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ABSTRACT

One promising solution to the freshwater crisis is solar-driven interfacial evaporation-
based desalination. However, an alternate strategy is needed to address both water and
energy shortages in parallel. Additionally, the disposal of desalination brine necessitates
specific consideration while designing a sustainable solar interfacial desalination system.
Herein, we demonstrate a single system that utilizes incident solar irradiance to produce
interfacial steam using reduced graphene oxide (rGO) coated cotton fabric (CF) to
desalinate seawater with an evaporation efficiency of 86.98%. The high thermal
conductivity and excellent optical absorption of rGO contribute to the absorption of a
broad solar spectrum. The system also produces 339.26 mW of electricity simultaneously
by deploying commercially available thermoelectric generator (TEG) modules that use
the squandered heat, increasing the overall system efficiency by 7.3%. The use of a
custom-made power electronics module ensures operating at the maximum power point
which has also been verified by computer simulation. Finally, hydrogen gas with zero
carbon emission is produced by electrolyzing the seawater utilizing the electricity
generated by the TEG module using solar-induced heat at a rate of 0.52 mmol/h.
Converting brine into hydrogen and oxygen gas by electrolysis demonstrates a potential

in-situ approach for desalination waste remediation.
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1. INTRODUCTION

The shortage of freshwater resources is a growing global issue. With 1.3 billion people
projected to live in water-scarce areas by 2025, the need for efficient and effective water
management is becoming ever more pressing. As the water needs of a growing global
population continue to outstrip available supplies, countries need to find new ways to
conserve and protect this vital resource for future generations. Desalinating seawater can
be seen as one of the solutions to deal with the shortage of freshwater resources.
However, the conventional desalination approach requires an energy-intensive process
such as reverse osmosis, which may lead to an increase in energy consumption with
energy prices so volatile and supply disrupted, the recent alignment of economic, climate,
and security priorities has started the shift towards more sustainable energy solutions. [1]
Therefore, it is important to develop more energy-efficient and environmentally friendly
desalination technigues to ensure that water resources can be conserved in the future,

and to reduce the associated environmental demands.

The interfacial solar steam generation (ISSG) technique is often seen as the most
sustainable way to desalinate seawater owing to its high energy conversion efficiency,
scalability, and low cost. In this method, the photon energy from solar irradiation is
converted into thermal energy to quickly heat up a thin layer of water thereby producing
steam at an accelerated rate. To meet one of the primary requirements of ISSG, that of
rapidly converting the water to steam, researchers have utilized many different
nanomaterials to achieve higher optical absorption in recent years. Among the materials
that have been explored, carbon-based materials [2-7], 2D materials [8-12], MXene [13-

18], and semiconductor materials [19-21] have shown encouraging results. Although



higher photothermal conversion efficiency can be achieved by using various 2D materials
owing to their thickness-dependent bandgap, there is a higher cost associated with the
production and purification of these materials, which hinders large-scale application of the
ISSG approach. To be considered viable, ISSG is required to produce 14-15 liters of fresh
water daily for a family of 4 members [22], and thus a large photothermal evaporator area
(2-3 m?) is typically needed. The associated cost of fabricating a 2-3 m? photothermal
evaporation area with expensive materials is not feasible for practical application.
Moreover, ISSG systems often require a substrate material upon which various
nanoparticles are deposited to enhance optical absorption. Wood[23], bamboo[24], luffa
sponge[22], polyurethane sponge[25], cotton[26], hydrogel[27], Cu foam[8], aerogel[28],
cloth[26], and others[29] are used as substrate materials for fabricating the photothermal
evaporator. However, cotton fabric is recognized as a low-cost substrate material owing
to its wide availability, low cost, excellent water uptake property, flexibility, and durability.
Therefore, we propose to use reduced graphene oxide (rGO) coated cotton fabric (CF)
as a solar photothermal material for desalinating seawater at an evaporation efficiency of
86.98%. rGO demonstrates superior optical absorption, high thermal conductivity,
strength, and flexibility.[30,31] The stability of rGO, due to its layer structure, is
advantageous for solar steam generation applications compared to other carbon-based
materials. Moreover, the superior hydrophilicity of CF eases the design complexity as an
additional water uptake mechanism is not needed. Herein, we propose that uncoated CF
suspended from the photothermal evaporator surface to inside the bulk water will work as
a water transport system facilitating evaporation. As minimizing heat loss is an important

factor in realizing high-efficiency photothermal energy conversion, we propose to use



expanded polyethylene foam (EPE) surrounding the rGO-coated CF. EPE foam has high
insulating properties, and therefore it can reduce the radiative heat loss from the
photothermal evaporator. There are a few demonstrations of using cotton cloth for
desalination application. Previously candle soot-coated cotton cloth[32], MoS2-coated
cotton fabrics[33], aerogel[34], 2D materials[35] and activated carbon decorated cloth[26]
have been used for photothermal energy conversion and desalination application.
However, none of these are feasible for large-scale implementation owing to the
complexity of extracting large amounts of candle soot and the higher cost associated with
MoS:2 and activated carbon nanomaterials. The proposed rGO-coated CF is scalable,
provides higher evaporation efficiency than current approaches, and has a facile

fabrication process.

A further challenge to the widespread application of ISSG is the considerable percentage
of solar heat that is wasted in solar-driven interfacial steam-producing devices despite
improvements in optical, thermal, and water management.[36-38] There is room for
further improvement of heat utilization by co-generating photothermal-induced steam and
electricity. Thus, water shortage and energy deficit might be simultaneously addressed

by combining solar desalination and electricity production.

In a previous study, P. Xiao et al. showcased the utilization of carbon nanotubes (CNTSs)-
based paper in conjunction with polydimethylsiloxane (PDMS) to harness electricity from
directional water flow, achieving a maximum output power of 2.1uW.[39] Notably, the
inclusion of PDMS was observed to reduce the water transmission channels, as indicated
by the authors. Likewise, Y. Xu et al. adopted an evaporation-driven electricity (EDE)

generation technique, employing a 3D porous hydrophilic graphene aerogel (HGA), which



resulted in a continuous output voltage of 0.84 V and a maximum power density of 6.84
uW cm~2,[40] In the EDE method, the generation of heat from solar energy induces a
thermodiffusion effect, propelling hydrated ions carrying a countercharge toward the
surface, where they accumulate at one end, following the flow direction, and establishing
an ion concentration gradient, consequently forming potential difference.[41] However,
it's worth noting that this method yields comparatively lower electricity generation and is

cost-prohibitive for large-scale applications.

Herein, utilizing a commercially available thermoelectric generator (TEG) module, we
demonstrate the generation of electricity from waste radiative heat in tandem with solar
desalination using rGO coated CF. To achieve higher energy conversion efficiency, a
thermal heat sink is employed at the cold side of the TEG module to provide a thermal
barrier prior to adding the rGO coated CF. We use 15 TEG modules and thermal heat
sink connected in series-parallel combination which generate 339.26 mW of electricity in
parallel with solar desalination under 1 kW/m? solar irradiance. The conversion of
electricity from the radiative heat produced by the ISSG system increases the overall

energy conversion efficiency by 7.3%.

Additionally, the high salinity of desalination brine, a by-product of the solar interfacial
desalination system, poses a challenge to its disposal.[42] The health of marine
ecosystems is jeopardized when high-salinity brine is dumped into natural waters like
rivers, lakes, or oceans.[43-45] It follows that the brine must be treated with a different
strategy. However, the electrolysis of brine produces hydrogen and oxygen gas, which
could be used to solve the disposal problem. The salt components are deposited at the

electrodes and at the bottom of the electrolysis apparatus while the water is converted



into hydrogen and oxygen gas, making electrolysis a relatively inexpensive technique for
removing the water from the brine. The deposited salt can be further processed for various
applications. Accordingly, we also demonstrate the feasibility of electrolyzing the brine
and generating hydrogen gas using the electricity generated by the TEG modules.
Hydrogen gas is produced at a rate of 0.52 mmol/h using an electrolysis-based hydrogen
generating system driven by 15 TEG modules. This might be a viable in-situ process for
remediating the desalination waste. Moreover, the generated hydrogen gas can be stored
in cylinders for later uses in many applications such as electricity generation from fuel cell,
ammonia production or methanation. Recently hydrogen energy storage has shown its
capacity to hasten the carbon-neutral global energy transition.[46,47] Due to the
intermittent nature of solar energy, it is often required to store energy to ensure continuity
of renewable energy-based systems. However, storing energy in the form of electrical
energy using a battery pack is often seen as an expensive option with adverse
environmental and ecological impacts from battery electrodes and chemicals during
production and disposal.[48,49] Therefore, the storage of excess electrical energy
generated from solar thermal systems in the form of hydrogen, rather than stored in a
battery pack, is a sustainable option. In light of this, we demonstrate the generation of
hydrogen gas from the electrolysis of brine utilizing electricity generated by TEG modules,
simultaneously addressing the issue of brine disposal while also eliminating the
requirement for a battery pack for energy storage. Furthermore, electrolysis has emerged
as an important option for lowering the cost of manufacturing hydrogen.[50,51] The
hydrogen electrolysis process produces no greenhouse gas emissions since the

electricity is provided by the TEG module in the proposed system utilizing heat from the



incident solar irradiation. Hydrogen produced by electrolysis may be stored in metallic
cylinders at low pressure for use at a later time. Storing hydrogen at low pressure is safer

than storing liquified natural gas (LNG) or methane in cylinders.[52,53]

We demonstrate the co-generation of freshwater and power in this study utilizing a single
system. The rGO-coated CF has an evaporation rate and efficiency of 1.385 kg m-? h!
and 86.98% while producing 339.26 mW of electricity from 15 TEG modules utilizing the
radiated heat generated by the ISSG system. The overall system efficiency has been
increased by 7.3% by converting waste heat to electricity. Finally, an electrolysis device
driven by the electricity from the TEG modules generates Hz gas at a rate of 0.52 mmol/h,

which might be a viable option for desalination waste remediation.
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Figure 1. (a) Preparation of rGO coated cotton fabric (CF) and the thermoelectric
generation (TEG) module with heat sink; (b) The photothermal water evaporation device
structure. (c) Hydrogen gas generation from electrolysis of brine using the TEG module
generated electricity.

2. Material and Methods

2.1 Materials and Characterization

Isopropyl alcohol (IPA) with 99.99% purity was acquired from J & K Scientific Ltd.
(Guangzhou, China) and 0.4 wt% of graphene oxide dispersion (GO) was bought from
Six Carbon Inc. (Beijing, China). No further purification of the compounds was performed
before usage. Zhong Sheng Trade Co. supplied the extended polyurethane foam (EPE)

with the following specifications: pore diameter of 300 nm; density of 25 kg/m3; thickness



of 10 mm. A UV-Vis spectrometer (PerkinElImer Lambda 1050) was used to analyze the
optical absorption spectra of the prepared samples. Scanning electron microscopy (SEM,;
TESCAN, VEGAS3) with an acceleration voltage of 20 kV and equipped with energy-
dispersive X-ray spectroscopy (EDX, INCA X-Act, Oxford) was used to characterize the
microstructures of the as-prepared rGO coated CF. X-ray diffraction (XRD) patterns were
acquired through Cu-K radiation using a diffractometer (Smart Lab, Rigaku) (40 kv, 100
mA).

2.2 Preparation of rGO coated CF

Prior to treatment, the CF were cleaned and ultrasonically washed followed by drying in
an oven at 55 °C for 6 h. rGO was produced from graphite powder using a modified
Hummer’s method. According to this method, the graphite powder was heated in a muffle
furnace at 485 °C at a heating rate of 4 °C min! for 2.5 hours. The hot side (top surface)
of the TEG module was coated with rGO using a drop cast method covering an area of
16 cm? and followed by oven drying at 55 °C. The cold side of the same TEG module was
intended to be submerged into the water during the solar desalination experiments.
However, a commercially available heat sink made of copper is attached to the cold side
of the TEG module to provide more insulation between the interfacial heating surface and
the bulk water. Since heat can be radiated from the solar evaporation system, an
extended polyurethane foam (EPE foam) was used to surround the heat sink connected
TEG module. Another purpose of the EPE foam is to ensure that the heat sink connected
to the TEG module floats on the water surface. Finally, it was wrapped by a polyurethane
foam to reduce the radiative heat loss and make it float on the water. After that, the center

area (4 cm x 4 cm) of the CF was coated with rGO to make rGO coated CF. The rGO
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coated CF was kept in ambient temperature for drying. After drying, the rGO coated CF
was carefully placed on top of the hot surface of the TEG module making sure that the
rGO coated portion of the CF perfectly aligned with the rGO coated area of the TEG
module. The rest of the uncoated white CF was inserted between the gap of the heat sink
connected TEG module and the EPE foam. It was then bent downward to the bulk water
so that the CF can transport water owing to its hydrophilicity. To access the performance
improvement with the heat sink, another configuration was prepared following the same
procedure but without attaching the heat sink on the cold side of the TEG module.
Similarly, another configuration was prepared without using any rGO coating on the CF
and TEG module. These three configurations were separately used for conducting solar

evaporation experiments.

2.3 Solar evaporation, TEG voltage generation and hydrogen production

experiments

All three different configuration were separately used for conducting the solar evaporation
experiments. In the laboratory environment, the different configurations were separately
illuminated with a xenon lamp (PLS-SXE300, Beijing Perfect Light Technology Co., Ltd)
at 1 kW/m? solar irradiance. The mass losses over time were recorded every 10 seconds
using a computer-connected electronic microbalance (Ohaus Corporation, CP213) and a
power meter (THORLABS, S314C) to assess the solar irradiance. After that, the solar
irradiance was varied from 1 to 3 kW/m? and the corresponding mass losses over time
were recorded. The evaporation rate and efficiencies were calculated using the equations
provided in Note S2 of the ESI. During the evaporation experiments, thermal images were

captured at various instances using an IR camera (FLIR-E64501, Tallinn, Estonia, 2 °C
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error range). A K-type thermocouple (Model: CENTER 306) with a data logging feature
was used to measure the top and bottom surface temperature of the TEG module. The
potential to harness the wasted heat has been investigated by generating heat-generated
electricity via the Seebeck effect using a Thermoelectric generator (TEG) module. TEG
modules were acquired from AliExpress. The TEG module is made of an n-type bismuth
telluride (Bi2Tes) and a p-type Antimony telluride (Sb2Tes) semiconductors. The rGO-
coated CF was mounted on the rGO-coated TEG module. This structure was encased
with EPE foam to float and prevent heat loss. The TEG module was put in a beaker to
perform solar evaporation experiments and measure voltage and current. The TEG
generated voltage and current were measured using a digital multimeter (OWON 4 1/2
XDM1041). 15 TEG modules were connected in series-parallel combination to increase
the voltage and current. All 15 TEG modules were contained in a 9 cm radius circular
piece of EPE foam. The rGO coated CF (total rGO coated area 250 cm?) was placed on
top of the rGO coated TEG modules and the uncoated portion of the CF was inserted
between the gap of the heat sink connected TEG module and the EPE foam as per the
previously mentioned design. This configuration is placed in a quartz glass dome shaped
structure as shown in Figure 5. Inside the dome-shaped construction were two
compartments. The inner compartment held 2 liters of seawater collected from the
Whampao harbour in Hong Kong, and the 15 TEG modules wrapped in EPE foam and
covered with rGO coated CF were placed floating in it. When exposed to sunlight, the
evaporated water condensed at the inner side of the dome-shaped structure, generating
water droplets. The water droplets were gathered in the custom-built structure's outer

compartment. A pipe was attached to discharge the accumulated water droplets from the
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outer compartment, while another conduit supplied seawater to the inner compartment.
The collected water was used to conduct ion concentration, pH, conductivity and TDS
testing experiments using water quality testing equipment (model no. EZ-9909SP).
Inductively coupled plasma mass spectrometry (ICP-MS) was employed to measure the
Na*, K*, Ca?* and Mg?* ion concentrations in seawater and the desalinated water. The
wastewater purification experiments were conducted using simulated wastewater
prepared using 20 mg L'* methylene blue (MB).

During the solar evaporation experiment, the temperature difference between the hot and
cool surfaces of the TEG modules generated a voltage due to the Seebeck effect. The
voltages generated by the TEG were delivered to the power electronics through two
cables. The power electronics set-up is employed to ensure the maximum power
extraction from the TEG module. A power converter (buck-boost) operating at a
predetermined duty cycle has also been employed which has been carefully tuned to
match the load resistance. The following steps were involved in matching the load
resistance. Initially, the Thevenin equivalent resistance of the equivalent electrical circuit
is computed to be 10.17 Q, given that the internal resistance of each TEG module was
determined to be 6.1 Q. Now, according to the maximum power transfer theorem, the
TEG modules will only deliver maximum power when the load resistance equals the
Thevenin equivalent resistance determined value. The resistance of the Cu electrode
immersed in seawater, which is measured to be 190.12 Q, is regarded as the load
resistance. Using the input-output power equation of the buck-boost converter, in
conjunction with the calculated value of Thevenin equivalent resistance and the measured

value of the load resistance, the duty cycle of the buck-boost converter in this
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configuration is determined to be 81%. The detailed calculation and equations are
provided in note S6 of the ESI.

Using MATLAB Simulink software, the electrical circuit with buck-boost converter was
simulated. The electrical load resistance was varied in the simulation to obtain the
corresponding current, voltage and power. The maximum power in the simulation
environment matched to the experimentally obtained maximum power. The simulated
circuit is provided in Figure S7 (ESI). The output of the TEG modules is connected to the
Cu electrode of the Hoffman apparatus (see Figure 5). The generated electricity
electrolyzed brine, producing hydrogen and oxygen. The produced hydrogen gas can be
stored in cylinders for use in various applications such as electricity generation using fuel

cells, ammonia production, or methanation.

3. RESULTS AND DISCUSSION

A schematic illustration of the preparation process is presented in Figure 1. The rGO-
coated CF was placed on top of a rGO-coated TEG module with a heat sink connected
to itscold side. To reduce heat loss and maintain the structure floating on the
water surface, EPE foam was utilized to surround it. Aside from the design shown in
Figure 1la, two more configurations of the setup were constructed for the solar
evaporation experiments. One configuration used uncoated CF and TEG modules,
whereas the other used rGO-coated CF and TEG modules but no heat sink. The material
and method section includes a detailed description of the setup and the solar evaporation

experimental process.
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Figures 2a and b show representative scanning electron microscopy (SEM) images of
rGO-coated CF at different magnifications. Figure 2a demonstrates the presence of many
microporous gaps, which are beneficial as they increase the water uptake capacity. The
more detailed view in the SEM image shown in Figure 2b reveals the deposited
components on the surface of the CF. Because rGO was synthesized from GO using a
modified Hummer's method, the X-ray diffraction (XRD) pattern and Raman spectra for
both materials were analyzed and compared to determine if the reduction from GO-to-
rGO was successful. The XRD pattern of GO and rGO are depicted in Figure 2c,
demonstrating its effective reduction of the rGO prior to its application to the CF. The
interlayer spacing increased owing to the presence of Oz molecule in GO powder which
resulted in peak shifting to 11.5°. However, the elimination of oxygen functional groups
after reducing GO to rGO decreases the space between two layers and shifts the peak to
24.7°. To observe the Raman spectra, we separately excited both the GO and rGO
samples with a laser at a wavelength of 532 nm. As shown in Figure 2c, the D vibration
band of GO and rGO can be seen at 1348.31 and 1353.20 cm™?, respectively. This band
is formed due to the Aig symmetry.[54] The G vibration band, visible at 1594.19 cm- for
GO and 1586.56 cm™! for rGO, occurs due to the 15 order scattering of E2g photons by

sp? carbon.[54]

The G vibration band also benefits from the stretching C-C bond, which is present in all
sp? carbon systems.[55] Since fewer oxygen-containing functional groups remained after
GO was converted to rGO, the rGO stacked. Thus, the 2D band at 2892.88 cm! shifted
upward and became wider following the reduction step.[56] GO has an Io/lc ratio of 0.96.

After reduction, sp? carbon was restored, and the average size of the sp? domains shrank,

15



increasing the Ip/lc ratio of rGO to 1.16.[57-60] More isolated graphene domains were

found in rGO than in GO, and the removal of oxygen moieties from GO was also indicated

by a rise in intensity in the D band.[61,62]
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Figure 2. (a) — (b) Scanning electron microscopy (SEM) image of rGO coated CF at
different magnification; (c) X-ray diffraction (XRD) pattern and Raman spectra (excited
with 532 nm laser source) of GO and rGO before and after reduction; (d) UV-Vis
absorption spectrum of cotton fabric and rGO coated cotton fabric.

The UV-Vis absorption spectra of the washed and dried CF, uncoated and rGO coated,
can be seen in Figure 2d. The rGO coated CF showed wideband absorbance of about
82% weighted by the standard air mass 1.5 global solar spectrum across 200 — 1000 nm,
while the uncoated CF showed only 19% absorbance over the same wavelength range.

In a controlled laboratory context, the effectiveness of solar-powered steam generation is
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assessed by monitoring the mass loss of water in response to changes in solar irradiance,
temperature, and humidity (typically 20 + 1 °C, 60 % relative humidity, RH). The

experiments measured the loss in mass and the change in temperature.

Figure 3a shows that under 1 sun illumination (100 W/m? of irradiance), the mass loss of
DI water without any solar evaporator was measured as 0.284 kg m? h't, For uncoated
CF and the TEG module without a heat sink, the mass loss remained as low as 0.454 kg
m2 hl. The evaporation rate observed from rGO-coated CF without the TEG module
measured at 0.431 kg m?2 h'1. Notably, while the rGO coating enhanced solar absorption,
the absence of the TEG module led to increased heat dissipation to the underlying bulk
water, subsequently contributing to a reduction in solar evaporation. The rGO coating on
the CF and TEG module enhanced the heat absorption, therefore, the mass loss
increased to 1.308 kg m h't. However, the attachment of the heat sink to the cold side
of the TEG module provides superior separation between the evaporator surface and the

bulk water, aiding the heat localization at the evaporator surface. As a result, the mass
loss significantly increased to 1.741 kg m? ht. The remarkable absorption peak of rGO

in the UV band significantly enhanced the evaporation performance. However, for the
rGO-coated CF and TEG module with a heat sink, the water mass loss increases with the
increase of incident solar irradiation. As can be seen in Figure 3b, the mass loss
increased from 2.869 kg m2 h't under 2 sun illumination to 4.455 kg m-? h't under 3 sun
illumination. Under 1 sun illumination, the rGO-coated CF and TEG module with heat sink
evaporated water at a rate 6.78 times greater than the DI water evaporation rate (in the
absence of any enhancements of the solar still) which was measured as just 1.385 kg m-

2h1. The evaporation efficiency was determined by taking into account the rate at which
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water evaporates spontaneously in the dark. Note S2 of the ESI provides the equations

for these calculations.
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Figure 3. (a) The solar evaporation mass loss of uncoated CF and TEG structure, rGo-
coated CF without TEF, rGO coated CF and TEG, and rGO-coated CF and TEG with heat
sink under 1 sun illumination. (b) Mass loss of rGO-coated CF and TEG with heat sink
structure under various solar irradiance. (c) Evaporation rate (line) and efficiency (bars)
of the 3 different conditions tested and (d) rGO coated CF and TEG with heat sink
structure under various solar irradiance. (e) The concentration of the four main salt ions
(Na*, K*, Ca?» and Mg?*) of actual seawater before and after desalination. (f) pH and
salinity of the water before and after desalination compared to DI water, (g) Total
dissolved solids (TDS), and conductivity of seawater, purified water, and DI water. (h)
Evaporation rate (line) and efficiency (bars) of seawater and different salinity NacCl
solutions. (f) The UV-Vis spectra of methylene blue before and after solar evaporation.
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Under 1 sun irradiation, the rGO coated CF and TEG module with a heat sink was
determined to have an evaporation efficiency of 86.98%. Whereas without a heat sink,
evaporation efficiency drops to 65.34%. Therefore, the use of a heat sink has resulted in
a notable improvement in the efficiency of evaporation. The TEG module and heat sink
act as thermal insulation, while the CF's numerous microporous channels, hydrophilicity,
and exceptional water transportability all contribute to the remarkable evaporation
efficiency. Figure 3d shows that as solar irradiation rose, so did the evaporation rate and
efficiency. While there was a linear rise in the rate of evaporation, there was some
variation in the efficiency of that process. 15 TEG modules were coupled in a series-
parallel arrangement, as indicated in the inset of Figure 5, and used in another set of
solar evaporation experiments in a custom-made dome-shape structure as descripted in

the material and methods section.

With just 1 sun irradiance, the dome-shaped construction, with the rGO coated CF and
the TEG with heat sink which is shown in Figure 5, seawater evaporated effectively and
condensed to create water droplets, producing thermal heat in the process. Evaporation
efficiency was computed at 87.8%, which is slightly better than the efficiency attained in
the small-scale laboratory setup (which was measured as 86.98%). The evaporation rate
of seawater was recorded as 4.96 kg m2 h'l. Figure 3f-h shows the results of utilizing
the water quality tester EZ-9909SP to determine the concentration of total dissolved
solids (TDS), conductivity, pH, and salinity in a specimen of the evaporated water which
was collected as the condensed droplets ran off the dome surface. Inductively coupled
plasma mass spectrometry (ICP-MS) was used to measure the ion concentrations (Na*,

K*, Ca?*, Mg?*) in seawater and the desalinated water. As shown in Figure 3e, the ion
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concentration of desalinated water is almost 3-4 orders of magnitude lower than that of
seawater and is substantially below the World Health Organization's (WHO) salinity
requirements for drinkable water. As presented in Figure 3f-g, seawater had a salinity of
33.2 % and a pH of 6.94, whereas the purified water had a salinity of 0.25% and a pH of
7.18. According to the World Health Organization, the optimal pH range for drinking water
is between 6.5 and 8.5.[63] In terms of salinity and pH, purified water was essentially
identical to DI water. The conductivity of seawater is 65 mS/cm and the
TDS concentration is 35,975 ppm. However, the TDS and conductivity dropped to 65 ppm
and 130 uS/cm, respectively, after being desalinated using the rGO coated CF. The World
Health Organization (WHO)[64] states that a TDS of less than 600 mg/L(600 ppm) is
acceptable for human consumption, and that a TDS of less than 300 mg/L (300 ppm) is

excellent for human consumption of drinking water.[65]

Also, various wt% of brine water solutions were used to determine the evaporation rate
and efficiency of the rGO coated CF. Evaporation efficiency reduced from 86.98% to
74.08% for a 10% brine water solution, as illustrated in Figure 3h. The evaporation rate
and efficiency decreased as the wt% of NaCl in brine water solution rose. Despite this,
no visible NaCl was observed on the surface of the rGO coated CF, showing its improved
salt-rejecting ability. Salt deposition on the surface of the solar evaporator clogs the
microporous channel of the evaporator, preventing the transfer of water molecules from
the bulk water to the surface of the evaporator, hence diminishing its
evaporation performance.[23,66] Therefore, it is vital to reject the salt accumulation on the
evaporator's surface. The aligned, relatively large-diameter channels of CF enable

crystallized salts to dissolve rapidly and be returned to the bulk water. All the foregoing
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results indicate that the rGO coated CF has a high potential for use in practical solar water

treatment to address freshwater scarcity challenges.

Furthermore, wastewater treatment experiments were carried out to assess the
wastewater treatment performance of rGO coated CF. To replicate wastewater, a solution
of methylene blue (MB) was selected as suggested by many literatures.[25,67,68] Purified
water absorbance is comparable to DI water without the characteristic MB peaks
displayed in Figure 3i, suggesting that the MB should be totally eliminated from the

purified water, and remain in concentrated form in the residual brine.

Under 1 sun illumination, the output voltage of the TEG module was measured which is
the result of the temperature difference between the hot and cool surfaces (the Seebeck
effect). The hot surface temperature of the TEG module increases from 37.2 to 77.5 °C
in only 15 mins, as shown in Figure 4d. A single TEG module has the capacity to
constantly reproduce voltage of 395 mV, which is demonstrated by the cyclic on-off test
as depicted in Figure 4a. The experimental set up to measure the single TEG module
generated voltage is shown in Figure 4b. The TEG module's output voltage and the
surface temperature's dynamic relationship over time are also shown in Figure 4c. The
temperature of the top and bottom surface of the TEG module are recorded using a K-
type thermocouple (model: CENTER 306). After 15 mins of exposure to 1 sun illumination,
the temperature difference between the hot and cold sides of the TEG module reached
21 °C, while after 30 mins of exposure, the difference reached 56.6 °C. The bottom
surface (cold side of the TEG) is kept below 45 °C by dissipating the heat using an
aluminum heat sink and having the TEG completely submerged in water during the solar

evaporation tests, even though both the top and bottom surfaces experience rapid
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increases in temperature when the xenon lamp is switched on. After 90 minutes of xenon
lamp operation, the produced voltage reaches a high of 780 mV, which is proportional to

the increasing hot surface temperature.

500 b Uncoated TEG and CF
a ——rGO coated TEG and CF with heat sink
5

{—rGO coated TEG and CF without heat sink|

0 5 10 15 20 25 30 rGO coatetl TEG
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Figure 4. (a) Voltage generated by a single TEG module for different device structures
(uncoated CF of rGO coated CF with / without heat sink) under 1 sun illumination. (b) The
experimental setup for measuring mass loss due to solar evaporation and the voltage
produced by a TEG module. (c) The voltage produced by the TEG module and its top and
bottom surface temperatures when exposed to a 1 sun illumination. (d) Temperature
difference between the top surface and bottom surface / heat sink after 15 mins (left) and
after 30 mins (right) under 1 sun illumination.

Since the EPE foam around the setup serves to concentrate heat and prevent radiative

heat loss, the top surface temperature, and generated voltage take around 20 minutes to
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restore to zero when the xenon light is turned off (Figure 4c). Experiments were also
conducted with and without an aluminum heat sink which helps to reduce the temperate
of the cold side of the TEG by radiating heat. The results are shown in Figure 4a which
provides a better understanding of the impact of using a heat sink. The TEG module with
rGO coating but without a heat sink generated 260 mV of voltage in 5 minutes and after
adding the heat sink to the cold side of the TEG module, the generated voltage in 5
minutes increased to 390 mV (i.e., a 50% improvement). By expanding the temperature
gap between the hot and cold sides of the TEG module, the aluminum heat sink helps to

boost the voltage output.

As long as two or more TEG modules are linked in series and parallel, enough voltage
and current may be generated to run an electrical load like a tiny fan, LED lights, sensors,
or other Internet of Things (IoT)-based devices. Our goal is to utilize the electricity
generated by the TEG modules to power a water electrolysis system that will generate
hydrogen gas on a small scale. To increase the voltage and current, 5 TEG modules were
connected in series, and 3 sets of these were linked in parallel (for a total of 15 TEG
modules). All 15 TEG modules were housed in a single piece of EPE foam with a 9 cm
radius cut out of it, coupled in a series-parallel arrangement, as illustrated in the inset of
Figure 5. rGO coating was applied to the hot surfaces of all TEG modules. As described
in section 2, 15 individual CF with rGO coating were made to encase the TEG modules
and to slip into the space between the TEG modules and the EPE foam. As can be seen
in Figure 5, this new structure was placed into a tailor-made dome shape ISSG structure
to establish a unique water-energy nexus in which solar evaporation and TEG-based

power electricity production experiments was carried out. Under the influence of solar
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irradiation or a xenon lamp, water vapor condenses at the inner side of the dome-shaped
structure, forming water droplets as it radiates heat into the surroundings. The dome-
shaped structure is split into two chambers as described in section 2. Because the outer
chamber's base is sloped toward the drain-out channel, water can be collected with
relative ease from the bottom of the dome structure (labeled outlet in Figure 5). During
the solar evaporation process, the inner chamber must be kept full of seawater in part to
cool the lower surface but also as the source of water for evaporation, thus a second

inflow pipe is attached to provide seawater.

Hoffman
‘apparatus

Connecting wire

rGO coated cotton fabric

Figure 5. Experimental setup of seawater evaporation, electricity generation using TEG
module, and seawater electrolysis with generated electricity to produce hydrogen. The
inset shows the series-parallel connection of the TEG modules.
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During the experiments, the generated voltage by the 15 TEG modules, connected in a
series-parallel combination, was measured. The open circuit voltage of the series-parallel
arrangement was 3.72 V and the short-circuit current was 449.55 mA under 1 sun
illumination (Figure 6a), whereas the corresponding values for a single TEG cell were

0.724 V and 150.85 mA, respectively.

The open-circuit voltage and short-circuit current obtained under 1 sun illumination in our
approach significantly surpass those achieved by other recent methods used for
electricity production. A comprehensive performance comparison, as presented in Table
1, highlights the substantial superiority of our proposed method in harnessing

photothermal energy for electricity generation.

Table 1. Performance comparison of electricity generation from photothermal energy

Method used to Open circuit Short-circuit Tni:ggirritlljcr?
produce voltage (mV) under current (mA) Ref.
electricity 1 sun under 1 sun Power (mW)
under 1 sun
MoS,.« NSAsS/TE 98.2 135 1.33 [69]
module
CNT/TEG module 0.5 0.055 0.0007 [70]
CTGS/paper-TEG 185.95 0.957 0.178 [71]
module
Cu Nps@Zn
foil/ TEG module ALY L3 - 72l
e == 724 150.85 109.22 This work
module

As illustrated in Figure 4(b), the voltage of a single TEG module was measured in an
open environment. As a consequence, the radiative heat loss from the hot side of the
TEG module is greater. However, after connecting 15 TEG modules in a series-parallel
configuration, the experiment was carried out within the closed dome-shaped construction

depicted in Figure 5. Because of the closed structure, heat energy was retained within,
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raising the hot-side temperature of the TEG module even higher. Because the cold side
was connected to a heat sink and immersed in water, a greater differential temperature
was formed, resulting in increased voltage production by the TEG modules. As a result,
the voltage generated by the 15 TEG modules linked in series parallel is greater than the
peak voltage of the sum of a single TEG. The heat-to-electricity conversion efficiency of
the TEG module was determined to be 7.3%; the detailed calculation is provided in note
S5 of the ESI. This converted energy would have been lost from the system as
radiated heat if the TEG modules had not been used. As a result, it can be claimed that

adding the TEG module yielded a 7.3% overall improvement in system efficiency.
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Figure 6. (a) The open-circuit voltage and short-circuit current curves for single cell and
15 cells of TEG modules; (b) the voltage and current and (c) power with connected Cu
electrode and with Thevenin equivalent resistance (d) simulated load current and power
delivered to the load; (e) graphical illustration of the practical setup; (f) generated H2 and
O2 gas during electrolysis process (inset: Huffman apparatus).
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The brine electrolysis experiment was conducted utilizing a customized Hoffman setup,
as shown in Figure S4 of ESI. For the electrolysis of the brine water, copper electrodes
were utilized since they work better than graphite electrodes.[73] The Hoffman
apparatus's Cu electrode was wired to the TEG modules' output terminal. As can be seen
in Figure 6b, the measured resistance of the copper electrode submerged into the brine
was 190.12 Q, which consumes 178.1 mA of current keeping the terminal voltage at less
than 0.5 V. However, if the value of the connected resistance had been 10.17 Q (obtained
from the Thevenin equivalent resistance calculation, details are provided in note S6 of
ESI), it would have consumed 182.6 mA of current at a terminal voltage of 3.49 V.
Therefore, maximum power extraction from the system for this particular configuration will

only be possible if the value of the connected electrical resistance is close to 10.17 Q.

To tune the resistance of the connected Cu electrode to this optimum value, we designed
a buck-boost converter, as shown in Figures 5 and 6e, to guarantee that the maximum
possible power from the TEG modules' output can be provided to the electrolysis
equipment. To balance the resistance of the Cu electrode, which was submerged into the
brine, with the Thevenin equivalent resistance (=10.17 Q), the duty cycle of the converted
buck-boost was determined to be 81%. Note S4 of the ESI contains the equations used
for these calculations. As can be seen in Figure 6b, the TEG modules and the Cu
electrode of the Hoffman apparatus are connected to a buck-boost converter operating
at 81% duty cycle, which provides maximum power extraction by delivering 182 mA at a

terminal voltage of 3.49 V.

According to Figure 6c, introducing a buck-boost converter increased the power

delivered to the Cu electrode of the electrolysis equipment from 64 mW to 336.17 mW.
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To verify that the extracted 336.17 mW is the maximum power that can be obtained from
the TEG modules for this particular series-parallel configuration, a MATLAB Simulink was
carried out, as shown in Figure S5 (ESI). The simulation varied the connected electrical
resistance and simulated the output current, voltage, and power. After plotting the
simulated values, as shown in Figure 6c¢, it can be seen that 336.17 mW power is the
maximum possible output power and the corresponding electrical resistance for this
maximum power is 10.17 Q which is exactly the same as the Thevenin equivalent
resistance which was found after connecting the buck-boost converter operating at 81%

duty cycle.

As mentioned before, the Cu electrodes of the Hoffman apparatus were connected to the
output terminal of the TEG modules. On the cathode and anode, hydrogen and oxygen
evolved respectively. Note S7 of the ESI provides the chemical reaction equations and
electrode potentials. Molecular H2 and Oz are generated by an electrochemical reaction
on the electrode surface during electrolysis and forms foam bubbles. The supporting
movie shows persistent bubbling throughout the experiment. Putting a lit splint near the
gas collection tube allows it to explode, proving hydrogen gas generation. A lighting splint
re-ignites when placed in an oxygen gas collecting tube, confirming its presence. Figure
6f indicates that the measured gas produces 11.57 mL/h of hydrogen and 5.63 mL/h of
oxygen. The suggested rGO-coated CF functions as an efficient solar absorber that
supplies freshwater at an efficiency of 86.98%, while the remaining solar heat is utilized
to produce electricity from TEG modules, which can be used to electrolyze brine to
produce hydrogen gas. Electrolysis is a low-cost method for extracting water from brine

because the salt components are deposited at the electrodes and at the bottom of the
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electrolysis unit while the water is converted into hydrogen and oxygen gas. The
deposited salt may be recovered and used in various applications. Thereby, the proposed
system demonstrated its potential for remediating desalination waste in a cost-effective

manner.

4. CONCLUSION

In summary, the rGO-coated cotton fabric (CF) solar interfacial steam generation system
presented herein has been demonstrated to produce desalinated water with an
evaporation efficiency of 86.98%. The proposed ISSG also has salt-rejection capabilities
owing to the aligned and relatively large-diameter channels of the CF, preventing pore
blockage, and thereby ensuring continued efficiency. The system also incorporated the
use of TEG modules to produce electricity from the photothermal heat. 15 TEG modules
are cascaded to produce 339.26 mW of electricity which can run a brine water electrolysis
system to produce hydrogen gas at a rate of 0.52 mmol/h. The use of photothermal heat
to produce electricity in parallel with solar desalination increases the overall system
efficiency by 7.3%. The power is then utilized to electrolyze the brine, converting the
brine into hydrogen gas at a rate of 0.52 mmol/h, which might solve the disposal problem
associated with brine from ISSG systems. Hydrogen gas can be stored in cylinders for
later use in fuel cells, for ammonia synthesis or methanation, for example. The potential
to replace environmentally damaging battery packs with hydrogen gas storage for

renewable energy storage systems is demonstrated.
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