
from Alfa-Aeser Co. sulphuric acid (H,SO,;, 98%), sodium
nitrate (NaNOj3), silver nitrate (AgNO;), ethanol (C,HsOH), i-
ascorbic acid (L-AA) and ammonium hydroxide (NH,OH, 25%)
are supplied from Sigma-Aldrich chemicals. All chemicals were
used without any further purification.

Synthesis of graphene oxide (GO)

Graphene oxide was synthesized from graphite flakes via
modified Hummer's method;** sodium nitrate (2.5 g) was added
to 115 mL of concentrated H,SO, and stirred for 30 min in ice-
cold water. Graphite powder (5 g) was added to the reaction
mixture and stirred for 2 h at (0-5 °C), and then 15 g of KMnO,
was slowly added to the reaction mixture. The mixture was
continuously stirred for 2 h and then removed from the ice bath
and stirred at 30 °C till the formation of a brownish paste. A
300 mL of hot water was added and completed to 1 L with cold
deionized water. Finally, the reaction was terminated by the
addition of 20 mL of H,0,. Then the obtained precipitate was
centrifuged and washed with HCI (8%) followed by DI water for
multiple times then filtered, dried at 60 °C, and grind in fine
powder form.

Synthesis of 20 wt% CuO-rGO nanocomposite

Typically, 500 mg of GO in 20 mL of ethanol was ultrasonically
dispersed for 1 h. Then the dispersion was mixed with 0.125 g of
Cu(OAc),-H,0 and magnetically stirred for 30 min at room
temperature. An equivalent amount of NaOH solution was
prepared in 20 mL ethanol and then added to drop wisely into
the reaction mixture. After sonication at room temperature for
10 min, the solution was heated at 80 °C for 2 h till the
formation of brownish-black suspension. The as-synthesized
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product was isolated by centrifugation, washed three times with
ethanol and DI water, and finally dried in a vacuum oven at
70 °C for 12 h. CuO nanoparticles were also prepared by the
same method without adding GO.

Synthesis of plasmonic CuO-rGO nanocomposite

2% Ag/CuO-rGO nanocomposite was prepared through simul-
taneous reduction of AgNO; using r-ascorbic acid as a green
reducing agent. 100 mg CuO-rGO was ultrasonically dispersed
in 20 mL deionized water for 30 min, then the pH of the
suspension was adjusted to 10 by NH,OH. The desired amount
of AgNO; solution was slowly added to the dispersion and
stirred at 80 °C in a water bath for 10 min. Next, L-AA solution
was added at a concentration that maintained the weight ratio
between AgNO; and L-AA fixed at 2.07. Finally, the mixture was
held at 80 °C for 30 min and was then centrifuged, washed, and
dried under vacuum at 70 °C for 10 h.

Material characterization

The as-synthesized samples were characterized by several
analysis techniques. FT-IR analysis was performed using
a MATTSON FT-IR-50008S spectrophotometer (4 cm ™" resolution
and 32 scans) with diamond attenuated total reflectance
(DATR). Light absorbance of the prepared materials was
measured using a double beam UV-vis spectrophotometer (AE-
S90-2D) over the spectral range 190-700 nm. X-ray diffraction
patterns (XRD) of samples were tested at high angle 26 from 4 to
70 using a Bruker device with Cu-Ko. radiation (2 = 1.5418 A)
under the following conditions; step size of 0.02, 40 kV, 30 mA,
and scan step time of 0.80 seconds. The morphology of nano-
particles was examined by transition electron microscopy (TEM,
Joel JEM-2100). An infrared radiation (IR) camera (htti-xintai)
and thermocouple were used respectively to measure the
temperature of the thermal absorbers during the desalination
process. The inductively coupled plasma-optical emission
spectrometry (ICP-OES), and UV-vis spectrophotometer were
used to determine the concentration of metal ions and the dyes
in solution before and after desalination tests, respectively.

Synthesis of the photoabsorber materials on the air-laid paper

The schematic of the photo absorber preparation is shown in
Scheme 1. Firstly, 50 mg of the prepared samples GO, CuO,
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CuO-1GO, Ag-rGO, and Ag/CuO-rGO respectively were separately
added in 10 mL deionized water, and the mixture was ultra-
sonically dispersed for 30 min. Subsequently, the aqueous
suspension of each photo absorber was poured into the filter
paper (6 cm diameter) and the paper was dried at 90 °C for
15 min. Then, the paper was thermally treated under vacuum at
150 °C for 2 h to obtain the photothermal paper.

The bottom part of the solar steam generation system was
made of piece commercial polyurethane foam (low thermal
conductivity) with drilled holes. The holes were filled with the
hydrophilic substrate as cotton for water supply. Then the top
photothermal absorber membrane was directly placed on the
bottom stand.

Evaporation performance under one sun

A xenon lamp (300 watt) with AM 1.5 G filter was used as
a simulated sunlight source and the illumination power of Xe
lamp was adjusted to 1 sun = 1 kW m ™. The steam generation
experiment was performed under an ambient temperature of
22 °C £ 3 °C and a humidity of 50% for 60 min. The solar steam
generation device was floated in a 250 mL beaker with 200 mL
DI water or saline water. The water weight loss in real-time
through evaporation was monitored using an electronic
analytical balance (1 mg inaccuracy) every 5 minutes. The
temperature distribution of all vapor generators before and
after illumination was recorded by an IR-camera and thermo-
couple, respectively.
The evaporation rate (v) can be calculated using eqn (1):*

dm
Y= Sdi ®

where m is the weight of the evaporated water, S is the surface
area of the photothermal membrane and ¢ is the time of illu-
mination. Significantly, the evaporation rate of the system in
dark was also measured and subtracted from all the measured
evaporation rates under illumination.

The energy efficiency (n) can be calculated using eqn (2):****

H.v
= 2
Qin ( )
where H. is the total enthalpy of liquid-vapor phase transition of

pure water (2394 kJ kg~ ' at 45 °C) and sensible heat (= C, AT, C,,
= 4.2 k] kg K™' and AT is the increase in the temperature of

n

Modified Graphene oxide

GO
+
Cu Source
and/or
Sour

Polyurethane Foam

il

Scheme 1 Schematic of solar steam generation device based on the prepared photothermal membranes.
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absorber surface), v is evaporation rate (kg m > s~ ') mentioned
above and Q;, is the density of the incident solar illumination (1
kW m ™).

Artificial seawater and wastewater preparation

The artificial seawater sample was prepared to determine the
utility of the prepared materials in the solar desalination of
seawater. The artificial sample was prepared by the dissolving of
NaCl (1 g), MgSO,-7H,0 (1.5 g), and CaCl, (1 g) in 1 L of
deionized water. Also, contaminated wastewater was prepared
from 10 ppm of rhodamine B (RhB), methylene blue (MB) and
a mix of RhB and MB dyes, respectively. The steam generation
test was performed in a closed chamber under 1 sun illumina-
tion, and the condensed water was collected to measure the
concentration of ions after desalination.

Solar steam generation recycling test

The stability and sustainability of the Ag/CuO-rGO nano-
composite were tested using six solar absorbers. The samples
were irradiated with a light density of 1 kW m™2 under the solar
simulator system for each cycle (1 sun). The weight loss of water
and the temperature of the steam were measured after 60
minutes. The wetted photothermal membrane was cleaned,
cooled, and reused for the next cycle after each cycle.

Result and discussion

The FTIR spectra of GO, CuO-rGO, Ag-rGO, and Ag/CuO-rGO
nanohybrids ranging from 4000 to 500 cm ™' are displayed in
Fig. 1a. The FT-IR spectrum of GO shows several bands indi-
cating the vibrational modes of different oxygen-containing
functional groups. As can be seen from GO spectrum, the
adsorption broadband at 3600 to 3000 cm ™" is associated with
the intermolecular H-bonding of structural OH groups, which
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absorption peaks at 1728 cm ™' and 1627 cm™ ' are assigned to
the C=0 group stretching vibrations found in COOH groups
situated at the GO edges.**** For nanocomposites, a decrease in
intensity and small shift of the carbonyl and hydroxyl peaks at
1627 cm~ ' and 3400 cm ™', respectively are observed which re-
flected the intercalation of CuO and AgNPs on the GO surface as
well as the reduction of GO sheet.* For the spectrum of CuO-GO
composite, the adsorption peak at 626 cm™ " is attributed to the
stretching vibrations of CuO bond.** From spectra of the
composite materials, characteristic peaks of all components can
be observed. Thus, the FT-IR measurement confirms the
anchoring of Ag and CuO nanoparticles on the GO surface.

Ag/CuO:-rGO|

CuO-rGO

Intensity (a.u)

d=0.78 nm

:GO

10 20 30 40 50 60 70
26

disappeared in the nanocomposites spectra. Also, the Fig.2 XRD pattern of GO, CuO-rGO, Ag-rGO and Ag/CuO-rGO.
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(b) | Ag1G0
; Cu0-rGO
| —ao
——GO ;
@ —— CuO-rGo Cuo Ag
—— Ag-rGO i
—— —— Ag/CUO-rGO i
s | s
> =
k7 §7)
c [ =
2 2
= =
3500 3000 2500 2000 1500 1000
Wavenumber(cm™') ,
T T T T
200 300 400 500 600
Wavelength (nm)
Fig. 1 (a) FT-IR spectra and (b) UV-vis spectra of GO, CuO-rGO, Ag-rGO and Ag/CuO-rGO.
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(a) Optical image of the solar evaporator device, (b) mass changes for the different solar absorbers, and (c) mass change of pure and saline
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The optical properties of the as-synthesized composites have
been studied by the UV-vis absorption spectra as shown in
Fig. 1b. The peak at 230 nm in GO spectrum is the characteristic
peaks of -7 excitation of C-C bonds in the aromatic ring, and
n- transition of carboxylic moieties (-C=0) in GO sheet.* For
UV-vis spectrum of CuO-rGO nanocomposites, it is observed
that the peak in GO spectrum at 230 nm is shifted to 256 nm
due to the reduction GO sheet and the characteristic peak of
CuO nanoparticles appeared at 375 nm.***" Also, the charac-
teristics peak of AgNPs appeared at 400 nm in the spectrum of
Ag-rGO and Ag/CuO-rGO nanocomposites which confirms the
presence of AgNPs on GO surface.*®

The structures and phase composition of all prepared
samples were examined by using XRD measurements and the
corresponding pattern is shown in Fig. 2. For GO nanoparticles,
the XRD patterns exhibit a strong diffraction peak at 26 = 11°
and a small peak at 26 = 20.93° that corresponds to (001) and
(002) planes, respectively and the d-spacing of GO is 0.78 nm.*®
For CuO-rGO and Ag/CuO-rGO nanocomposites, the diffraction
peaks observed at 26 values of 33, 35, 38, 48.7, 53.5, 58.3, 61.7,
and 67.9 correspond to (110), (111), (200), (202), (020), (021),

e=0.85 (=] 37.9°C
| (b)

48.8°C
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(113), and (220) planes, respectively which are characteristic
peaks of the monoclinic structure of CuO.*” Additionally for Ag-
rGO and Ag/CuO-rGO nanocomposites, the XRD shows two
peaks at 26 = 38.3°, 44.2° correspond to the (111), (200) planes,
respectively which are characteristic of the face-centered cubic
structure of AgNPs.*® Also Fig. 2 shows that the intensity of (001)
reflection peak of layered GO almost decreased and slightly
shifted toward lower 26 value confirming the intercalation of
AgNPs and CuO within GO sheets.*®

The morphological structure of the GO, CuO-rGO, and Ag/
CuO-rGO nanocomposites were approved using TEM analysis
as shown in Fig. 3. Fig. 3a shows a typical TEM image of GO
which exhibited a wrinkled sheet-like structure with a clean
surface a size of 20-100 nm confirming the GO formation.*
TEM image of CuO-rGO (Fig. 3b) confirms the uniform disper-
sion of spherical CuO NPs on the graphene oxide surface with
the size ranging from 20-50 nm.** For Ag/GO-rGO nano-
composite, the micrographs (Fig. 3c) confirm the successful
decoration of GO with a uniform CuO and spherical AgNPs
dispersion with small particle size distribution ranging from
10-15 nm.* These results well agreed with XRD results which

e=0.85 (= 34.8°C e=0.85 (=
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Fig. 5
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IR thermal images of (a) Ag/CuO-rGO, (b) Ag/rGO, (c) CuO-rGO, (d) GO, (e) CuO, and (f) filter paper after 60 min under 1 sun illumination.
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proposed that AgNPs and CuO are successfully intercalated on
the surface of GO with small particle size distribution.

To estimate the steam generation performance for different
prepared photothermal absorbers, five thermal absorber
membranes with a diameter of 6 cm were prepared as follows:
GO, CuO, CuO-rGO, Ag-rGO and Ag/CuO-rGO. Fig. 4a displays
the optical image of the solar evaporator which was made of GO
composites-filter paper membrane, polyurethane foam, cotton
strips and a glass container. The solar steam generation
performance of all samples was applied and compared with
pure filter paper under solar elimination of 1 sun over 60
minutes using xenon lamp and AM 1.5 G filter. Each sample was
fixed on the top of a circular piece of polyurethane foam with
6 cm inner diameter to make the membrane float on the water
surface and prevent the lack of solar heat in the bulk water due
to its low thermal conductivity.*® The foam contained drilled
holes that were filled with the hydrophilic substrate as cotton

50 4
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— v."' GO
840' 7 e TR R
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> e
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2 30
Fo25d
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for water supply. Then the foam was kept at the top surface of
250 mL DI water in the beaker and the loss of weight was
measured by an electronic balance. Water was transferred from
the bulk water to the surface by the capillary action of cellulose
substrate. Then the rate of evaporation was calculated from the
mass changes recorded at the corresponding time intervals (5
min) up to 60 min.

The mass changes and the evaporation rates from the steam
generation test of the pure water (filter paper) and the five
photothermal absorbers are displayed in Fig. 4b. The results
showed that the pure filter paper exhibits the lowest mass
change and evaporation rate of 0.30 kg m > h™* under 1 sun
illumination among all membranes. This is due to the low
thermal absorptivity of filter paper and PU foam. The evapora-
tion rates of (GO, CuO, CuO-rGO, Ag-rGO and Ag/CuO-rGO)
absorbers are 1.64, 0.80, 2.04, 2.13 and 2.59 kg m > h™},
respectively which indicate that the incorporation of the GO
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Fig. 6 Temperature change at the surface of the absorber for different samples (a) 60 min with the lamp on, and (b) 10 min the lamp turned on
and then turned off till reaching room temperature. (c) and (d) IR thermal images under 1 sun illumination of Ag/CuO-rGO at zero minutes and

after 60 minutes, respectively.
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mination for 60 min.

with semiconductor metal oxide and plasmonic nanoparticles
enhance the evaporation performance due to the broad light
absorption band of these materials. The solar absorbers con-
taining GO increase the evaporation rates for several reasons as
the low thermal conductivity which repressing the thermal
dissipation, the porous structure which provides an efficient
path for water supply and vapor flow and the ability to attach to
cellulose, so that the water transferred within the cellulose by
capillary force can be efficiently transferred to GO.”® Owing to
the high solar absorbance of CuO semiconductor,* the evapo-
ration rates increase in the solar steam generation of CuO-rGO
and Ag/CuO-rGO membranes. Also, anchoring AgNPs on the
absorber surface significantly enhances the evaporation rates
compared to the other absorbers due to their efficient plas-
monic behavior in the visible light region. After screening the
synthesized composites, the results showed that the Ag/CuO-
rGO sample is the most effective composite with high evapo-
ration rate of 2.59 kg m ~> h™ ! which is about 8 and 1.5 times of
filter paper and GO samples, respectively due to the combina-
tion of GO, CuO and AgNPs photothermal properties.

Besides, the solar steam generation was investigated in the
artificial saline water for Ag/CuO-rGO evaporator. Fig. 4c
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3.0

Ag/CuO-rGO (b)
254

2.0
1.5+
1.0
0.5+
0.0+
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Evaporation Rate (Kg m? h'")

Salinity

(a) The evaporation efficiency of different absorbers (b) evaporation rate of Ag/CuO-rGO for different water salinity under 1 sun illu-

displays that the evaporation rate in saline water (10% NacCl) is
lower than the DI water due to the presence of salt ions.

After solar illumination for 60 min, the temperature change
at the surface of pure water and different absorbers was recor-
ded using IR-camera and thermocouple, respectively. Fig. 5
displays a comparison of the surface temperature of different
absorbers relative to pure water. The figure shows that the
temperature on the top surface of (GO, CuO, CuO-rGO, Ag-rGO
and Ag/CuO-rGO) solar-absorbers rapidly increased from room
temperature to around 32, 29.2, 34.8, 40.2 and 48.9 °C, respec-
tively. The temperature at the surface of Ag/CuO-rGO composite
is the highest temperature which can increase from 25.0 °C to
48.5 °C in 60 min indicating that it provided the highest rate of
water evaporation. We ascribed this to the synergistic effects of
a hydrophilic surface property, excellent solar absorption, and
the mesoporous structure of Ag/CuO-rGO composite. Mean-
while, the filter paper can only reach 19.8 °C as it stands on
thermal insulation (polyurethane).

According to the temperature-time curve, Fig. 6a, the
temperatures of the surface of the absorber under 1 sun illu-
mination reach a steady-state at about 15 min. Additionally,
Fig. 6b displays the temperature at the surface of the absorbers

Table 1 Solar steam generation performances of different materials under 1 sun illumination

Solar intensity Evaporation rate Efficiency

Evaporator Support (kW em™?) (kgm>h™") (%) Reference
GO leaf — 0.825 1.92 78.0 51
Au-rGO Wood 1 1.39 90.1 41

rGO PU 1 1.31 83 52
Graphene Ni foam 1 1.40 91.4 53

3D graphene material — 1 2.60 87.0 26
Fe,05-TGO 1 1.12 70.0 29
Ag/Au-GO PU 1 1.00 63.0 34
Plasmonic TiO, — 1 1.5 70 1
Co05;0,-CuO Quartz glass fibrous 1 1.19 75 54

(QGF) filter membrane

Plasmonic metals Wood 1 — 90.4 55
Ag/CuO-GO PU 1 2.49 92.2 This work

© 2021 The Author(s). Published by the Royal Society of Chemistry
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after solar illumination for 10 min and the curve shows that the
composites are slowly losing heat due to the low thermal
conductivity of GO. These results indicate that the absorbed
energy is stored in the composites and consumed in the evap-
oration process and the heat is not lost in the air.>® The digital
IR-camera images of Ag/CuO-rGO before and after 1 sun illu-
mination displayed in Fig. 6(c and d).

Fig. 6¢c shows the sample before the illumination which
exhibits an average 19 °C for both the bulk water and the surface
of the sample. While Fig. 6d shows a large difference in the
temperature between the top and bottom of the system
demonstrates that the insulating polyurethane effectively
localizes the heat at the solar-absorber surface and thus reduces
the heat loss into the bulk water.

View Article Online
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Fig. 7a displays a comparison between the evaporation effi-
ciencies of the different solar-absorbers at solar intensity 1 sun
which is calculated from eqn (2). These results reveal that the
Ag/CuO-rGO composite has 92% thermal efficiency for the solar
desalination performance under 1 sun which is considered as
one of the highest values reported for materials used for a solar
steam generation as proved by the data displayed in Table 1.
Moreover, the evaporation rate in the saline water with different
concentrations of NaCl slightly changes, which indicates that
the Ag/CuO-rGO composite still preserves the freshwater
production capacity even in saline water as shown in Fig. 7b.

To further evaluate the quality of the evaporated water from
desalination of the artificial seawater, the evaporated water was
collected using a condensing unit and the concentrations of
Mg>*, Ca®*, Na*, and ions are determined using ICP-OES. Fig. 8a
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(a) Concentration metal ions, (b) UV-vis spectra of dyes, before and after the steam generation experiment, (c) recyclability test of the Ag/

CuO-rGO sample during 10 cycles under constant illumination of 1 sun for 60 min, and (d) image of amount of precipitated salts emerged on the

surface of evaporator after 1 h under 1 sun illumination in 20 wt% saline.
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displays that there is a significant decrease in the concentration
of the three ions after the solar desalination of the artificial
seawater using the Ag/CuO-rGO absorber. The concentrations
considerably decreased from the original values of 1500, 1000,
and 1000 mg L™ " to 10, 3.4, and 7.2 mg L™, respectively which
are well below the values attained by common desalination
techniques as well as below the standard values set by World
Health Organization (WHO) and Environmental Protection
Agency (EPA) for drinking water.*® These results demonstrate
the potential of Ag/CuO-rGO composite has prominent desali-
nation performance. Fig. 8b shows the high efficiency of Ag/
CuO-rGO sample in the solar treatment of contaminated
wastewater containing 10 ppm of different dyes as RhB, MB and
a mixture of both. The absorption spectra of the contaminated
wastewater before and after the solar evaporation confirm the
complete removal of the dyes from the produced water.

Moreover, to test the reusability of Ag/CuO-rGO composite in
solar desalination of seawater, ten cycles of evaporation tests
were applied in the artificial seawater under 1 sun illumination
(60 min illumination for each cycle). Fig. 8c shows that the
efficiencies did not tend to decrease by cycles for freshwater, but
there is a small decrease in the efficiencies for saline water. The
decrease in the efficiencies for saline water is due to the
precipitated salt on the surface of the absorber, which could
block the incident light and affect the evaporation of the water.
As shown in Fig. 8d, an amount of precipitated salt emerged on
the surface of the evaporator (Ag/CuO-GO) after continuous
functioning for 1 h under 1 sun illumination in 20 wt% saline.
This layer of precipitated salts would cause a small decrease in
the evaporation performance of the solar generator.

Conclusions

In summary, we improved a new photothermal absorber based
on plasmonic graphene oxide-metal oxide nanocomposite for
efficient solar steam generation. The Ag/CuO-rGO membrane
can be a desirable and viable material for efficient solar
seawater desalination and wastewater treatment due to the
characteristics properties of low thermal conductivity, high
optical absorption, effective water transmission, and stability.
Moreover, the material exhibits a high evaporation rate and
energy efficiency of 2.59 kg m > h™" and 92.5%, respectively
under one solar illumination. In this study, we used inexpensive
and facile methods of material synthesis leads to produce an
economically material at a large scale compared to other desa-
lination devices as membrane-based filters and reverse
osmosis. Besides, we also found that the composite has excel-
lent durability as it can be applied over more than 10 repeated
cycles with no significant decrease in the performance effi-
ciency. And the successful elimination of organic pollutants
from contaminated water can effectively result in the produc-
tion of clean condensed freshwater.
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