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ABSTRACT

The lack of access to fresh water is one of the most significant issues the world is facing today.
Only a small percentage of the global water source is freshwater, while most (97.5%) exist as
saline water. To help address fresh water scarcity, solar steam generation (SSG) has attracted
tremendous attention as being scalable, low-cost, and affordable technology. In recent years,
increasing interest in SSG for water purification has been mainly due to advancements in
photothermal materials (PTMs). This doctoral study focuses on the rational design
development of nanostructures PTMs with unique structural properties for high-performance
SSG toward seawater desalination applications.

We initially used a single-step solvothermal method to synthesize heterostructure microflowers
composed of vertically aligned CuS/Sn»S; nanosheets (3D CSS-NS MF). The structural
features are beneficial for effective heat localization through trapping and re-absorbing the heat
along with the fast vapor escaping. This resulted in efficient solar-thermal conversion and water
evaporation performances. Besides, a stable evaporation was attained using seawater over 10
continuous cycles with a negligible decrease.

Apart from 3D CSS-NS MF, we fabricated a nanoscale gold nanolayer on a
polytetrafluoroethylene (PTFE) membrane. Our fabricated membrane displayed a robust
mechanical strength and chemical stability arising from the adhesiveness of the thin film Au
on the PTFE membrane. More remarkably, good reusability was observed in seawater and high
salinity brine, even under severe chemical conditions.

Despite the outstanding anti-salt performances of Au-PTFE membrane, there is still a drawback
with the low evaporation performance. For that reason, a scalable in situ oxidative
polymerization approach was developed to fabricate polydopamine nanowires uniformly

growing on 3D porous nickel foam. Notably, by taking advantage of the PDA containing
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abundant hydrophilic hydroxyl groups, exceptional durability and stability were obtained using
seawater and high brine salinity.

Lastly, we reported a facile method for preparation of hydrogel composed of polyvinylalcohol
matrix and ferric-tannate. The prepared hydrogel possesses a rough surface, and diffusion-
confined nanochannels. These features are beneficial for solar-thermal conversion, facilitate
rapid vapor escape, and anti-salt properties. A stable performance was achieved for 3
consecutive days at seawater and high brine salinity. Moreover, the little salt formed on
hydrogel surface during day gradually dissolve and back to the bulk saline water at night
condition through the rich nanochannels. In summary, our innovated PTMs in this doctoral
study provide insight into development of PTMs which might be promising for large scale solar

evaporators towards seawater desalination applications.
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CHAPTER 1

INTRODUCTION



1.1 Research background

It is forecast that by 2050 around four billion people will be affected by freshwater scarcity due
to rising population and industrialization [1]. Almost 80% of human diseases result from unsafe
water and sanitation [2] and so improving water quality is necessary to improve the general
well-being of the population. Seawater desalination processes are reliable technologies that
meet the growing demand for freshwater. Global desalination capacity is currently ~70 million
m>day’! and is increasing [3]. Highly efficient thermally-driven desalination technologies are
often used, though processes such as multi-effect desalination (MED) and multi-stage flash
(MSF) are still economically and geographically impractical for small-scale applications [4].
Pressure-driven membrane desalination processes, in particular seawater reverse osmosis (RO)
technology, currently dominate the desalination market due to simple operation, ability to
produce high-purity water, low upfront capital investment and operating costs compared to
thermally driven processes [5]. However, concentration polarization effects limit the overall
recovery of RO water to less than 50% and reduce energy efficiency in further recovery of
water [6]. Additionally, RO membranes require frequent cleaning or replacement due to scaling
and fouling phenomena, which increases the operation costs.

An alternative renewable energy driven sustainable clean water production method is solar
water evaporation, also known as solar steam generation (SSG). SSG utilizes sunlight to
evaporate the water and condense it to generate a high purity water [3, 7-14]. This technology
also has potential in industrial wastewater purification as well as water desalination with low
CO; emission and energy consumption [15]. Traditional solar evaporator mostly possess low
solar photothermal conversion efficiencies of 30-45% arising from poor solar-light absorption
and massive heat losses, which makes it an impractical approach to generate large quantities
of clean water [14, 16, 17]. Thus, there is a need for more effective light-absorbing materials,

new device designs, and modules for highly efficient SSG devices. Recently, novel light-



absorbing nanomaterials have attracted immense attention. Some nanomaterials exhibit solar-
to-thermal conversion efficiencies of close to 100% and consequently increase the solar water

evaporation performance [14, 18-21].

Solar energy

Sunlight

High T

Low T

R T

Bottom heating Bulk heating Interfacial heating

Figure 1.1 Solar-driven evaporation system configurations: (a) bottom heating, (b) volumetric

heating (dispersed case), and (c) interfacial heating [9].

SSG systems are categorised into three configurations depending on the place of the PTMs (see
Figure 1.1): (i) PTM layer fixed at the bottom of the device, (ii) volumetric systems where
PTMs are dispersed, and (iii) interfacial systems where PTMs float on the water surface [18].
In the first two systems PTMs fixed at the bottom and volumetric systems) display low
photothermal conversion efficiency due to the slow heat accumulation process where large
quantities of water need to be heated before efficient evaporation can take place [18]. For
systems where the PTM layer is at the bottom (Figure 1.1 a), light must travel through the bulk
water before reaching the solar absorber. Consequently, the intensity of sunlight is reduced as
it reaches the bottom solar absorber. At the same time, this creates difficulties in raising the

water temperature and evaporation. [22] In the dispersed configuration case, controlling the



optimum amount of PTM particles to be dispersed inside the water is critical as non-optimum
amounts will either lead to insufficient and slow heat generation or reduced photothermal
efficiency due to PTM shading (Figure 1.1 b). For the “fixed at the bottom” and volumetric
systems, the evaporation efficiency is usually low which is attributed to three factors: (i)
reduced solar absorption corresponding to reduced intensities and scattering of the light within
the water, (i1) substantial thermal energy loss, and (iii) heat loss to the bulk water that is not
involved in steam generation due to thermal diffusion [23, 24].

On the other hand, a newer configuration based on floating the PTM layer on top of the water
surface (interfacial design, Figure 1.1 c). This system was reported to provide outstanding
photothermal conversion efficiencies even exceed the theoretical limit (> 100%) [25-28]. The
lower thermal conductivity of air compared to water significantly reduces heat dissipation [29].
In the interfacial system, light absorbed by the PTM is converted into heat, which induces
localized heating of water at the water-air interface to enable evaporation. Heat losses can be
additionally reduced by placing the porous thermal insulators at the bottom of the absorber.
Also, wick materials is added to supply the water to the heated region [4, 30]. The floating SSG
configuration (interfacial system) is the most promising configuration in terms of photothermal

conversion efficiencies and water production rates.

1.2 Research Objectives and scope

The development of advanced PTMs is critical for enhancing solar light harvesting across the
entire solar spectrum and light-to-thermal conversion efficiency. Such materials may also
possess salt-resistant properties and long term reusability and stability leading to effective solar
evaporator toward seawater desalination applications. These properties can be achieved by
tailoring and control of structural morphologies, sizes and porosity of the PTMs at nanoscale

level. This doctoral research aims to synthesize and develop a series of nano/microstructure



PTMs with unique structural properties for high-performance solar-driven water evaporators
with anti-salt properties.
The specific objectives of this study are as follows:
1. Toimplement a scalable approach to synthesize PTMs with unique nano/microstructure
for excellent solar thermal conversion and high water evaporation performance.
2. To prepare highly stable PTMs with robust mechanical strength and chemical stability
to tolerate harsh environmental conditions.
3. To investigate the stability and durability of the PTMs under seawater and high salinity
brine.
4. To explore the capability of the designed PTMs derived solar evaporator to reject

seawater salt ions.

1.3  Research significance

This research provides feasible and scalable approaches for developing efficient solar PTMs
for high-performance solar evaporators, with the goal of demonstrating their capability for salt
ion rejections and good reusability and stability over multiple cycles. Novel 3D CuS/Sn2S3
microflowers composed of vertically aligned nanosheets demonstrated their efficiency for
water evaporation performance for water purifications. In addition, to achieve PTMs with
robust mechanical strength and chemical stability, nanoscale gold thin film coated PTFE
membrane was demonstrated with good performances under harsh conditions. Furthermore, a
novel solar evaporators are presented consisting of PTMs of porous structural materials,
including PVA/TA-Fe hydrogel and PDA decorated nickel foam, which are a suitable choice
to improve water evaporation with anti-salt performance. Overall, these results provide clear
guidance for evaluating the potential of PTMs with unique structural morphology for solar-

driven water purification fields.



1.4 Thesis structure

The thesis outline is illustrated in Figure 1.2 and the details of each chapter is provided below.



Flow Chart of Thesis Outline

h

‘, 1
===

CHAPTER 1 CHAPTER 2

[ Introduction ]

CHAPTER 3

l l l l

Ve
Synthesis of 3D copper Highly stable gold nanolayer Polydopamine nanostructures Tannic acid derived
sulfide/tin sulfide microstructure membrane based solar decorated a nickel foam towards multifunctional hydrogel for
for efficient solar evaporator and evaporator for harsh efficient solar water evaporator highly efficient solar steam

seawater desalination environment resistance with anti-salt properties generation
-
CHAPTER 4 CHAPTER 5 CHAPTER 6 CHAPTER 7
CHAPTER 8

Figure 1.2 Thesis outline



Chapter 1: INTRODUCTION

This chapter presents a brief background on the research topic, including the principle of solar
steam generation and PTMs. The research motivation, objectives, and the significance of this
work are illustrated.

Chapter 2: LITERATURE REVIEW

This chapter reviews the research development of solar steam generation including the classes
of PTMs used in SSG, the development of SSG, and the applications in seawater desalination
Chapter 3: MATERIALS AND METHODS

The materials used and methodology is given in this chapter, which includes the raw materials
used, synthesis method, materials characterization, SSG device fabrication, thermal
management, SSG performance, and water purifications. The characterizations of the
synthesized and fabricated PTMs were conducted using various instruments including;
scanning electron microscopy (SEM) with an EDS detector, X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), Fourier-transform infrared spectroscopy (FTIR),
Thermogravimetric analysis (TGA) and Brunauer, Emmett and Teller (BET) surface area. The
surface wettability was measured using a contact angle. The optical properties were measured
using the Universal Measurement Spectrophotometer (UMS), heat management was visualized
on a Fluke E6 Infrared Camera (Fluke, USA). The mass change of the solar evaporator was
measured using an electronic balance which is connected to a labtop. A custom-built device
designed for condensation and collection of evaporated salt water. Ion concentrations of salted
and desalinated water were analyzed using the inductively coupled plasma mass spectrometer

(ICP-MS).



Chapter 4: SYNTHESIS OF 3D COPPER SULFIDE/TIN SULFIDE MICROSTRUCTURE
FOR EFFICIENT SOLAR EVAPORATOR AND SEAWATER DESALINATION

A hierarchical structure of copper tin sulfide microflowers composed of vertically aligned
nanosheets using a single-step solvothermal method is described. The gaps between
microflowers structures and the abundant nanocavities between the vertically aligned
nanosheets are beneficial for efficient sunlight harvesting over the solar spectrum, thermal
heat localization, and utilizations through trapping and re-absorbing the emitted heat and
allowing fast escape of water vapor. The synthesized materials werer deposited on a mixed
cellulose ester membrane, then coated with hydrophobic silane material. The resulted
membrane could achieve excellent water evaporations of 1.42+0.04 kg m h™!, corresponding
to an efficiency of 82.9% under one sun irradiation. Good anti-salt performance can obtain
with a stable evaporation performances over ten continuous cycles under an actual seawater.
Chapter 5: HIGHLY STABLE GOLD NANOLAYER MEMBRANE BASED SOLAR
EVAPORATOR FOR HARSH ENVIRONMENT RESISTANCE

In this chapter, a novel thin-film gold nanolayer was sputtered on polytetrafluoroethylene
(PTFE) membrane using a magnetron sputtering technique (named as; Au-PTFE). Au-PTFE
membrane exhibited strong adhesiveness of on PTFE fibrous surface. This resulted in
enhancing the mechanical strength of the PTFE membrane. Additionally. Excellent chemical
stability can be achieved under harsh chemical conditions (acidic, basic, and oxidized). The
prepared solar evaporator of Au-PTFE on cellulose sponge resulted in excellent salt ions
rejection, meeting the required standard for drinking water. Furthermore, exceptional
reusability and stability are demonstrated in natural seawater, high salinity brine (150 g/L
NaCl), and harsh chemical conditions. In addition, auto-cleaning properties can be obtained by
placing 2.5 g of NaCl on the Au-PTFE surface, which could dissolve back to the water within

150 minutes via advection and diffusion process.


https://www.sciencedirect.com/topics/engineering/localisation

Chapter 6: POLYDOPAMINE NANOSTRUCTURES DECORATED A NICKEL FOAM
TOWARDS EFFICIENT SOLAR WATER EVAPORATOR WITH ANTI-SALT
PROPERTIES

This chapter reports in situ PDA NWs decorated on 3D porous nickel foam substrate. This
unique structure results in boosted light absorption by the nickel foam. The synthesized
material exhibited unique hierarchical nanostructures, superhydrophilicity, and high porosity
resulting in excellent solar light absorption and thermal conversion. A simple solar evaporator
was made of polystyrene foam, and the cotton cloth resulted in a fast water supply to the
evaporator and exceptional heat localizations. The design solar evaporator resulted in high
water evaporation performance and anti-salt capability even at high salinity solutions (75g/L).
The small amount of salt formed on the PDA NWs-NF surface can be re-washed through
immersing in di-ionized water. This is attributed to the merits of the coated PDA, which
contains rich hydrophilic hydroxyl groups, resulting in a weak adhesion of salts on the PDA
NWs -NF surface.

Chapter 7: TANNIC ACID DERIVED MULTIFUNCTIONAL HYDROGEL FOR
HIGHLY EFFICIENT SOLAR STEAM GENERATION

This chapter reports the designing and fabrication of porous PVA hydrogel using TA-Fe
complex as cross-linker and solar absorber and utilized for solar steam generations and
seawater desalination. The designed hydrogel has features of confined nanochannel uniformly
distributed on the hydrogel surface, with superhydrophilicity properties. Consequently,
excellent water evaporation performance can be obtained of 2.35+0.11 kg m™ h',
corresponding to an efficiency of 94.6 %. Additionally, excellent remarkable anti-salt
capability was realized with stable performance over 3 consecutive days under high brine
salinity (75 g/L NaCl). At the end of each day's performance, we observed formations of salt

layer on the hydrogel surface and the salt redissolved at night (dark conditions) into the bulk
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saline water. The nanochannels on the hydrogel surface allowed water supply from the
cellulose sponge.

Chapter 8: CONCLUSION AND RECOMMENDATIONS

This chapter describes the results and the outcomes of the entire body of work and addresses

future research and perspectives.
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CHAPTER 2

LITERATURE REVIEW

Parts of this chapter are based on the following publications:

Idris Ibrahim, Dong Han Seo, Andrew M. McDonagh, HoKyong Shon, Leonard Tijing*.
Semiconductor photothermal materials enabling efficient solar steam generation toward
desalination and wastewater treatment. Desalination 50, Volume 500, 2021, 114853. (2021).

Idris Ibrahim, Vrushan P, Dong Han Seo, Morteza Afsari, Ho Kyong Shon, Leonard Tijing*.
Biomass-based photothermal materials for interfacial solar steam generation: A review.

Materials Today Energy. (2021), 100716
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2.1 Introduction

Safe drinking water is essential for the human population and has remained a significant
challenge. The World Health Organization estimated that more than one billion people suffer
from a lack of clean drinking water [31]. In addition, unsafe drinking water can cause serious
water-borne diseases such as diarrhea, respiratory infections, and cholera [31-34]. These issues
are often more severe in remote or rural areas where it is challenging to implement traditional
clean water production systems and processes [35]. Solar energy is a highly accessible and
renewable energy resource providing huge amounts of energy has attracted significant attention
to obtain clean water [18]. The ancient Greek philosopher Aristotle noted the relationship
between water and energy as follows [29]:

“Now the sun moving, as it does, sets up processes of change and becoming and decay, and by
its agency the finest and sweetest water is every day carried out and is dissolved into vapor
and rises to the upper regions, where it is condensed again by the cold and so returns to the
earth”

From this point, numerous designs for building solar stills for solar seawater desalination were
developed. Solar desalination systems that consume solar energy are classified as direct or
indirect systems [11, 36]. A system that absorbs sunlight directly and converts it into heat to
generate vapor inside the solar collector is called a direct system. Meanwhile, the system that
collects the sunlight and generates heat in a system and combined with conventional
desalination technology like membrane distillation (MD) or forward osmosis (FO) is called an
indirect system [11]. The indirect system experienced a high-cost, low water production
efficiency per unit area compared to the traditional fossil-fuel-based technology making it
impractical for large scale [37]. Hence, more scholars and industry attention have been shifted
towards the direct system to design small-scaled devices suited in rural areas where water is

scarce, and the sunlight is abundant. In the mid-1950, the basin solar still reported as a
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promising technology for solar desalination. But systems still suffer from low thermal
efficiency and low water production 1-4 L/m?/day [37]. The nano-enabled SSG has attracted
tremendous attention as cost-effective, scalable, and affordable technologies to overcome the
fresh water scarcity issues [38]. This technology is mainly based on PTMs to harvest solar
energy and convert it into heat for water vapor generation [38, 39]. In the first study, Halas’
demonstrated a dispersed gold nanoparticles (NPs) system in SSG, where water vapor is
generated through boiling mechanisms, achieving 80% efficiency [40]. Later on, Chen’s group
initiated a new approach to utilize heat and suppress the losses. In their proposed design, the
solar absorber part was separated from the bulk water using a thermal insulator in a system
called ISSG [41]. They employed exfoliated graphite as a solar absorber coated on hydrophilic
porous carbon foam (thermal insulator), which results in water evaporation efficiency of ~85%.
Later on, a number of groups have tried to improve the efficiency of solar evaporator by using
different solar absorbers and system designs. To design a highly-efficient SSG system for
desalination, it needs to satisfy four main criteria: (i) use of PTMs with excellent optical
properties; (ii) the solar absorber (i.e., PTM and substrate) should possess low thermal
conductivity to localize the generated heat; (iii) the system should possess fast water transport
channels [42-47], and; (iv) the absorber should exhibit anti-salt crystallization properties when

evaporating saline feedwater [42, 48].
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2.2 Strategies for achieving efficient interfacial solar evaporator

2.2.1 Fabrication of efficient solar-thermal (Photothermal) conversion materials

Solar irradiance at the earth’s surface on a sunny day is approximately 1 kWm™ (equivalent to
one Sun) at sea level [49]. The solar spectrum consists of ~7% ultraviolet (UV) light (300-400
nm), ~43% visible (vis) light (400-700 nm), and ~50% near-infrared (NIR) light (700-2500
nm) [50, 51]. An optimal semiconductor PTMs for SSG can capture all the wavelengths of the
incident sunlight (UV-Vis-NIR) and efficiently convert the absorbed light into heat. To achieve
the maximum light-to-heat conversion, the PTMs must absorb sunlight with low reflection and

transmittance and avoid heat loss during the photothermal conversion process [52].

2.2.1.1 Nano-microstructure semiconductor photothermal materials

Semiconducting materials excited by photons with energies greater than or equal to their
bandgap generate electron-hole pairs. As excited electrons relax, energy can be released in the
form of heat or vibrations by energy transfer to the material lattice (i.e., non-radiative relaxation
via phonons). When the phonons encounter defects in the lattice of the material with poor
thermal conductivity, heat dissipates into the surroundings, which establishes a temperature
distribution depending on the optical absorption and their recombination characteristics [18,
23]. Semiconductor PTMs with narrow bandgap (£:) can achieve excellent photothermal
conversion efficiencies as most of the solar spectrum can be utilized for heat generation. Large
bandgap PTMs exhibit limited optical absorption, which results in low photothermal
conversion efficiencies. Besides regulating the bandgaps, nano/microstructure semiconductor
PTMs contribute to excellent light absorption through sunlight reflection and trapping. Various
strategies have been exploited to narrow the bandgap for enhancing the light absorption of
semiconductor PTMs. Strategies, examples, and perspectives are discussed in the next sections
in detail. A summary of the methods materials preparation and SSG performance of various

semiconductor-based PTMs is illustrated in Table 2.1 a. Plasmonic materials with localized
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surface plasmon resonance (LSPR) are capable of absorbing a broad light spectrum up to the
NIR region, which is beneficial for remarkable light harvesting within a extensive range of the
solar spectrum. The increase in the valence band leads to a plasmonic resonance peak shift to
higher frequencies [53]. The LSPR can be obtained and tuned by two main methods: (i) free
carriers (holes) formed through cation vacancies due to the presence of a defect or doping [53,
54] and ; (ii) use of low bandgap materials to boost the absorption to cover the whole solar
spectrum. The structure compositions and morphology could also play a vital role in improving
light absorption [55]. Traditional noble metals have been widely used to generate the LSPR
effect. However, high cost limits their practical applications, especially in solar steam
generation. Interestingly, LSPR semiconductor materials with low bandgap open a new avenue
as alternative candidates to noble metals. This is attributed to their relatively lower cost

(precursors cost as well as fabrication cost) and potential to be synthesized at large-scale.

Metal chalcogenides

Non-stoichiometric p-type semiconductor Cuz«S is a well-known plasmonic semiconductor
PTM in solar steam generation. It can exhibit different bandgaps through varying the crystal
structures via controlling the stoichiometric (x) in CuzxS [53]. The stoichiometric and
morphologies can be varied by controlling the synthesis parameters or precursors types. This
has a significant influence on photothermal conversion efficiency [56]. For instance, Zhang et
al. fabricated high-quality Cu7S4 nanocrystals (NCs) with different shapes via heat controlled
reactions with sulfur in 1-octadecene for SSG [56]. At one sun irradiation, water evaporation
efficiencies of 60.5%, 51.6%, 53.1%, and 47.8% were achieved for monodisperse disk-like,
monodisperse spherical, polydisperse disk-like, and polydisperse spherical CusS4 NCs,
respectively. The highest performance was achieved by monodisperse disk-shaped NCs as they

possess the strongest LSPR effect and have high electron (hole) carriers. Quaternary p-type
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Cu2ZnSnX4 (X=S or Se) has received considerable attention as an effective solar absorber due
to its low and tuneable bandgap [57]. For example, Cu,ZnSnS4 was investigated as an efficient
solar absorber due to its narrow direct energy bandgap and a very high optical absorption
coefficient (> 10* cm ™) [58, 59]. Mu et al. synthesized 3D Cu>ZnSnS4 nanosheet as an efficient
solar absorber for SSG applications [60]. The strong surface plasmon resonance caused by high
carrier concentration results in low bandgap and the incident light trapped between the
microstructure leads to excellent light absorption properties of 92.25% at the entire solar
spectrum. This results in a remarkable solar evaporation rate and efficiency of 1.46 kg m?h
and 84.5%, respectively, under 1 sun irradiation. Similar to the quaternary sulfide, selenide p-
type Cuz2ZnSnSes (CZTSe) with narrow bandgap (E;= 0.88 to 1.2 eV) has been demonstrated
as potential solar absorber [61]. This quaternary p-type displays excellent light absorption, and
more research on this direction can be considered. For example, Yang et al. demonstrated
CZTSe nanocarambolas and irregular shapes for highly efficient SSG [62]. The optical
properties of quaternary p-type display strong LSPR that covers the full solar spectrum. The
high free carrier (hole) density of the nanocarambolas and the unique assembled nanoporous
structure hence achieve a strong LSPR effect in the IR region. Hence, excellent photothermal
conversion in the absorber layer to evaporate the water layer at the interface and exhibit a high-
water evaporation rate of 1.52 kg m2h'!, at one sun irradiation. On the other hand, the irregular
shape displayed a weak LSPR effect, resulting in a lower water evaporation rate of 1.412 kg
m~ h'!, However, despite the exceptional performance, the high toxicity of selenium added
during the synthesis process remains a challenge that could hinder the applications of these
materials for SSG application. Previous works revealed that metal chalcogenides possess
excellent light absorption characteristics. Among reported metal chalcogenides PTMs, copper
sulfides feature merits of the low-cost, easy synthesis process. They can be formed in various

morphologies and sizes, making it easy to be integrated with several types of substrates for
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enhancing the optical properties. So far, this unique class is the most promising semiconductor
PTMs due to its excellent solar water evaporation performances. In contrast, in the case of
binary metal chalcogenides, despite the excellent display performance, more investigations are
required regarding the structure compositions and morphology regulations.

Oxygen deficient metal oxides

Transition metal oxides (TMOs), such as tungsten oxide (WO3) or molybdenum oxide (MoO3),
have attracted considerable attention as excellent PTMs mainly ascribed to their excellent
thermal stability [63-65] and their unique characteristics of the free outer-d valence electrons.
Their bandgap can be regulated through phase transitions, as the occupancy level of its 5d
orbitals varies with lattice distortion [66]. Oxygen-deficient metal oxides possess high charge
carrier density, which is necessary for achieving the LSPR effect. This also acts as a defect for
phonon propagation, leading to expected enhancement in photothermal conversion efficiency
in SSG application. Additionally, introducing oxygen vacancy results in the appearance of
defect energy levels and reducing the gap between the valence band and the defect level [67,
68]. Tungsten oxide, WOs3x (e.g., WO2.72, WO253 WO, and W19049) with oxygen defects is an
attractive LSPR candidate for SSG. Amorphous WO3 possesses large lattice distortion and
displays a wide bandgap of E,= 3.4 eV; while the monoclinic crystalline phase exhibits E;=2.6
eV [66, 69]. After introducing the oxygen vacancy, nonstoichiometric WO3.x displays strong
broad light absorption in the NIR region due to intervalence charge transfers, LSPR of free
electrons, small polariton absorption and narrower bandgap [70]. Sun et al. reported the phase
transition from semiconductor metallic WO3 to quasi-metallic through a hydrogenation
process, delivering excellent light absorption characteristics of 90.6% [71]. Furthermore, ab
initio calculation showed a narrower bandgap of WO29 compared to WOs3, consequently
extending the range of light absorption wavelengths from UV to Vis to NIR region.

Additionally, the band structure of WO2.9 shows that both the upper valence band and lower
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conduction band is partially occupied, with its Fermi energy level shifted nearer to the
conduction band. Fang et al. designed and fabricated a flexible, self-floating WisO49
nanowires/carbon foam composite through a hydrothermal and annealing process using
melamine foam as a raw precursor for carbon-based support [72]. During the annealing process,
the melamine foam was converted into carbon foam with a highly porous net structure, which
contributed to the scattering and trapping of the light. In addition, the total amount of reduced
WisO0s9 (W2 or W*") was increased from 16.7% to 45%. This results in intensive oxygen
vacancy and enhances the light absorption characteristics. For this reason, a high-water
evaporation rate of 1.694 kg m? h'! was obtained under one sun irradiation. The flexible
features of the composite make it reusable for several cycles with stable performance. Chang
et al. demonstrated a flexible solar steam generator composed of nonstoichiometric W18Oa9
mesocrystals wrapped with PDMS on PTFE membranes [73]. The mesocrytals materials
consist of high oxygen vacancies, leading to strong LSPR, and broadband light absorption with
a bandgap of 2.7 eV. As consequence, water evaporation rate of 1.15 kg m? h!, and efficiency
of 80.7% under one sun irradiation. MoOy is another example of oxygen-deficient metal oxides
with strong LSPR properties, making it promising PTMs for SSG applications. For example,
Lu et al. employed an oxygen-deficient MoOx flower-like structure composed of atomically
thick nanosheets [74]. The light absorption of ~ 90% was obtained, corresponding to a bandgap
of 1.82 eV. The material was loaded onto the PTFE membrane and applied as a solar steam
generator where a water evaporation rate of 1.255 kg m™ h™!' and an efficiency of 85.6 % were
achieved. Guo’s group presented the work on using MoO3.x quantum dots as PTM, where its
absorption band closely matched with the solar spectrum [67]. The oxygen vacancy was
introduced by the hydrothermal method utilizing chitosan as both reducing and capping agent.
After loading the materials into cellulose acetate membrane and coated with fluoroalkylsilane,

a water evaporation rate of 4.95 kg m™ h'! and an efficiency of 62% were demonstrated under
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5 sun irradiation. Oxygen deficient metal oxides are good materials with a lower bandgap of
and strong LSPR effect for achieving excellent light absorption for solar water evaporation. To
increase the solar absorption capability for water evaporation performance, advance research
is required, such as; tailoring morphology control (e.g., porous, size and diameter) or

nanocomposite design.

Size, concentrations, and other parameters

An effective approach to adjust bandgap is to tailor the material size with a narrow size
distribution. Taking titanium dioxide (Ti07) as an example, it exists in different crystal phases
(i.e., anatase, rutile, brookite) and exhibits wide E; (3-3.2 eV). As a result, the optical
absorption is limited to the UV region (< 400 nm), accounting for a total of <7% of the solar
spectrum [75, 76]. Wang et al. reported nanoscale titanium sesquioxide (Ti203) NPs (size ~400
nm) using a ball milling process and obtained a very small bandgap of 0.1 eV. The
corresponding bandgap mechanism is illustrated in Figure. 2a [77]. The light absorption
characteristics are compared to the commercial bulk Ti2O3. The bulk one shows less light
absorption capability (85.4%) compared to nanosize Ti2O3 NPs (92.5 %), due to the less
efficient light scattering of bulk particles (Figure. 2b). To investigate the effect of NP size,
they reduced the size to 350 nm and resulted in 1% increase in the light absorption. Also, the
materials demonstrated a 100% conversion of the entire absorbed light into heat. After loading
Ti2O3 NPs on cellulose membranes, a remarkable water evaporation rate of 1.32 kg m>h!
under one sun irradiation was obtained. Besides the size, the concentration of semiconductor
PTMs display a vital role in enhancing the optical characteristics. For example, Tao et al.
investigated the impact of the plasmonic CuS concentrations in light absorption [78]. They
incorporated different amounts of CuS (1 to 12 mg) into the PVDF membrane. The light

absorption was increased with increasing the amounts of CuS concentrations reaching to a
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maximum (12 mg) absorption of >90% in the UV-vis and >96% in the NIR region (Figure.
2¢). With excess amounts of CuS (16 mg), they found no difference to the optimum loading
case (12 mg) as it reaches the saturation level. 12 mg-CuS-PVDF produces a water evaporation
rate of 1.43 kg m?h'!, 2.91 kg m?h'!, and 5.93 kg m? h! under 1 sun, 2 suns, and 4 suns
irradiation, respectively (Figure. 2d). In contrast, Chen et al. presented a MoS> nanoflower
structure with an external diameter of I pm composed of nanosheets deposited on air-laid paper
(ALP) as efficient PTMs. They realized that by changing the concentration of MoS» into the
ALP layer, the light absorption efficiency also varies until no change is observed [79]. Yang et
al. reported the hybrid composite material of MoS> nanosheets with single-walled CNTs by
controlling the thickness of nanosheets from 2 to 6 nm, the solar absorption was enhanced from
82% to 95% [80]. The surface roughness cause in multi-scattering and trapping of incident
solar irradiation that enhances light absorption [81]. For instance, CuS/PE composite
membrane was also prepared to feature rough 3D surface and open porous channels, leading to
light absorption of ~ 93%, low transmittance of ~2.5%, and reflectance of ~4% [82]. The
growing semiconducting PTM on a rough membrane or 3D supports, such as metal foams,
would be a desirable SSG application approach. Through regulating the thickness and
concentrations of semiconductor PTMs not only impact on the light absorption but also the
water evaporation efficiency. It is also recommended to investigate the effects of the PTM

thicknesses and concentrations on light absorptions and water evaporation efficiency.

21



(a) Typical semiconductor Ti,O, semiconducter (b))

CE CB 01 | —
- Heat F al | TiO;
@ 1 TLO
frv § 60 Nanoparticies
E 40 aumu
2 201 Graphite !
—— _:-"-.-.-__. =]
= . Hmt D T T T T
VB 500 1000 1500 2000 2500
Wavelength (nm)
(c) 100 ———— (d) oo -
et — —
o %
= f 2 1.0
e ==
15 Eu a -1'5‘
‘é- —1 mg-CuSIPYDFM %
e 401 . —— 2 mg-CuSIPVDFM Y e PPRr—
- | — & mg-CuS/IPYDFM £ p5] —e=Woter {1 sun)
=y 20 . —— B mg-CuS/PVDFM _E g ::’:‘DFH [: sun)
b it T 304 22 mgcusPvorm o
2 L it 5] - 12meCUSPVDFM (8 suni
500 1000 1500 2000 2500 ) & 10 15 20 25 30
Wavelength (nm) Time (min)

Figure 2.1 (a) Schematic Illustration of typical electron-hole generation and relaxation in a
typical semiconductor (left) and narrow bandgap Ti>Os3 (right), (b) solar reflectance spectra of
Ti203 NPs [77], (c) UV—vis—NIR absorption spectra of different amount CuS/PVDFMs, and
(d) water evaporation rate of 12 mg-CuS/PVDFM under increasing solar intensities irradiation
[78].

2.2.1.2 Noble metals based photothermal materials

Noble metal-based nanostructures (e.g. Au, Ag, Pd) have been widely reported as PTMs in
SSG. This is ascribed to their stability under harsh environmental conditions (acidic, basic
conditions) [83-85]. The light absorption mechanism caused by localized surface plasmon
resonance (LSPR) which broadened the absorption and extended to the infra-red regions. The
plasmon-assisted photothermal effects occur when metal nanoparticles are illuminated at their
resonant wavelengths, which causes oscillation of the electron cloud. Rather than through

radiative emission, the decay of these hot electrons through electron-electron scattering

redistributes the hot electron energy, which can rapidly increase the localized surface
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temperature of metal particles [86, 87]. Several strategies have been implemented to develop
effective PTMs for solar water evaporations. This can be done by tailoring the size and shapes
of the PTMs or by using an effective substrate that contributes to the light and heat
localizations. Table 2.1 b gives summary of the preparation and SSG performances of different
types of noble metals based PTMs.

The effect of Size and Morphology

It has been reported that the morphology of the noble metals has a strong influence on the
resonant frequency position of the plasmon absorbance. For that reason, researchers have tried
to synthesize different types of nanostructures (nanoparticles, nanocage, nanocylinders) with
varied LSPR in the UV-ViS-NIR regions. Several researchers investigated au nanoparticles
(NP) with solid centers and quasi-spherical shapes. However, their LSPR were limited to the
UV region (250-800 nm). Au NPs with increasing diameters between 3 and 40 nm and red shift
from 520 to 530 nm are still limited to the UV region [88]. AuNP with hollow structures (e.g.,
cages, boxes and shells) or with anisotropic structures (e.g., stars, multipods and rods) can
exhibit LSPR peaks tuneable to the entire visible and NIR regions [29]. For instance, Wu et a/
designed and fabricated Au nanocages (AuNCs) with hollow interiors and porous walls,
followed by electrospinning with PVDF [29]. They indicated that the LSPR mechanism could
be explained by its absorption rather than scattering. Besides the morphology, the size of
nanostructures can impact light absorption. The Au nanocages peaks can be shifted from 400-
1200 nm by controlling the wall thickness and porosity of the walls [29]. The floated
AuNCs/PVDF could generate an efficiency of 79.8 % under the natural sun.

Effect of the substrates used

The substrate also plays a vital role in improving the light absorption or the plasmonic
enhancement properties. Therefore, different types of substrates were integrated with noble

metals nanoparticles, including; AAO [89, 90], Wood [91] and diatomite [92], and bio-inspired

23



systems. For instance, Zhu’s group proposed that the depositing of noble metals NPs into
porous open channels substrates such as Anodized alumina Oxide (AAO) was found to be an
efficient method to minimize light reflections. AAO is nanoporous template material with sizes
ranging from 20-400 nm, which can be fabricated via anodization of alumina foil at high
voltage (-40 V) [93]. The straight and open channels with loaded Au NPs can further enhance
the light absorption properties. Based on this principle, Jia Zhu et al., applied Anodized alumina
Oxide (AAO) into an SSG [89]. AAO is nanoporous template material with sizes ranging from
20-400 nm, which can be fabricated via anodization of alumina foil at high voltage (-40 V).
The straight and open channels with loaded Au NPs can further enhance the light absorption
properties. The absorption shifts from ViS to NIR by tuning the pore diameters and the
deposition parameters. For the first time, Zhu’s group demonstrated the controlled fabrication
of AuNC morphology via manipulating the pores diameter of AAO nanoporous template (D:
50 nm, 100 nm and 200 nm). The mechanism can be described by the assembling of close-
packed NPs around the inner sidewall of the pore, creating random particles with different sizes
in large quantity and the plasmon hybridization effect, which is an agreement with their
previous report [94]. Additional nanotubes are arranged in a photonic crystal-like structure,
which dominates the infrared absorption cut-off feature. Au nanoparticles are redshifted with
the increasing AR, indicating the broadband absorption mechanism of LSPR hybridization.
However, the intrinsic resonance of Au nanotubes is blue-shifted with an increasing thickness
(t), which suggests the cut-off point of the nanotube-built photonic-crystal-like geometry [89].
Despite the good performance of AAO substrates, it is still suffering from high cost, deposition
of NPs into the channels is more complicated, weak mechanical stability and some toxicity
issues [95]. To overcome this issue, bio-inspired substrates have been considered as a good
substrate for plasmonic noble metals derived PTMs SSG [24, 95-97]. For example, Sheng et

al. designed ring shapes natural bamboo (thickness of ~1 cm) and deposited Au NPs uniformly
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on the vessels of the bamboo [97]. Bamboo consists of vertically oriented vessel microchannels
that provide water capillary force, resulting in excellent water transport. It exhibited a high
absorption capability of 99% over the UV-Vis—NIR because of the strong LSPR and the
internal reflection and trapping through the microchannel. The plasmonic bamboo maintains
low thermal conductivity at a wet state with a slight increase from 0.30 W/m/k (for bamboo)
to 0.35 W/m/k, thus providing excellent insulating properties. SSG efficiency of 87% was
obtained under 10 suns irradiation. Deng groups proposed Au NPs coated air-laid paper via
incubating aqueous Au NPs solution on (ALP) overnight with the assist of formic acid which
allowed the diffusion of Au NPs (Figure 2.2 a) [24]. The optical properties display that the
prepared Au NPs/ALP possess higher light absorption of 87% compared to the free standing
Au NP film 64% (Figure 2.2 b). This result confirm the beneficial of the microporous ALP for
enhancing the light absorption of the plasmonic Au NPs through multiple scattering. The solar
evaporation performance was conducted under 4.5 sun irradiation, the resulted showed that a
an evaporation efficiency of 77.8% for Au NPs/ALP which is relatively higher than free
standing Au NP film 47.7%. The solar evaporator and schematic of the evaporation mechanism
of Au NPs/ALP is shown in Figure 2.2 c. Bioinspired plasmonic membrane composed of filter
paper coated with gold NPs was reported by Wang and his co-workers [96]. The fabrications
process involved the preparation of colloidal Au NPs followed by vacuum deposition of the
dispersed gold on filter paper which pre-treated initially with poly(diallyl dimethyl ammonium
chloride). A good light absorption of 87.7% was achieved along the whole solar spectrum
regions. This resulted in a water evaporation of 12.18 and an efficiency of 85% at 10 sun
irradiation. Chen et al. investigated the influence of substrates on the light absorption (Au NPs)
with as-prepared poly(p-phenylene benzobisoxazole) nanofibre (PBONF) [98]. The
commercial filter paper exhibited low light absorption of 6.7% compared to the 34.7% of

PBONF, which corresponded to the vibration modes in the m-conjugated structure that is
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stimulated by excitation of optical transition. The light absorption of 67.4% was obtained in
Au NPs/PBONF system. Upon-sun light irradiation, the designed Au NPs/PBONF can achieve
a good solar thermal conversion with a surface temperature increase of 9 °C from the initial
temperature. This resulted in a water evaporation rate of 1.42 kg m™ h’!. Fang et al. made
further steps toward improving plasmonic metals' performance by depositing Ag nanoparticles
into micrometer size-diatomite via chemical plating mainly composed of silica [92]. During
the water evaporation, the water is absorbed through the cavity and multi pores of diatomite,
which could also reduce the heat loss. Meanwhile, Ag NPs act as solar absorbers by harvesting
the light and converting it into heat. This resulted in a water evaporation rate of 1.39 kg m2

h™!, corresponding to an efficiency of ~92.2% were demonstrated.
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Figure 2.2 (a) Photograph of the prepared Au NP/ALP. (b) The optical characteristics of Au
NP/ALP in comparison to the free standing Au NP. (c) Schematic lustration of the composition

of Au NP/ALP and the working mechanism during solar water evaporation [24].
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2.2.1.3 Nanostructured polydopamine based photothermal materials

A conjugated polymer such as Polydopamine (PDA) has been widely investigated and displays
good performance in SSG applications. This is attributed to its unique features of the
straightforward fabrication process and excellent light absorption caused by strong n-electron
localization [39, 99-104]. In addition, the materials exhibit high stability when attached to
various types of substrates, making it ideal PTMs. In 2017, Jiang et al. fabricated a flexible
bilayer interfacial evaporator composed of spherical PDA (diameter ~1 um) loaded into 3D
open microporous bacterial nanocellouse matrix (BNC) [104]. This resulted in excellent light
absorption of 98% across the solar spectrum region. The floated PDA/BNC bilayer can achieve
high solar thermal conversion with a surface temperature that can reach up to 43 °C under one
sun and 72 °C under 3 suns. This resulted in solar water evaporation and efficiency of 1.13 kg
m™ h! and 3.47 under 3 suns, respectively, under one sun irradiation. Later on, Xu et al.
prepared a PDA-coated pinewood through the self-polymerization process at room temperature
[105]. The functionalization of wood morphology and pore channel size remains unchanged.
This results in maintaining the mechanical and physical properties of biomass, greatly assisting
in enhancing the water transport channels. The superhydrophilicity of wood-PDA, due to the
abundance of hydroxyl groups (-OH) from PDA, resulted in continuous and fast water
transport. Besides, PDA acts as an excellent solar absorber for sunlight absorption. As a result,
a water evaporation rate of 1.38 kg m2h!, corresponding to the photothermal conversion
efficiency of 87% under 1 sun irradiation, was obtained. Zou et al. demonstrate PDA integrated
into cellulose aerogel for SSG applications [106]. The as-prepared PTMs exhibited a rough and
porous surface structure with good thermal insulation properties. This resulted in good dollar
light absorption ~90% matching the solar spectrum region. Besides, efficient solar-thermal
conversion can be realized with a surface temperature that can reach up to 40 °C within 10 min

from the initial temperature of 22 °C. Consequently, a water evaporation rate up to 1.36 kg m™
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2 h! with an efficiency of 86%. Zhang et al. suggested the use of semi-coke coated with PDA
as self-floating PTMs [107]. The synergistic effect of the interaction between semi-coke and
the coated PDA PTMs enhanced results in a stable rough micro-nanostructure and excellent
solar-thermal effects. This results in excellent optical characteristics with light absorption of

~99% in the 250-1200 nm wavelength range. Additionally, a water evaporation rate of

1.41 kg m 2 h™! with a photothermal efficiency of 90.56% was obtained. The above-mentioned
results confirm the promising applications of PDA as effective PTMs for SSG applications.
However, there is a huge scope for the decorations of PDA with porous metal substrates which
have not investigated yet. This could be a promising methods specially for the salt-resistance
applications in solar desaliantion applications. Table 2.1 c display the preparation method of

PDA and their perfoemance in SSG.
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Figure 2.3 (a) Photograph of PDA/BNC. (b,c) IR images and corresponding temperature of
the generated heat on the surface of PDA/BNC and water based solar evaporator at irradiation
of 1 sun and 3 suns. (d) The mass change during water evaporation of PDA/BNC and water

based solar evaporator at irradiation of 1 sun and 3 suns [104].
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2.2.1.4 Hydrogel based photothermal materials

Hydrogel constitutes a group of polymeric materials with a hydrophilic structure with high
porosity endows them with a capability to absorb large amounts of water within the 3D
networks [108-111]. These merits extended the applications of these materials in solar-driven
water evaporations. It can meet all the criteria for efficient solar evaporator for solar harvester,
excellent solar-to-thermal conversion, and allowing fast water escaping. The hydrogel can
integrate with various nanostructured materials such as integrations with other materials to
form composite hydrogel graphene [112], Metal-organic framework [113], organic polymers
[114, 115]. The hydrogel can be formed through chemical cross-linking in where the hydrogen
bonding is substituted with the covalent bonding that inhibits the dissociation in water. Or
physical cross-linked (also called non-covalent bonding) where physical entanglements
including hydrogen bonding, hydrophobic interactions and electrostatic [110, 116]. In this
literature review, we classified hydrogel based on the origin of the polymer as Poly (vinyl
alcohol) (PVA) derived hydrogel and polymer beyond PVA with the integration with
nanostructure PTMs.

PV A hydrogel derived nanostructure photothermal materials

PVA is known as synthetic polymer contains abundance (-OH) functional groups with
advantages of being hydrophilic, biodegradable and biocompatible and good mechanical
strength properties [110, 117]. All these merits attracted scholars’ attention to utilizing PVA-
derived hydrogels for SSG applications. The PVA-derived hydrogel can be formed through
various crosslinking methods classified as (a) chemical cross-linked, (b) physical cross-linked,
and (c) irradiation chemical cross-linked. This method is usually combined with other
techniques to enhance the porosity, such as freeze-drying, freeze-thawing to enhance the
porosity and surface properties (Figure 2.4 a) [110]. For example, Yu et al. reported a tree-

inspired hydrogel with a vertically aligned channel adding MXene as a solar harvester, mainly
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fabricated by a directional freeze-drying process [118]. It formed through the incorporation of
a given concentration of PVA and MXene in Teflon mold. This was followed by placing the
Teflon mold on a copper cylinder and immersing it in liquid nitrogen for freeze casting. This
process results in the formation of vertically aligned channels, which is highly beneficial in
solar light absorption-thermal conversion. The as-designed hydrogel possesses features of fast
water transport and escaping. The interaction between the hydrophilic PVA-MXene and water
molecules resulted in a low heat required for water vapor generations. Taking advantage of the
above-mentioned merits resulted in a high evaporation rate up to 2.71 kg m > h™! and thermal
conversion efficiency (90.7%) at one sun irradiation. In a recent study, Liu et al. demonstrated
a novel strategy by designing PVA functionalized graphene hydrogel as an effective solar
thermal convertor for high-performance water evaporation [112]. They used NMP solvent,
which formed a complex with PVA that acts as the cross-linker in the gel network. The
graphene was dispersed well after being added to the PVA-NMP complex. The proposed
method resulted in hierarchical structure hydrogel with a porous network structure, which is an
advantages for enhancing solar harvesting and thermal conversion through multiple internal
reflections within the pores (Figure 2.4 b). This resulted in superior solar absorption up to ~
97% across the whole solar spectrum. As result, a water evaporation rate of 1.77 kg m™ h™!
with efficiency of 91.6% can be achieved under one sun irradiation. In most recent studies, Hao
et al. designed and developed PVA with sodium lignosulfonate (SLS), and combined with
carbon nanotube as solar absorber, as effective hydrogel PTMs [119]. The added SLS has an
advantages of rich hydroxyl groups that cross-linked network with PVA. In addition to that, it
can form hydrogen bonding with water which improve the content of intermediate water. The
resultant hydrogel achieve a light absorption of 95% in the (UV-vis-NIR; 300 to 2500 nm),
which attributed to the presence of CNT. The solar thermal conversion result confirm that a

temperature up to 47.1 °C can be obtained under one sun irradiation. Due to the above
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mentioned advantages, a good water evaporation rate of 2.09 kg m 2 h™! was obtained under

one sun irradiation. Table 2.1 d highlight the hydrogel preparation, characteristics and SSG

performances. The advantages, drawbacks, and enhancing approaches of different classes of

PTMs reported in this thesis are presented in Table 2.2.
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Figure 2.4 (a) Schematic illustration of the preparation process of PVA/MXene hydrogel with
vertically aligned channels [118]. (b) A schematic illustration of hierarchical PVA-Graphene
hydrogel which offer a synergistic effect in light absorption and trapping and the designed solar

evaporator [112].
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Other polymeric derived hydrogel nanostructure photothermal materials

Besides PV A, other researchers tried to discover other materials beyond PVA to improve the
water vaporization enthalpy. Such as using starch derived hydrogel [120], chitosan derived
hydrogel [121, 122], alginate [115], double network hydrogel poly-(ethylene glycol)
diacrylate-polyaniline [123], Starch with rich hydrophilic (-OH) hydroxyl groups identified as
a suitable superabsorbent hydrogel for solar steam evaporator [110, 120, 124]. For instance, in
the most recent study, Xu et al. used a simple strategy using a starch-derived hydrogel
incorporated carbon nanotube as a high-performance solar evaporator system [120]. They used
a simple gelatinization followed by a freeze-thawing process for 10 continuous cycles. The
starch-derived hydrogel resulted in an internal porous structure, which contributes to the rapid
water transport and lowers the enthalpy evaporation resulting in reduced energy consumption
for water evaporation. Meanwhile, carbon nanotube (CNT) with network structure act as a solar
harvester. As a result, an efficient solar harvester can obtain ~92% in the wavelength range of
300-2500 nm, which higher than the pure starch hydrogel (without CNT) 36 %. For solar
water evaporation, PS foam was placed below the starch/CNT hydrogel to act as a heat
localizer. Under one sun irradiation, a solar water evaporation of 2.77 kg m > h™! with an
evaporation efficiency of ~88% was achieved. Later on, Guo et al. developed hybrid hydrogel
by combining the mechanical strength of PV A and the water absorption of rich hydroxyl groups
starch [125]. After the gelatinization of PVA with starch, small amounts of polyethylene foam
were added to enhance the floating of the evaporator on the water. Then, carbon black
nanoparticles coated cellulose nanofiber were overlaid on nonwoven fabric and introduced to
the hydrogel, followed by subjecting to freeze (-20 °C) and thawing (25 °C) for 3 cycles. The
designed hydrogel achieved excellent solar to thermal conversion with a temperature that can
reach up to 52.0 °C. A water evaporation rate of 1.08 kg m 2 h™! corresponding to an efficiency

of ~88%, was reported under one sun irradiation. Li et al. suggested that the copolymerization
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of vinyl monomers resulted in incorporating the nanomaterials, which usually act as radical
scavengers that impede the polymerization [126]. They proposed the combination of
poly(ionic) hydrogel with a solar harvester of polypyrrole-silver nanoparticles to the solar
thermal hydrogel. In detail, they used 1-vinyl-3-ethylimidazolium bromide, N,N'-methylene-
bis-acrylamide as cross-linker and ammonium persulfate as initiator. The prepared hydrogel
was subjected to a freezing-thawing process repeated 10 times. This followed by in-situ
polymerization and spray coating to prepare a top polypyrrole-silver nanoparticle which acts
as a solar harvester, and bottom poly(ionic) hydrogel acting as supporter and water supply to
the top PTM. This results in excellent light absorption of 96% across the whole solar spectrum
region.

Challenges and prospects in hydrogel derived photothermal materials

Despite the advantages of the reported study in hydrogel-driven solar evaporators, many studies
are still needed. Three main points are needed to be addressed to bring the hydrogel-derived
PTMs to practical applications. (1) The cost of the nanocomposite incorporated with the
hydrogel must be considered before the fabrication process. (2) More straightforward and less
complicated methods need to be developed. (3) The mechanism of the incorporated
nanocomposite with the hydrogel needs to be further explored to understand their effectiveness
in enhancing the porosity and water absorptivity. PVA display perfect superabsorbent for solar-
driven hydrogel materials. However, more research is needed to propose a strategy to lower
vaporization enthalpy and understand the interactions of nanostructures PTMs and the

hydrogen bonding in the perfect superabsorbent hydrogel.
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Table 2.1 Summary of the design and SSG performances of different classes of PTMs

Materials and design Performance Ref.
Photothermal Supporter/ Synthesis Method Morphology and Structures Light Absorption (%) Water
materials Thermal (UV-ViS-) Evaporation
insulator rate/ Pure
water
a. Semiconductor
Multifunctional CuO EPE Immersion + Nanowires on Cu mesh 93 1.42 [127]
NWs mesh Alcohol burner
CuS/PVDF Self-float Hydrothermal + Hierarchical nanostructure 7= 95 1.43 [78]
Phase inversion 85 nm/
CuS/SCM nanoflower Self-float Hydrothermal 3D covellite nanoflower - 1.09 [128]
composed of nanosheets/ D: ~2
pm/
Porous CuS NPs PE hybrid Single-layer CuS NPs D: ~40 nm/ PE PS: 93 1.02 [129]
membrane/ Solvothermal ~73.9 um, T: 112 pm
Self-float
3D-plasmonic covellite / Self-float Hydrothermal + Hierarchical nanostructure 7 >90 UV-vis 1.43 [130]

CuS /PVDF

Phase inversion

~85 nm
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CuxS

CuPO on PDMS

composite

Cotton-CuS aerogel

CusS films/MCE

CuxS/Cu foam

Cu,SnSe NS array

CuZnSnSe NS

array/CEM

Cu2SbsS13 NPs/CAM

MCE/ PU foam

Self-floated

PS foam

PU foam

PS foam

PU foam

Self-float

Solvothermal +
Vacuum assisted

deposition

Hydrothermal

Casting method +
Freeze-drying

Solvothermal

Solution based
method
Re-flask +
Vacuum assisted
deposition

Reflask +

Vacuum deposition

CusS particles embedded in

porous MCE

Hierarchical flower
microstructured composed of
nanosheet/ D: 2-5 um

Yolk-shell NCs-agarose Shell
wall T: 40-70 nm
Particles embedded into porous
MCE
3D hierarchical Nanorods
structure

NS array/ D: 200-300 nm

NPs/ S: 30-70 nm
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>96 NIR

85

41.8

94-95.5

85

96.3

97

95.5

1.12

1.85

1.63

1.12

1.96

1.657

1.643

6.6

[131]

[132]

[133]

[134]

[135]

[136]

[137]



CuCr;04/S10; Quartz glass Impregnation + Nonwoven fibrous membrane 57 (Dry) 1.32 [138]
Composite fibers Calcination 53 (Wet)
CuzxS NWs/Melamine Self-floated Polyol method Ultralong nanowire/ D:~50 nm - - [139]
foam and L: tens of micrometers
Oxygen-Defected EPE Hydrothermal Hierarchical flower like 97 1.255 [74]
MoOyx Nanostructure structure composed of
nanosheet/ S: 1 um/
MoS; nanosheets BNC hydrogel Chemical exfoliated Nanoshee/ Bilayer 96 0.81/0.76 Sun [98]
+
MoS,/C-PU Composite Self-floated Hydrothermal 3D spoke-like structure 98 1.95 [140]
MoS; Cotton cloth/ PS Hydrothermal Nanoflower hierarchical 90 1.3 [141]
foam
MoS> EPE Hydrothermal Nanoflower composed of 96.15 1.27 [142]
numerous nanosheets
b. Plasmonic metals
Pt/Au/TiO;-decorated Self-floated Calcination Nanoparticles/ S: 500 nm - 90.4 /10 sun [143]

Plasmonic Wood

Carbon
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Au-ZnO/MCE Self-floating Sonication + Hedgehog-like hierarchical - 8.70 [144]
Chemical reduction ZnO particles /Au
+ Vacuum nanoparticles
deposition
Pd@Bamboo Self-floating Carbonization+ Ordered and porous structure >99 12.8/ 10 suns [145]
solution based and nano-Pd layer was firmly
coated on the inner surface of
the vessel
Au/Au NPs@Cotton Self-floating Surface treatment + Au/Au NPs with S: 70 to 100 - 1.4 [83]
Chemical Reduction nm are uniformly distributed
on the fibers
Thin-film black Au Self-floating + Anodization + Self-aggregated nanowire 91 0.67 [146]
membranes they surrounded Sputtering bundles with irregular three 3D
the system with patterns coated with Au T: 40
styrofoam nm
Al NPs/AAO Self-floating Anodic oxidation + Anodized Alumina oxide with >96 0.92 [147]
membrane Al NPs deposition D: ~300 nm, Al NPs with T:

~85 nm
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Au/PVDF Self-floating Chemical reduction Top surface with spherical ~90 1.03 [148]
+ Filtration structure an bottom surface
with flower like structure and
PS: 0.36 um
Au NPs/ALP Self-floating Chemical reduction ~ AuNPs (D: 17.4 + 0.3 nm) and 87 (UV-Vis) ~7 g/h at 4.5 sun [24]
+ Deposition AuNPs film is attached on the
paper
fibers
c. Polydopamine
Bilayer of PDA/BNC Self-floating In situ Thin BNC (~100 pm) with a 98 (Vis) 1.13 [104]
polymerization + dense entangled layer of
Dispersion in cellulose fiber network and
bacteria growth PDA in spherical shape with
media + Freeze- D: 1 pm
drying
PDA/Wood Self-floating Surface treatment+ Perforative channels - 1.38 [105]

Self polymerization

interconnected by staggered

walls with PD: 30 ~ um
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PDA filled cellulose Chemical Cross- Rough and porous structure 90 1.36 [106]
aerogel linking + Freeze-
drying + In situ
polymerization
coating
Semi- Self-floating In situ Melamine sponge with 3D >99 1.41 [107]
coke/PDA@melamine polymerization + porous network structure
sponge Co-precipitation coated with a rough surface
Semi-coke, and PDA were
adhered to the surface
PDA/Natural rubber PS foam In situ 3D porous structure with a - 1.35 [149]
sponge polymerization+ rough surface, PS: tens to
coating hundreds pm
d. Hydrogel
Mxene/PVA PS foam Directional Freezing Vertically aligned >97 2.71 [118]
channels hydrogel and

the size of the coated
Mxene nanosheets of

1-2 um
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Graphene/PVA PS foam Chemical cross- Hierarchical structure 97 1.77 [112]
linking with porous network
PVA/Sodium Self-floating Gelation+ Freeze- . 95 2.09 [119]
Porous structure with
alginate/CNT drying PS: of 10-60 pm
CNT/Starch PS foam Gelation+ Freeze- . . 92 2.77 [120]
Micrometre-sized
thawing pores and CNT with
network structure are
nested
- rp— :
CB deposited PVA@starch Vacuum filtration Dense layer of CB 1.08 [125]
nonwoven fabric Gelation + Freeze- with interconnected
thawing and neatly arranged
Ag/PPy-PMBA-BrlLs Self-floating Chemical Cross- Smooth and wrinkled 96 1.37 [126]

linking + Freeze (by

liquid nitrogen) and

thawing (in distilled
water) + in-situ
polymerization +

spraying

surface with
abundance holes of

PMBA-BrILs coated

with small particles of

Ag/PPy
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MnO,; NWs/Chitosan Self-floating In-situ 94 1.78 [121]

Vertically aligned
Hydrogels polymerization microchannel with
PS: ~ 0.5 um and the
MnO; NWs are
distributed on the
surface
p-PEGDA-PANI EPE foam Solvent casting/salt 98.5 1.40 [123]
Interconnected
hydrogel leaching method+ microporous structure
oxidative (PD: 270-325 pm)
polymerization

S: Size, PS: pore size, PD: Pore diameter, T: Thickness, D: Diameter, L: Length, NPs: Nanoparticles, NWs: Nanowires, NCs: Nanocages, NS: Nanospheres, EPE: Expandable
polyethylene, EPS: Expandable polystyrene, PE: Polyethylene, PDMS: Polydimethylsiloxan, PDA: Polydopamine, PS: Polystyrene, PU: Polyurethane, PANi: Polyaniline,
CEM: Cellulose ester membrane, CM: Cellulose membrane, AAM: Anodized alumina membrane, p-PEGDA: poly(acrylamide-co-poly(ethylene glycol), PMBA: poly(N,N'-
methylenebis(acrylamide), PTFE: Polytetrafluoroethylene, PVDF: poly(vinylidene fluoride), PVA: Polyvinyl alcohol, BNC: Bacteria nanocellulose, AAO: Anodized

Aluminium Oxide, CNT: Carbon nanotube, CB: Carbon Black.
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Table 2.2 Advantages, drawbacks, and enhancing approaches of different classes of PTMs

Materials Advantages Drawbacks Enhancing approaches
Polydopamine Biodegradable. Moderate solar light Exploring a unique Structural
Easier fabrication process. absorption. morphology.
It can grow on various Hard to exist in wvarious The incorporation of PDA into
substrates. morphologies. metal foam substrate.
Plasmonic Good chemical stability even Complicated fabrication Using a straightforward method
under high  environmental process. to fabricate large-scale
conditions. Poor solar light absorption. materials.
High cost. Enhancing solar light
absorption.
Semiconductor Excellent solar light absorption. The fabrication process can Fabrication of microstructures
It can exist in various structures be complicated as it requires materials.
and morphologies. hazardous solvents.
Hydrogel polymer Low cost. The anti-salt stability under Investigating the effect of
More straightforward high salinity remains a porosity and structural
fabrication process and does not challenge. morphologies on overall

require complicated equipment.
Excellent solar light absorption.
It can be integrated with various

classes of PTMs.

performances.
Integrating the hydrogel polymer
with a new type of PTMs
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2.2.2 Thermal management and interfacial solar evaporator systems

Thermal management is critical for the adequate performance of an interfacial SSG system. In
an ideal case, all generated heat is utilized to evaporate the water, but heat losses are
unavoidable due to interfacial SSG configuration. Heat is lost by conductive and radiative
processes from the solar absorber to the water beneath it and by convective and radiative
processes to the surroundings [4, 150]. For example, the conventional design of a hydrophobic
solar absorber attached on top of a hydrophilic porous floating support exhibits inherent
thermal loss issues. The adjacent water can fill the gaps in the hydrophilic support layer,
replacing air voids and increasing conductive thermal losses as water has higher thermal
conductivity than air [41] improvements to the interfacial SSG system design are classified into

2D and 3D solar water evaporator configurations.

2.2.2.1 2D solar steam generation system

Earlier studies on 2D interfacial SSG systems were based on thin hydrophobic layers of solar
absorber directly floating on the water. There were high thermal losses due to direct contact
with water. To minimize the heat losses, a supporting layer to act as both a thermal insulator
and floating material is usually added [41]. This also isolates the solar absorber from the bulk
water forming a common interfacial 2D SSG design. This strategy has attracted increased
interest from many research groups as such design improved the water evaporation rate.
Polymeric materials are usually used for this insulating support layer. For example, Ques’s
group demonstrated the use of MXene membrane with external polystyrene foam as a thermal
insulator [151]. Their design enabled heat localization with less conduction heat loss leading
to a more stable temperature on the evaporation surface (~ 39 °C). Some researchers have opted
to modify the supporting substrate to mitigate the heat loss drawback. For example, metal foam

substrates have also been utilized as they possess high porosity and low thermal conductivity.
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Xu et al. fabricated CuO nanowires on a copper foam with low thermal conductivity of 0.02 W
m™ K using a solution-based flame treatment method [152]. For SSG application, they
designed a device consisting of external expandable polyethylene EPE foam with low thermal
conductivity underneath the CuO layer; consequently, the heat losses considerably reduced.
Upon solar irradiation under one sun, the light was converted into heat by the CuO nanowires
with a temperature of 32.5 °C. Furthermore, they observed a negligible increase in bulk water
temperature (~1 °C) after 30 min of light irradiation under one sun. This displayed insignificant
heat conduction from the solar evaporation surface to the bulk water. Consequently, a water
evaporation rate of 1.45 kg m h"! with an efficiency of 84.4% was achieved. A substrate with
3D interconnected microstructure such as natural wood, hydrogel, and PU sponge substrates
display low thermal conductivity and excellent heat localization. Besides, air with low thermal
conductivity passes along with the vapor and provides additional thermal insulation. These
distinctive features make it a suitable substrate for high-efficiency semiconductor PTMs
devices. For example, environment-friendly natural wood possessing mesoporous structures
and open microchannels have been utilized with semiconductor PTMs [63, 153, 154]. Liu et
al. combined CuFeSe; NPs (Eg ~ 0.45 eV) into the microporous channel in the wood substrate
[153]. At 1 sun irradiation, the surface temperature of the black wood increased from 20.1 °C
to 62 °C at the dry state and 30.1 °C at the wet state. On the other hand, the blank raised to 41.7
°C at the dry state and a negligible increase in the wet state. The solar-to-heat conversion results
indicated that incident light is being effectively converted to heat. Therefore, a water
evaporation efficiency of 67.7% and 85.2% under 1 and 5 suns irradiation, respectively, which
is attributed to the good thermal insulation provided by the wood substrate.

Nevertheless, recently hydrogel derived solar evaporator has been demonstrated as effective
superabsorbent materials with excellent heat localizers and fast water evaporator which could

exceed the water evaporations value. Irshad et al, proposed semiconductive hydrogel composed
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of MnO» nanowires/chitosan hydrogel (named as SPM-CH) with vertically aligned macropore
~ 0.5 um which is beneficial for solar thermal conversion and heat localizations [121]. Upon
sunlight irradiation, the surface temperature of the hydrogel rose from 22.3 °C to 40.6 °C after
30 min of sunlight irradiation, which demonstrates the capability of the evaporator for solar
energy harvesting is highly beneficial for water evaporation performances Figure 2.5 a. The
excellent solar thermal conversion is attributed to the high structural porosity and swelling
ratio, which resulted in perfect solar thermal conversion with negligible downward heat losses.
Additionally, it will allow sufficient water supplying which is beneficial for high-water
evaporation. Figure 2.5 b. illustrate the mechanism for heat localization and its utilization for
vapor generation. As a result, excellent water evaporations of 1.7 kg m h™! with an efficiency

0f 90.6% can obtain under one sun irradiation.
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Figure 2.5 (a) Infra-red images of semiconductive in-situ polymerized SPM-CH under one sun

irradiation. (b) Schematic illustration of energy confinement and its utilization for vapor

generation [121].
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2.2.2.2 3D solar steam generation system

To improve SSG device performances, researchers came up with 3D modular structures that
enhance the photothermal conversion and minimize heat losses. This can exceed the theoretical
solar evaporation limit in some reports [26, 155]. The system proves to overcome the
convection and radiation issues of some 2D design configurations, such as flat membranes-
based solar steam generations. Furthermore, the system could recover or reabsorb the energy
lost and harvest energy from the environment [156, 157] or reduce the downward heat loss
through the air gap, which acts as an insulating barrier [ 157]. For instance, Peng et al. developed
a unique 3D cup-shaped solar absorber coated with CuFeMnO4 pigment. They found that the
diffuse reflectance and thermal radiation energy can be recovered, which was not observed in
the 2D disk [155]. This is attributed to the 3D design: (i) recover the diffuse light reflectance
and radiated heat from the bottom of the cup through the cup wall; (2) gain energy or heat
capture from the external environment result through the heat exchange. As a result, a
remarkable water evaporation rate and efficiency of ~100% and 2.04 kg m h"! were achieved,
respectively, under one-sun irradiation. Huang et al. presented a novel approach for designing
an SSG device [157]. The authors prepared dual-phase Cuz-xS on Cu foam with 3D hierarchical
branch architecture with a synergistic increment of the LSPRs and the bandgap absorption
(Figure 2.6 a). Figure 2.6 b reveals the proposed design bridge shape with an air-gap below
the top absorber part, acting as a thermal insulator barrier beside PS foam to suppress the
downward heat loss. Also, the as-designed 3D system allows the energy from the environment
to contribute. The two tails serve as a water pathway channel (Figure 2.6 d). Under one-sun
irradiation, radiation and convection heat losses of 4.4% and 1.6%, respectively, were detected
by IR images visualizing the heat distribution on the top and side of the device (Figure 2.6 e).
This caused an impressive water evaporation rate and efficiency of 1.96 kg m?h™' and 94.5%,

respectively (Figure 2.6 ¢). These fruitful findings in 3D semiconductor SSG devices revealed
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the critical role of the device design for achieving exceptional water evaporation
rate/efficiency. Despite the good performances of the 3D solar evaporator systems. But, there
are a lot of questions regarding the amount of raw materials required. In addition to that, the
water supply remains a challenge as most of the part of the photothermal evaporator surface is
not exposed to enough water, unlike in the case of porous hydrogel materials. Notwithstanding
these accomplishments, the research on these directions is not investigated enough. Therefore,

future studies are needed regarding the above-mentioned challenges.
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Figure 2.6 (a) SEM images of 3D hierarchical branch architecture CuxS/Cu foam, (b)
photograph of the device fabricated with the bent CuxS/Cu foam, (c) water evaporation under
different light intensities for CuxS/Cu foam, (d) energy balance and heat loss diagram of
CuxS/Cu foam under 1 sun irradiation, and (e) IR thermal images of top-view and side-view of

the water-wetted CuxS/Cu foam under 1 sun irradiation [157].
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2.2.3 Water supply pathway

The water supply from the bulk water to the upper part of the solar absorber region through
capillary actions is a core component for highly efficient interfacial SSG systems. The substrate
plays a vital role in supplying water to the solar absorber part. The bottom substrate should
possess a hydrophilic and porous structure for water permeation to the solar absorber part
through capillary action [158]. However, low wettability restricts the heat-to-water evaporation
efficiency due to insufficient water supply [159]. Various substrates such as cellulose
membrane (CM) [62, 67, 77, 134, 151, 160], air-laid paper [79], PVDF [78, 161, 162],
semipermeable collodion membrane [53], and polyethylene have been used to provide both as
insulating support and water pathway [82]. Wicking pathways are specially designed within or
around the insulating support or as a fully isolated system from the solar absorber, directly not
in contact with bulk water, while a free-air gap exists between them. Moreover, 1D and 2D
capillary water channels are added in the system connecting the absorber part and feed-water
to enable the fast wicking of water to the solar absorber. For example, Chen et al. used air-laid
paper to wrap around an expandable polystyrene support layer to act as 2D water transport
channel towards hydrophilic MoS, absorber. The excellent water capillary actions and
wettability leads to a water evaporation rate of 1.27 kg mh! [79]. On the other hand, Wu et
al. employed a photothermal-water contactless system composed of CuS-agarose aerogel as
PTM, insulator foam as a thermal insulator, and cotton rod as a 1D water channel to transport
the water to the PTM part (evaporation area) [133]. A new approach has been suggested by
using substrates with 3D interconnected microchannels such as biomass wood, PU foams, and
hydrogels structure, which have the ability to absorb a large amount of water with heat
localization effects. This design also does not require additional wicking materials or thermal
insulators. Sun et al. reported the efficiency of macroporous polyacrylamide hydrogel with

copper sulfide as a highly efficient water transport system. The macroporous hydrogel is
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capable of absorbing a sufficient amount of water and allow water vapor to escape, while
copper sulfide absorbs the incident light, which is trapped through the macroporous hydrogel
structure, resulting in a water evaporation efficiency of 92%. Researchers also utilized biomass
materials such as wood and cotton as a natural water pathway. Wood composed of cellulose,
rich in hydroxyl group, prevents the detachment and agglomeration of the CuFeSe, NPs from
the substrate [153]. In addition to that, the porous microchannel structure of the wood facilitates
water transport to the absorber part. As a result, water evaporation efficiency of 67.7% and
85.2% was achieved under 1 and 5 suns, respectively. Other factors such as absorbers’ surface
porosity and roughness, concentration, and the distance from the absorber to the bulk water are
significant factors affecting the water evaporation performance. For example, CuS NPs
attached to polyethylene (PE) membrane with open, microporous channels of ~73.9 um
generated sufficient capillary forces to replenish water to the CuS/PE membrane the water
evaporates from the absorber regions [82]. Chen et al. observed that after increasing the
concentration of MoS,, the evaporation rates were also increased [79]. However, after reaching
an optimum MoS; concentration, the heat exchange velocity reduced, leading to a slightly
lower water evaporation rate [163, 164]. Yao et al. investigated the effect of the absorber-to-
water surface distance using SnSe/NF and found that 1 mm (tested between 1, 5, and 10 mm)
distance produced the highest evaporation rate [81]. Despite the excellent water transport, the
design of the supporting layer is an aspect that needs further investigation to improve the

efficiency of the SSG device.
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2.2.4 Strategy to mitigate salt crystallization

Salt crystallization is one of the main issues in water desalination for SSG. Therefore, it is
essential to prevent or minimize it to allow the reusability and stability of the as-designed
devices. The salt crystallization takes place when the water travels towards the PTMs and its
supporting structures. The salt ions can migrate along with vapor and crystalize on the solar
absorber layer [165]. The accumulation of salts on the solar absorber will have a detrimental
effect on water evaporation especially when a high concentration of salts is crystallized. This
leads to dramatically low solar-thermal conversion and water evaporation rate [166-169]. As a
result, numerous methods have been proposed to enable anti-salt crystallization capability for
the solar absorber system, and distinct improvements have been achieved. This includes
coating the solar absorber with a superhydrophobic layer [151, 170], fabricating a Janus type

membrane [171-174], and using hydrophilic porous polymer architecture [168, 175].

2.2.4.1 Hydrophobic PTMs as salt blocking materials

Fabrication of hydrophobic PTMs have been reported as a direct and effective strategy to
prevent and repeal the salt ions crystallizations on the surface of the solar evaporators. Besides,
it possesses self-cleaning salt properties making it applicable PTMs, especially for saturated
brine solutions [176]. For instance, Xu et al. demonstrated an effective strategy for preparing
copper foam coated with aluminum oxide NPs and decorated with carbon black and modified
with the solution of 1H,1H,2H,2H-perfluorooctyltrichlorosilane as adequate hydrophobic salt
tolerance PTM [176]. They designed a solar evaporator composed of the designed PTM and
underneath leaf as water lily and vascular bundles to act as water path to supply the water to
the water lily. As a result, water evaporation rates of 1.31 kg m h™! and 1.28 kg m h™! under
water and brine (10%) were obtained under one sun irradiation. The surface remains clean after
8 hours of continuous solar irradiations using 10% brine solution. Howver, the hydrophobic

PTMs prevent and lower the water supplying during solar thermal conversion which result in

52



lowering water evaporations performance. Meanwhile, Hydrophilic nanostructured
photothermal membranes display a drawback of salt crystallizations during solar seawater
desalination, hence hindering its practical applications [160]. To overcome this defects, one
approach is to treat the surface with a hydrophobic layer at the top, and, commonly, silane
treatment is employed [170, 177-179]. This design is similar to Janus structures and prevents
the formation of a hydration salt layer on the surface; thus, salt deposition is diminished [160,
180]. For example, Ye et al. modified TiOx-coated on stainless steel (SS) meshes with
1H,1H,2H,2H-perfluorooctyltrichlorosilane (PFOTS) through vapor deposition and produced
a superhydrophobic surface with a contact angle of 150° [181]. The modified hydrophobic
membrane surface exhibited a stable, non-fouled surface after solar irradiation for days. Ye et
al. modified TiOx-coated on stainless steel (SS) meshed with 1H,1H,2H,2H-
perfluorooctyltrichlorosilane (PFOTS) through vapor deposition and produced a
superhydrophobic surface with a contact angle of 150° [181]. The modified hydrophobic
membrane surface exhibited a stable, non-fouled surface after solar irradiation for four days.
Que and his co-workers observed that salts crystallized and accumulated on hydrophilic
CuxSnSes/cellulose membrane resulting in a lower water evaporation rate (Figure 2.7 a-c)
[160]. On the other hand, the hydrophobic Cu>SnSes, hydrophilic cellulose membrane surface
maintains clean and unclogged even after 10 hours of operation, with continuous and stable
water evaporation through the channels made by interconnected nanospheres (Figure 2.7 d-f).
The proposed mechanism of salt rejections and water evaporation with the simulated curve is

illustrated in Figure 2.7 (g-i).
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Figure 2.7 Photo-image of hydrophilic and hydrophobic membranes (a and d) before solar

desalination (b and e) after 10 h solar desalination. SEM images of the membranes after 10 h

solar desalination (c) hydrophilic (f) hydrophobic. (g) Schematic illustration of the mechanism

for salt rejections of hydrophilic and hydrophobic membranes (h,i) Mass change of the

hydrophilic and hydrophobic membranes with the corresponding simulated decay curves [160].
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2.2.4.2 Porous structural PTMs

Porous structural PTMs have been demonstrated as practical solutions for salt-resistance solar
evaporators with long-term durability and stability. It has been shown through this method the
PTMs can be reused through simple zero-liquid discharge or through day reflow-and night
reflow approaches [182]. An example following this strategy includes designing; porous metal-
based PTMs, biomass-based PTMs, and hydrogel-based PTMs. Metals foam-driven solar
PTMs is another strategy that has been proposed not to improve the solar-thermal conversion
characteristics but also to achieve excellent anti-salt PTMs. This is attributed to its 3D porous
interconnected structures that allow more water to pass through during the evaporations and
achieve excellent self-cleaning properties [183]. For example, Wang’s group reported 3D
oxygen vacancy-rich WOs3;.x composed of nanorod array grown on nanosheet array coated Ni
foam substrate as effective solar evaporator and anti-salt properties [183]. They demonstrated
an evaporation rate of 1.50 kg m 2 h™! under one sun irradiation, with an efficiency of 88%.
Using natural seawater, they showed excellent stability for up to 10 continuous cycles (1
h/cycle) under one sun irradiation (Figure 2.8 a). Also, they have noticed no salt formed on
the surface, as further confirmed by the SEM images (Figure 2.8 b). In addition, they evaluated
the salt resistance of the evaporator anti-salt properties. Furthermore, they conducted the self-
cleaning properties by placing a certain amount of salt on the top of the evaporator surface,
which could deliver an excellent anti-salt characteristic, and no slats were noticed on the
surface of the evaporator after 11 minutes of exposure to sunlight irradiation. Later on, Cui’s
group proposed hydrophobic NF PTMs consisting of graphene (G) and MoOs;.x decorated on
NF using both facile chemical vapor deposition (CVD) followed by hydrothermal methods
[184]. They demonstrated that the hydrophobic property (contact angle ~113°) of the designed
solar evaporator could be beneficial for reducing the salt accumulations on the surface. Ren et

al. used plasma-enhanced chemical vapor deposition to fabricate hierarchical graphene on NF
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as an effective solar evaporator with excellent anti-salt. They realized a reduction in
evaporation rate after short-term under 5 sun irradiation. Then they demonstrated the salt on
the surface can be removed by dip rinsing in water [185]. Figure 2.6 c-g, illustrated the
evaporation performance using simulated seawater and the SEM images with elemental

mapping before and after performances.
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Figure 2.8 (a) Cycle stability of WO3.x /NF demonstrated a stable evaporation performance
over ten continuous cycles at one sun irradiation. (b) SEM images after ten cycles revealed no
salt formed on the surface [183]. (c) Long time continuous desalination test of hierarchical
graphene foam under the illumination of 1 kW m™ (blue dots) and 5 kW m™ (wine-red dots).
(d, e) SEM images and elemental mapping revealed the salt formations (NaCl) on the
hierarchical graphene foam after 240 min under solar illumination of 5 kW m™ (f, g). The

images display no salt formations after dip immersing on the water [184].
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Porous hydrogel PTMs another promising strategy for designing highly and effective PTMs
for seawater desalination. This ascribed to its high porous channels with efficient water supply,
resulting in fast salt crystals exchange [111]. This strategy will prevent the salts from
accumulating for the long term on the hydrogel surface. Xu et al. demonstrated CNT/Starch as
effective anti-salt solar steam generators. Their designed hydrogel was stable for up to 5
continuous days under natural seawater with evaporation rates ranging from 2.52 and 2.62 kg
m2 h™! under one sun irradiation. The excellent stability due to the day-and night flow self-
cleaning which help to recover the solar evaporator and result in long-term durability.
Furthermore, they examined the anti-salt properties by placing 1 g of NaCl on the evaporator
surface. They noticed salt was gradually disappeared, and no salt found after 7 hours of solar
irradiation [120]. In another example, Yu’s group developed a novel hybrid biomass-based
hydrogel as a highly efficient solar steam generator [113]. It consists of biomass and konjac
glucomannan incorporated with Fe-based metal-organic framework NPs (diameter of ~35 nm)
with polyvinyl alcohol. The hydrogel and PVA presence's internal structure of micropores (~
10 pm) leads to rapid water transport and a high evaporation rate. The as-designed hydrogel
displayed high resistance against salt crystallization formation after placing some NaCl for 30
min. The self-cleaning function in hydrogel-based PTM occurs through an equilibrium
established through water transport-induced salt ions absorption and diffusion that enabled salt
ion discharge processes. Besides, biomass substrates have been suggested as an efficient
substrate to mitigate salt accumulation. It happens through self-cleaning via the hydrophilic
porous microchannels with a large diameter, allowing continuous water evaporation and
dissolution of the formed salt to the bulk water [165, 186, 187]. For instance, He et al.
investigated the anti-salt crystallization of bimodal porous balsa wood and found it to lessen
salt crystallization and maintain a stable water evaporation rate [166]. As revealed in Figure

2.9b, the brine solution diffuses to the large vessel channel surroundings, contributing to salt
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exchange with the brine bulk. This salt exchange process can effectively prevent salt
crystallization and accumulation in the solar absorber region. To prove the phenomena of
vessel channel contribution on the anti-crystallization, they conducted additional experiments
by blocking the vessel channel with polydimethylsiloxane (PDMS). The results revealed salt
accumulation on the surface when one channel was blocked, as shown in Figure 2.9a,b,
confirming the vital role of the vessel channel in the anti-salt crystallization strategy. Recently,
Li et al. reported a unique device to alleviate salt crystallization issues while enabling fast water
transport [165]. As described in Figure 2.9¢, the device consists of carbonized green algae as
a solar absorber with added cotton thread as an anti-salt crystallizer. They observed that salt
crystallization occurred only in the cotton thread regions rather than the carbonized algae
region during the evaporation process. This can be explained by the stronger adhesion of salts
on cotton threads than cohesion. Additionally, the cotton-aided device plays a significant role
for anti-salt crystallization as no salt is observed on the solar absorber part for up to 15 days of
operation. The studies mentioned above reveal that porous structural PTMs exhibit excellent
salt crystallization through unique internal structures. The exploration of different anti-salt
crystallization effects induced by various porous materials are required. Table 2.3 presents the
numerous methods proposed in the literature to enable anti-salt crystallization capability for

the solar absorber system.
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Figure 2.9 Anti-salt accumulation and crystallization. (a) Schematic illustration of the ionic
composition of simulated seawater and distilled water from superhydrophilic carbonized green

algae [165]. (b),(c) Schematic illustrating the mechanism of the bimodal porous balsa wood for
anti-salt crystallization and fouling mechanism [166].
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Table 2.3 Comparison of strategies used for anti-salt crystallization in solar steam generation.

Classifications Process Drawbacks Ref
Hydrophobic salt | Fabricating hydrophobic PTMs Low-water evaporations [182]
blocking
Through spray coating or vacuum | Physical interactions of | [151, 188]
depositions with silane layer on |silane with PTM result to
hydrophilic PTM instability issues
Porous PTMs Superhydrophilicity and macroporous | Complicated fabrication | [168, 175,
structure, a fast dissolution of salt | process 189]
which may crystallize within pores of
materials and transfer back to saline
solution could be achieved
Introduction of ionic liquid moiety | More research investigations | [175, 189]
caused repulsion effect on cations in | are required
salt solution and has a salt resistant
capability
Hydrophilic substrates composed of | - [27,113, 165,
micro-aligned channels contributing 166]

in self-cleaning of accumulated salt
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2.3 Summary and research gaps in the literature

In recent years, there has been increasing interest in SSG for water purification. This has been

mainly due to the advancements in PTMs, better understanding and approach for thermal

management, and newer system and process configurations. This review has thoroughly

discussed the contribution of PTMs for solar steam generation applications, including various

synthesis approaches, techniques for improving their photothermal properties, thermal

management strategies, and their utilization for desalination and wastewater treatment.

Nevertheless, there are still some existing challenges that should be addressed. These include:

Nanostructured photothermal materials

>

There is a need to develop innovative nano-microstructure semiconducting PTMs.
Synthesizing a heterostructures semiconductor PTMs with the creation of microstructures
or with structural aligned could enhance the light absorption, localize the heat and facilitate
vapor escaping. This could result in excellent water evaporation performances.

The complicated fabrications process and high cost of noble-metals-based PTMs might
hinder its practical applications. Therefore, it is crucial to discover and explore cost-
effective and scalable methods to fabricate noble metals-based PTMs with high chemical
stability and robust mechanical strength.

PDA dopamine nanostructures have been reported as excellent PTMs which can be grown
on various types of substrates. Based on the literature study, the integration with porous
metal foam and understanding the coating uniformity effects could be a good study for SSG
applications.

Furthermore, more research on the understanding mechanism of integrated nanocomposite
within the hydrogel network and its effect on the structural morphology and water

evaporations needs to be conducted.
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Anti-salt solar photothermal materials

The salt crystallization on the solar evaporator's surface has been considered one of the

significant challenges for bringing solar evaporator for applications in solar desalination.

Therefore, research studies on anti-salt solar evaporators are still ongoing. In this doctoral

study, we focus on the structural properties of the PTMs to tackle this issue.

» Combining the features of the adhesiveness of the PTMs on the substrate and designing
substrate with functionality hydrophilic groups can mitigate the salt crystallizations and
achieve self-cleaning properties.

» Literature studies demonstrated that preparing nanostructure PTMs with zero-liquid
discharge and corrosion resistivity can be a good option for long-term stability. This
ensures using a simple physical method for washing the PTMs without causing any damage
to the PTMs. Thus, more research directions are required for designing washable PTMs
based solar evaporators.

» Designing nanostructure PTMs with the richness of the porosity can result in salt crystal
dissolving through diffusion and advection processes. This effective solution will ensure

excellent reusability and long-term stability.
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CHAPTER 3

MATERIALS AND METHODS
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3.1 Overview

In this research study, various PTMs were synthesized for efficient solar-driven water
evaporation for seawater desalination. The experimental studies are illustrated in Figure 3.1.
Firstly, synthesis and fabrication of PTMs were conducted using techniques including
solvothermal, magnetic sputtering, solid-state reactions, vacuum depositions, and spray
coating. Secondly, the synthesized PTMs were characterized using X-ray diffraction (XRD),
X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), energy
dispersive X-ray (EDX), and BET surface area to determine their formation and investigate
their structural morphology and surface properties. Light absorption characteristics of
synthesized PTMs were measured using a spectrophotometer (UV-vis-NIR). The materials
characterization through morphological and structural properties are essential factors for
understanding the capability of the materials for light absorption, water evaporation, salt ions
rejections, and its reusability. Thirdly, after synthesizing PTMs and characterizing them, a
simple solar evaporator was fabricated to study the solar light-thermal-vapor generations. An
infrared (IR) camera was used to visualize the surface temperature of the PTMs and the side of
the solar evaporator device. In contrast, a thermocouple device was used to measure the bulk
water temperature. Lastly, the solar water evaporation performances were measured using the
weight change of water over time. A custom-built device was fabricated for water condensation
and collection. This was followed by the analysis of the salt ions before and after rejections

using Inductive Coupled Plasma-Mass Spectrometer (ICP-MS) and Ion Chromatography (IC).
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Figure 3.1 Schematic of experimental strategies used in this study.
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3.2 Materials

Chemicals and substrates used in this study are described in Table 3.1 and 3.2.

Table 3.1 List of chemicals used in this study

Chemical Formula Molecular weight Purity (%) Suppliers
(g/mol)
Copper nitrate trihydrate Cu(NO3),.3H.0 241.6 98.5 Chem-Supply
Tin chloride dihydrate SnCl.2H,0 225.64 99 Univar
Solution
Iron(II) sulfate hydrate FeSO4.7H>O 278.02 97 Sigma Aldrich
Gold Target Au 196.9 >99.9% AJA DCXS-
750, Scituate,
MA, USA
Thiourea CH4N2S 76.12 >99.0 Sigma Aldrich
Ethanol CH3;CH,OH 46.07 95% Chem-Supply
Ethylene Glycol C2H6O2 62.07 99.8 Sigma Aldrich
Acetic acid CHsCOOH 60.05 >99.7 Sigma Aldrich
Polyvinyl alcohol (C2H4O)x 89,000- 99+% Sigma Aldrich
98,000hydrolyzed
Tannic acid C76H352046 1701.2 98% Riedel-de
Haen
Tris-HCl NH>C(CH20H);.HC1 57.60 >99% Sigma Aldrich
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1H,1H,1H,2H- Ci6H19F1703S1 610.38 98% Sigma Aldrich
perfluorodecyl-
triethoxysilane (PFDTS)
Hydrochloric acid (32%) HCI 36.458 99.9% Chem-supply
Nitric acid (70%) HNO;3 63.01 99.9% Sigma Aldrich
Sulfuric acid H>SO4 98.079 98.0% Sigma Aldrich
Table 2. List of substrates used in this study
Substrate Formula Properties Suppliers
Nickel foam NF Thickness: 1.6 mm MTI, USA
Surface area: 346 g m™
Polytetrafluoroethylene PTFE Pore size: 1 um Ningbo
membrane
Mixed cellulose ester MCE Pore size: 0.45 pm Sterlitech
membrane

3.3 Synthesis and Fabrication methods

3.3.1 Solvothermal method

The solvothermal reactions were conducted in organic solvents such as ethanol and

isopropanol. This method is a common and straightforward method to synthesize
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nanostructures with different morphologies. Precursors and solvents are dispersed and
transferred into a Teflon-lined vessel, then lined with autoclave metal and placed in an oven.
The Teflon-lined vessels are protected with external stainless steel used as a protector to form
a pressure to make the reaction occurred. A single-step solvothermal method was used to
synthesize 3D microflowers copper sulfide/tin sulfide heterostructures composed of vertically

aligned nanosheets. Detailed discussions are provided in Chapter 4.

Figure 3.2 Image of the Teflon-lined vessel reactor used in this study
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3.3.2 Magnetron sputtering method

Gold thin films nanolayer were sputtered (deposited) on PTFE membrane surface using a
magnetron sputtering system equipped with a 75 mm Au diameter target and power supply
(AJA DCXS-750, Scituate, MA, USA). The target purity was 99.99%. The distance between
the target and the substrate was 70 mm. The substrate used was a PTFE membrane (pore size:
0.45 pum). The deposition system was equipped with rotary and cryogenic pumps and a
controlled gas introduction system. Argon gas was introduced into the chamber before the
deposition process. A base pressure of 1x10* Pa was reached in the chamber before the
sputtering started. The deposition pressure could be set independently of the gas flow by
adjusting a throttle valve. The deposition pressure was adjusted to be 1.0 Pa. The DC power
was set at 100 W. The sputtering method was used to deposit thin films gold nanolayer on
PTFE membranes, as discussed in Chapter 5. The deposition time was 4 min, and the thickness
of deposition nanolayer thin film was 50 nm [190]. The change in the mass loading of the PTFE

membrane after the gold nanolayer deposition was 45 pg/cm?.
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Figure 3.3 Image of the magnetron sputtering system used in this study.

70



3.3.3 Preparation of physically cross-linked hydrogel

Hydrogel is a highly porous three-dimensional hydrophilic material that absorbs and holds
water within the polymer structures [191, 192]. The interaction between the polymer and water
takes place through hydration or capillary force, causing the expansion of the polymer [192].
The formations of hydrogel through physical cross-linked is one of the standard methods used
to form the hydrogel. It is formed through hydrogen bonding, hydrophilic or hydrophobic
interactions, metal coordination formation, and n—mn stacking [193]. In this study examines
hydrogels formed through hydrogen bonding and metal coordination, composed of polyvinyl
alcohol (PVA) cross-linked tannic acid (TA)-iron coordination complex. Details of the
formation of the multifunctional hydrogel are discussed in Chapter 7.

3.3.4 In situ synthesis of polydopamine nanoparticles

Polydopamine can be coated on various substrates, making attractive materials for broad
applications. PDA synthesis is straightforward by adding dopamine.HCI in aqueous alkaline
solutions for a specific time. The reactions usually occur via in sifu oxidative polymerization
of dopamine under magnetic stirring utilizing the air from the atmosphere as an oxygen source.
The oxidation of dopamine-quinone undergoes a nucleophilic intramolecular cyclization
reaction leading eventually to the formation of 5,6-dihydroxyindol [194, 195]. In this study,

we used in situ methods to synthesize polydopamine nanostructure on nickel foam (Chapter 6).

H:N
7 "NH
oxidation polymanzatlon
rearrangement
HO

dopamine 5,6-dihydroxyindole polydopamine (PDA)

Figure 3.4 Michael oxidation reaction for the formations of PDA [194].
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3.4 Materials Characterization

3.4.1 Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy is the most applicable instrument for investigating structural
morphology and chemical composition characterizations. The light source replaced with a
high-energy electron beam enables a highly magnified image and provides information about
the morphology and chemical composition of the material. The electron gun produces an
electron beam with a high current and adjustable energy. The electrons produced to interact
with the atoms that make up the sample produce signals containing information about the
structure and chemical compositions [196]. In this study, field emission scanning electron
microscopy FE-SEM (Zeiss Supra 55VP). The accelerated voltage was an essential factor for
obtaining high magnification images. Before SEM analysis, the poor conductive PVA@TA-
Fe hydrogel was sputtered-coated with Au-Pd with a thickness of 10 nm using Leica EM

ACEG600 Sputtering (Chapter 7).
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Figure 3.5 photo-Image of the Scan Electron Microscopy (SEM) used in this study.

3.4.2 X-ray diffraction (XRD)

X-ray diffraction (XRD) is an advanced instrument used to study the crystal structures and
phases of the materials. X-ray diffractometers are composed of a sample holder, an X-ray tube,
and an X-ray detector [197]. During the process, X-rays are produced by interactions of
electrons (voltage) generated by heating a tungsten filament that act as a cathode ray tube. The
further heat increases at the filaments result in accelerating high voltage towards a positive
anode. The bombarding of the target material results in x-ray generations [198, 199]. The
conversion of the diffraction peaks to d-spacings identify the possible matching of structures
of materials because each material has a set of unique d-spacings [198]. Characteristically, this
is realized by comparing d-spacings to the corresponding standard reference patterns. The
diffractions only take place when Bragg’s law meets the conditions of constructive

interference, the Bragg’s law:
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nA = 2dsinf

where n is an integer, A is the wavelength of the X-rays, d is the interplanar spacing generating
the diffraction, and @ is the diffraction angle. In this research, we use a Bruker D8 Discovery
X-ray diffractometer with Cu Ka radiation. The measurement was performed with a scan range
(20-80), and a scan speed of 2 deg/min. XRD was used to determine the crystal phase and

structures of CuS/Sn2S;3, which are presented in Chapter 4.

Figure 3.6 Image of the X-ray diffraction (XRD) used in this study
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3.4.3 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a powerful technique used to investigate the surface
compositions of materials, including composition and electronic states of elements. The
working phenomenon behind XPS is the electron emissions from surfaces after light
irradiations. During the analysis, electrons within a sample surface absorb photons of (beam of
x-rays). At the same time, the emission occurred only when the energy gained through the
electron in a sample surpasses the lowest energy required for it to release from the surface [200,
201]. The kinetic energy analysis of the emitted electrons from the sample surface (1-10 nm)
results in information on the electronic states of atoms in the sample surface area [202]. The
XPS has been used in this doctoral study to investigate the surface compositions of CuS/Sn»S;
microflowers, (Chapter 4). In this study, Thermo Fisher scientific K-Alpha+ XPS, consists of
a monochromatic Al X-Ray source (1.486 eV) was used. The collection of angle-dependent

XPS with depth resolution of ~ 1-10 nm.

Figure 3.7 Image of the X-ray photoelectron spectroscopy (XPS) used in this study.
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3.4.4 Thermal gravimetric analysis (TGA)

TGA analysis is a thermal analysis system where the mass changes of the samples are measured
over time as a function of temperature at a given rate. The analysis can occur either under inert
atmosphere N> or in an air Oz atmosphere [203]. In this Ph.D. study, TGA instrument
Simultaneous TG-DTA (SDT 2960) was used for the analysis. The analysis was conducted
under N> gas, with heating rate 10°C/min. Before the analysis, the baseline corrections are
made by taring a TGA pan on an empty alumina crucible. After that, ~20 mg of the samples is
placed on an alumina crucible subjected to a temperature started from room temperature and
up to 1000 °C. In this doctoral study, TGA analysis was used to measure the amount of the
PDA NWs on the nickel foam surface, as described in Chapter 6. Also, the analysis was carried

out to measure the amount of iron in the PVA@TA-Fe hydrogel, as described in Chapter 7.

OUCH

,-,,.\

Figure 3.8 Photo-Image of the thermal gravimetric analysis (TGA)
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3.4.5 N:sorption/desorption measurement

The specific surface area analysis was carried out using Brunauer-Emmette Teller (BET)
(Quantachrome Instrument). During the analysis, the sample was first weighed and outgassed
by applying a vacuum at an elevated temperature. This step is vital to remove any gases and
contaminants for obtaining precise results. The physical adsorption occurs by introducing
nitrogen gas molecules into the solid adsorbent surface, forming relatively weak van der Waals
forces. The amount of adsorbed gases are associated with the specific surface area of the
sample. With the continuous gas applied, the adsorbent surface will form a thin layer covering
the entire surface [204]. Brunauer-Emmette-Teller (BET) theory was used to calculate the
surface area and pore size of CuS/Sn,S3; microflowers, (Chapter 4). The pressure range 0.03 to
0.5 P/P,. The degassing was under vacuum conditions. (Autosorb iQ model, Quantachrome,

USA) was used to determine N2 sorption/desorption isotherms at 77 K.

Figure 3.9 Photo-Image of the BET device used in this study.
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3.4.6 Water contact angle

The contact angles (CA) is a quantitative method used to investigate surface wettability.
Wettability is how a liquid droplet spreads out on a solid substrate after depositions to form
boundary surfaces with solid states. Theta Lite 100 (Attension) following the sessile drop
method was used in this work. During the analysis, a water droplet of around 5-8 ml was
released from a needle tip onto the substrate surface. The water droplet behavior was recorded
using a motion camera with a rate of 12 frames per second. Then, contact angles value were
measured through OneAttention software [205]. In this doctoral study, we used the contact
angle to measure the surface wettability and investigate the water's speed penetrating within
the surface. Water penetration speed is an essential criterion for escaping vapor during solar

evaporation.

Figure 3.10 Photo-Image of the Contact angle device used in this study
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3.4.7 Inductive Coupled Plasma-Mass Spectrometer (ICP-MS)

Inductively coupled plasma is one of the critical quantitative instruments used to investigate
the trace-multi elements at the ppm-level. During the analysis, the samples are sprayed into the
plasma source, which decomposes samples into constituent elements. The benefit of plasma is
that the ionization source occurs in a chemically inert environment, thus preventing oxidation
reaction. Then, the positively charged ions pass by a differentially pumped interface into a
vacuum system housing a quadrupole mass spectrometer (MS). The MS is an effective detector
to provide details about the qualitative and quantitative composition of complex mixtures. In
this study, we used (Agilent 7900 ICP-MS) to quantify the positively charged ions of seawater

concentrations (K*, Na*, Mg?*" and Ca®") before and after desalination.

Figure 3.11 Photo-Image of Inductive Couple Plasma-Mass Spectrometer (ICP-MS) used in
this study.
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3.4.8 Ion Chromatography (IC)

Ion chromatography is one of the essential analytical tools for quantifying inorganic elements.
The IC system used (Thermo Fisher, Australia), equipped with a Dionex AS-AP autosampler
and a Dionex Ion Pac IC column (4 pm pore size, 4 mm diameter, and 250 mm length). During
the analysis process, the solutions are injected (with injection volume was 10 pL) and passed
through pressurized column ions. The solutions are separated through interaction with the resin,
which acts as stationary phase, and the eluent acts mobile phase. In this study, we use used it
to analyze the negatively charged ions (NOs~, C1™ and SO4 ?) of the purified water at various

pH conditions (see Chapter 5).

Figure 3.12 Photo-Image of Ion Chromatography (IC) used in this study.
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3.4.9 Raman and FTIR spectroscopy

Raman and Kirshnan first established the theory of inelastic scattering of light in 1928, who
observed it experimentally since the theory has been known as Raman. When a material
interacts with light, the generated photon might be absorbed and scattered. Then, after the
molecules are absorbed, it will promote from a low energy excited state to a higher energy
excited state. The absorption spectroscopy can be measured from the loss of that energy from
the radiation light. There is also a possibility that photons interact with the vibrational molecule
and then scatter from it, with no energy required for the photon to match the energy levels
difference. The wavelength change is usually small, and it will be observed by using
monochromatic. And the interaction of the monochromatic light with the sample, a slight shift
in the wavelength can be obtained, called: the Raman effect, where it can be used to get
information on the sample [206].

In Fourier transforms Infrared (FTIR), infrared radiations pass through the vibrational
molecules are absorbed, resulting in an absorbance spectrum [207]. In this doctoral study, FTIR
spectroscopy was used to investigate the bonding water interactions with the hydrogel
structures PVA@TA-Fe. Raman and FTIR were used to investigate the functional groups of
the hydrogel (Chapter 7). The FTIR measurments were carried on using (ATR-FTIR,
IRAffinity-1 FTIR equipped with MIRacle 10 single reflection ATR accessory, Shimadzu).
The measurments were carried at room temperature and a wavenumber range of 500 to 4000

cm ! with 64 scans at a resolution of 4 cm™!

. The Raman spectra were conducted using A
Renishaw inVia Raman spectrometer system (Gloucestershire, UK) equipped with a Leica
DMLB microscope (Wetzlar, Germany) and a laser power 633 nm renishaw helium neon laser

source. The measurement was taken place at room temperature with wavenumber range of

3000 to 4000 cm™! .
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Figure 3.13 Photo-Image of Fourier transforms Infrared (FTIR)

3.5 Solar water evaporations experiments and applications

3.5.1 Solar light absorption

The light absorption characteristics of the fabricated PTMs was measured via a
spectrophotometer equipped with an integrating sphere (950 PerkinElmer Lambda) at
wavelengths (300-2500 nm; Ultraviolet-Visible-Near-Infrared). Firstly, Baseline corrections
are made with an integrating sphere placed at the reflections part while leaving the
transmittance part empty. This step is vital for accounting for any effect coming from the
scattered light in the sample or instrument noise. During the process, the transmittance is
obtained by allowing the incident light to pass through the sample compartment and hit a mirror
reflected over the sample sitting at the entrance of the sphere. Then, the transmitted light is
reflected off the diffuse surface of the integrating sphere and ultimately travel via a third

aperture where the detector is installed. Meanwhile, the reflectance amounts are measured by
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locating the sample at backporting of the integrating sphere. Figure 3.14 describes the diffuse
reflectance and transmittance measurements. The absorbance of the samples can be determined

using the equation (4 = 100 — R —T), A is absorption, R is reflectance, T is transmittance [208].

Diffused Light Sample

. . Sample
Incident Light \ Incident Light

/

Diffused Light

Detector . . Detector
Reflection Measurement Transmission Measurement

Figure 3.14 Total diffuse reflectance and transmittance measurement using the integrating

sphere [209].

3.5.2 Fabrication of solar evaporation system

To evaluate the solar-to-heat-to-vapor generations of the prepared PTMs. First, a solar
evaporator was fabricated mainly consisting of 3 main components; (1) PTMs which can
absorb the sunlight over the Full solar spectrum regions efficiently (wavelength from 250 to
2,500 nm): ultraviolet (UV) region (UV), visible (vis) region, and the near-infrared (NIR) and
efficiently convert it into heat. (2) thermal insulator is placed underneath of the PTMs and
separate it from the bulk water act as heat localizer at the air/water interface and minimized the
downward heat losses, and (3) capillary channel to supply an abundant amount of water rapidly

from the bottom bulk water to the upper part PTMs.

In this study, a solar simulator (Beijing perfect light: PLS-SXE300) was used as a sunlight

source operated under controlled solar irradiation. The solar light intensity was measured using
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a calibrated optical power meter (PM 100D, THORLABS, USA). An aperture with a hole size
matching the size of the solar evaporator was applied to prevent the extra light from exposure
to the outer surface. The light-to-heat conversion of the evaporation surfaces was monitored by
visualizing the heat at the solar absorber surface after irradiation under controlled solar
intensity infrared camera using IR camera (FLIR, E6). The surface temperature with PTMs and
without (bulk water and control samples) were also examined and compared. In addition, the

temperature variations of the bulk water during the solar evaporation process was monitored

using a thermocouple (RS PRO: RS172TK) (Figure 3.15)

Solar simulator

Solar evaporator Side surface temperature

Thermocouple

Figure 3.15 Schematic diagram of measuring of the surface temperature of solar evaporator

system and bulk water temperature
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3.5.3 Solar heat-to vapor generations

To evaluate the water evaporation performances. A system was designed which consists of;

(1) Interfacial solar evaporator; PTMs to absorb sunlight and generate heat where the vapor
escapee through the nanostructure design and the porous substrate. Thermal insulator for
heat localizations and wick materials acting as water supply channels.

(2) A solar simulator; is a sunlight source where light is irradiated under controlled irradiation
one sun (1 kWm), equivalent to the natural sunlight hitting the earth on a cloudless day.

(3) High precision electronic balance (Ohaus-IC-PX84/E) with accuracy 0.1 mg, connected to
the laptop, was used to measure the weight change of the feedwater. The experiment
duration for solar water evaporation is 60 minutes for each sample test. The whole solar
evaporator was placed on the electronic balance. After irradiating the sunlight, the
measurement was recorded at one interval every 4 minutes. The environmental
temperature and humidity during tests were measured.

(4) The errors were calculated during solar water evaporation by repeating the experiments
three times for each water evaporation test. The average results were reported, and the
standard deviations were calculated and presented in the graphs.

(5) Aperture with a hole identical to the solar evaporator was used to concentrate the light on
the PTMs part and prevent heating the surrounding region Figure 3.16.

The water evaporation rate is calculated as (Eq. 3.1) [53, 210, 211]:

yom (3.1)

Where m is the weight change during water evaporation (kg), A is the area of the solar absorber
(m?), and t represents the irradiation time (h).

Water evaporation efficiency is then obtained using the following (Eq. 3.2) [156, 210-212]:

n= Am He (3.2)

Copt din
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where Am = (m; — m,), m; is the mass loss of water under sunlight and m, is mass loss under
dark, H. is the total vaporization enthalpy of the water-steam phase change (2260 kJ kg™, Cop
represents the optical concentration, and gix is solar irradiation energy density from the solar
simulator (kW m™2).

In this doctoral study, various solar water evaporators were designed, and the details are

provided in Chapter 4, Chapter 5, Chapter 6 and Chapter 7.

.— —————— -~ ==+ Solar Simulator

P—— -===+ Water vapor

(a

Laptop connected to the balance ===t = =5 Water evaporator

===# Electronic balance

| 1.2300mg |

(b

Solar simulator

Solar evaporator

IR camera

Electronic balance

Figure 3.16 (a) Schematic illustration of the experimental set-up for solar steam generations.

(b) Photo-image of the experimental set-up.
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3.5.3.1 The stability and reusability of PTMs

Designing PTMs with good recyclability and stable water evaporation performance is an
essential factor in developing commercial and practical SSG devices. The harsh feedwater
environment accelerates the potential degradation of BPTMs. Therefore, BPTMs with good
stability, recyclability, and durability are essential for the long-term, large-scale
implementation of these devices in real-world applications. Numerous studies investigated the
stability of BPTMs in various feedwater environments, including acidic, neutral, and alkaline
conditions. The recyclability and durability of the PTMs were also evaluated under harsh
environmental conditions, under acidic (0.1 M H>SOys), basic (0.1 M KOH), and oxidizing
conditions (0.1 M HNO:3), respectively [213]. We also used similar protocols as mentioned in

sections 3.4.3 and 3.4.4.
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3.5.3.2 Solar seawater desalination

After performing the water evaporation experiments, the optimized PTMs with the highest
water evaporation performance were selected for solar water desalination. The test was
performed using actual seawater and high brine salinity. After sunlight irradiations, the
evaporated water was condensed and collected using a simple custom-built device (Figure
3.17). The device consists of a solar evaporator covered with a larger beaker (250 mL) at the
top and petri-dish placed at the bottom. It consists of a solar evaporator, a glass collector basin,
and a glass cover that serves as the condenser. Solar light from the solar simulator is illuminated
at the top part, passing through the transparent glass cover, and heat up the black phototermal
material that is floated on the source water inside a beaker to induce evaporation. Water vapor
escapes from the absorber and reaches the inside surface of the glass cover, and is condensed
into liquid water. The liquid water then slides down towards the collecting basin at the bottom.
Samples were taken from the feed water and the collected pure water and the representative
ions are then measured using ICP-MS. This design facilitates water collection through the
condensation process. The condensed water was collected, and the salt ions (Na", K*, Ca", and
Mg") concentrations (ppm) were analyzed before and after using ICP-MS. The concentrations
of the collected water of the designed solar evaporator should meet the standard level of
drinking water required by the World Health Organization (WHO) and the U.S. Environmental
Protection Agency (EPA), > Na" (200 mg/L), Ca*" (75 mg/L), K* (12 mg/L), and Mg?"(50

mg/L) [214, 215].
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Figure 3.17 custom-built device for water condensation and collection
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CHAPTER 4

SYNTHESIS OF 3D COPPER SULFIDE/TIN
SULFIDE MICROSTRUCTURE FOR
EFFICIENT SOLAR EVAPORATION AND
SEAWATER DESALINATON

This chapter is based on our publication: I1dris Ibrahim, Dong Han Seo, Alexander Angeloski,
Andrew McDonagh, Ho Kyong Shon, Leonard Tijing*. 3D nanostructured CuS/SnzS;
microflowers for highly efficient solar steam generation and water purification. Solar Energy

Materials and Solar Cells 232 (2021): 111377
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4.1 Introduction

Nano/microstructure semiconductor materials display great potential as PTMs. This is due to
the relatively low cost, ease of fabrication, effective photothermal conversion efficiency, and
the range of possible morphologies and structures (e.g., crystal structure, dimension, and
porosity) [188]. To exploit such advantages of nanostructured semiconductor-based PTMs,
manipulation of the PTMs’ morphologies or intrinsic properties should be examined to improve
the SSG device performances. For example, Lu et al. demonstrated the synthesis of 1D-O
doped MoS,.x ultrathin nanosheets that generated nano-confined channels for effective water
evaporation. Such confined nanochannels effectively reduced the vaporization enthalpy and
improved the water evaporation performance [216]. A remarkable water evaporation rate of
2.50 kg m? h! under one-sun irradiation was reported, corresponding to solar-to-vapor
efficiency of 89.6%.

Copper sulfide (CuS) has attracted researchers attention as a promising PTM for high-efficient
solar evaporator due to its low-cost, strong light absorption in the near-infrared (NIR) arising
from a tunable, localized surface plasmon resonance (LSPR), and excellent photothermal
conversion efficiency [99, 217]. As mentioned above, various forms of copper sulfide
nano/microstructures have been reported, such as nanoparticles [218], nanorods [157],
nanosheets [219]), shapes [56], and phases [157]. After designing effective PTMs, solar
seawater desalination and wastewater treatment applications have been considered for practical
applications. During seawater desalination, salt accumulation on the surface of the evaporator
is a common issue. Several strategies have been reported to resolve this problem or at least to
minimize the salt formation, such as the Janus absorber [171, 220], hydrophobic absorber
[221], polymer-based salt-resistant [175, 222], and hydrogel structure [46, 223].

In this work, we report a single-step solvothermal synthesis of 3D microflowers CuS/Sn»S;

heterostructure consisting of vertically aligned ultrathin nanosheet assemblies (3D CSS-NS
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MF). The 3D CSS-NS MF PTMs were deposited on a hydrophilic mixed cellulose ester (MCE)
membrane and coated with hydrophobic silane layer at the top to reduce the salt formation. Our
prepared 3D CSS-NS MF/CA exhibited high phototermal conversion which result in excellent
performances in solar seawater desalination with good durability over 10 continuous cycles
under natural seawater. We believe that this work possesses a promising application for solar

thermal conversions for various applications.

4.2 Experimental Section

4.2.1 Materials

Copper(Il) nitrate trihydrate (Cu(NOs3)2:3H20) and ethanol were purchased from Chem-
Supply. Tin(II) chloride dihydrate (SnCl.2H>O) was purchased from Univar Solution.
Thiourea, 2-propanol, acetic acid, ethylene glycol, methylene blue (MB), 1H,1H,1H,2H-
perfluorodecyl-triethoxysilane (PFDTS), and Rhodamine B (RhB) were purchased from
Sigma-Aldrich. Mixed cellulose ester (MCE) membrane membranes (pore size 0.45 pm,
diameter 47 mm) were purchased from Sterlitech. All materials were used without any further

purification.

4.2.2 Synthesis of 3D microflowers CuS/Sn2S3 heterostructure

The 3D CSS-NS MF was prepared using a facial, scalable and low-temperature solvothermal
method. A growth solution was prepared by dissolving copper nitrate trihydrate (0.483g, 2
mmol), tin (IT) chloride dihydrate (0.225 g, I mmol), thiourea (0.228 g, 3 mmol) into a beaker
containing ethylene glycol (30 ml) and ethanol (10 mL) in a 50 mL Teflon vessel. The solution
was stirred vigorously at room temperature for 1 hour. The vessel was then transferred to an
autoclave, sealed, and heated at 180 °C for 10 h. The product was then washed several times
with deionized water and once with ethanol by centrifugation. The collected product was dried

in a vacuum oven at 50 °C for 4 hrs.
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4.2.3 Fabrication of photothermal membranes

Photothermal membranes containing the 3D CSS-NS MF/MCE PTM were prepared by
dispersing 3D CSS-NS MF (20, 30, 40 and 60 mg) in a mixture of water (38 mL) and ethanol
(2 mL) and sonicated for a period of 10 mins to obtain a stable suspension. The suspension was
deposited onto a MCE membrane (diameter of 47 mm) by vacuum filtration. The diameter of
the area loaded with 3D CSS-NS MF is 35 mm (see Figure 4.1). The membrane was then dried
at 60 °C for 4 hours. A hydrophobic layer was deposited on the 3D CSS-NS MF/MCE
membrane using a spray coating process. In brief, a silane solution consisting of 2.0%
1H,1H,1H,2H-perfluorodecyltriethoxysilane (PFDTES), 0.5% acetic acid, and 97.5%
isopropanol was prepared according to literature [151, 224]. The solution was transferred into
an airbrush spray coater and sprayed on the top surface of the 3D CSS-NS MF/MCE membrane
for 10 seconds. After the coating process, the membrane was left to dry overnight at ambient

temperature.

Figure 4.1 3D CSS-NS MF on mixed cellulose ester (MCE) membrane.
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4.2.4 Characterization

The morphologies of the as-synthesized materials were analyzed using scanning electron
microscopy (SEM) (Zeiss Supra 55VP, Germany) at an acceleration voltage of 5.0 kV. EDS
spectra were acquired using a Zeiss EVO SEM equipped with an EDS detector and an
acceleration voltage of 10.0 kV. Powder X-ray diffraction (pXRD) patterns were collected
using a Bruker D8 Discover powder X-ray diffractometer. Cu Ko radiation (40 KV and 40 mA)
was used, and the scans were acquired between 20°- 80° 20 with a step size of 0.02°. Surface
properties were measured using an X-ray photoelectron spectroscopy (XPS) (Thermo Fisher
Scientific K-Alpha+). The specific surface area analysis was carried out using Brunauer-
Emmette Teller (BET) (Quantachrome Instrument). Water contact angles were determined
using Attension Thured eta Lite 100 (Biolin Scientific). Infrared (IR) images and surface
temperatures were recorded on a Fluke E6 Infrared Camera (Fluke, USA). Optical
transmittance and reflectance between 300 and 2500 nm were measured using a PerkinElmer
Lambda 950 with an integrating sphere (UV-Vis-NIR). The ion concentrations of collected
evaporated waters were measured using an inductively coupled plasma mass spectrometer
(Agilent 7900 ICP-MS). Dye concentrations of Methylene blue (MB) and Rhodamine B (RhB)
in the polluted and purified water were analyzed using Ultraviolet-Visible spectroscopy

(Agilent UV Cary 60).

4.2.5 Solar steam generation experiments

A solar evaporator was prepared consisting of CuS/SnzS; microflowers loaded on a MCE
membrane and air-laid paper wrapped on polystyrene foam placed in a 100 mL beaker filled
with 70 mL de-ionized water. The evaporator was irradiated using a solar simulator (PLS-
SXE300, Beijing Perfect Light, China) equipped with a xenon lamp (300 W) and AM 1.5G
filter. The output solar irradiation was controlled with a variable voltage source, and the light

intensity was measured using a solar power meter (PM100D, THORLABS, USA). The SSG
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experiments were conducted at a temperature of 21-23 °C and humidity of 48-55%. An
analytical balance (Pioneer, IC-PX84/E), connected with a laptop, was used to measure the
weight loss of evaporated water as a function of time. The water evaporation measurements
were repeated three times to determine an average mass loss. The heat distribution on the
system was visualized using an IR camera, which imaged the top and side surfaces of the
illuminated device. The experiments were conducted at different solar irradiation of 1, 1.5, and

2 suns. A schematic and photograph of the experimental design set-up is shown in Figure. 4.2.

4.2.6 Solar seawater desalination experiments

For solar desalination experiments, seawater was collected from Rose Bay Beach, Sydney,
Australia. The seawater was filtered using a coarse filter, followed by a 5-micron bag filter,
then treated with UV light before use. The primary ion concentrations (Na*, Mg®', K*, and

Ca?") of saline and desalinated seawater were measured.

4.3 Results and discussions

4.3.1 Morphology and structure

Advanced nano/microstructure semiconductor PTMs are highly desirable for SSG applications
due to their high photothermal conversion efficiencies, which are greater than those with bulk
microstructures. To achieve superior solar thermal conversion and high water evaporation rate,
it is necessary to regulate the size, morphologies, and structures of semiconductor PTMs [38].
In this work, we synthesized 3D CSS-NS MF with unique morphology using a single-step
solvothermal method. The presence of crystalline phases within the 3D CSS-NS MF was
assessed using XRD. The diffraction patterns showed the crystalline phases to be covellite
(CuS) and orthorhombic (Sn»S3), which were indexed using JCPDS no. 06-0464 and JCPDS
no. 14-0619, respectively (Figure 4.2a) [225, 226]. The presence of these phases demonstrates

the ability to straightforwardly form complex mixed metal sulfide nanomaterials using
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solvothermal decomposition of Cu(Il) and Sn(III) solutions. Furthermore, the amount of the
added precursor copper ions, which is twice the amount of the tin ions, plays a significant role
in forming rich covellite phase CuS. The energy-dispersive spectroscopy (EDS) analysis
indicates the co-existence of 3D CSS-NS MF consisting of Cu, Sn, and S (Figure 4.2b).
Elemental mapping analysis revealed the co-existence and a homogeneous distribution of Cu,

Sn, and S in the microflowers. (Figure 4.2c).

96



(@)

® CuS (JCPDS no. 06-0464)

% Sn,S, (JCPDS no. 14-0619)

Intensity (a.u.)

q ELJ{} i \I ,.9&[ N _dw 0 ot

30 40 50 60 70 80
20 (degree)

97



cps/eV
b —— Acquisition

18
1 (©)

16

14
12

104

Spectrum: Acquisition

El AN Series wunn. C norm. C Atom. C Error (1 Sigma)

(Wwt.%] (Wwt.%] [at.%] (Wwt.%]
S 16 K-series 16.67 25.35 42 .84 0.61
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Sn 50 L-series 10.81 16.44 7.51 0.35

Total: 65.76 100.00 100.00

Figure 4.2 (a) Powder XRD pattern corresponding to covellite CuS and orthorhombic Sn,Ss.
The diffraction peaks at 20 = 27.12°, 27.68°, 29.27°, 31.78°, 38.84°, 43.10°, 47.94°, 52.72°,
57.21°, 59.35° and 67.30°, 70.13°, 73.64, 77.78°, and 79.12° correspond to the covellite CuS
planes (100), (101), (102), (103), (105), (106), (110), (108), (202), (116), (118), (207), (208),
(212) ,and (213). Peaks at 46.52°,30.74°,46.21°,46.5°,51.9°, 55.49°, and 62.92° are assigned
to the (111), (310), (430), (170), (080), (530), and (600) plane of orthorhombic Sn,Ss. (b)
Elemental mapping result showing the distribution of Cu, Sn, and S. (¢) EDS analysis and
elemental composition of 3D CSS-NS MF.
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Furthermore, XPS was used to investigate and confirm the chemical composition of 3D CSS-
NS MF. The full survey XPS spectra reveal the existence of Cu, Sn, and S elements, which is
consistent with EDS analysis (Figure 4.3a). Figure 4.3b-d displays the resolution spectra of
Cu 2p, , S 2P, and Sn 3d. The peaks at 162.0 eV, and163.0 eV (Figure 4.3b) are ascribed to
the S 2ps,2 and S2 2p12 in CuS and SnzSs, respectively [227, 228]. While the peaks at 487.3
eV and 495.7 eV correspond to the Sn”2 3ds» and Sn 3d3p, respectively (Figure 4.3¢) [227].
In Figure 4.3d, two major peaks with binding energies at 932.1 eV and 952.18 are observed,
corresponding to the Cu®" 2ps» and Cu®* 2pip, respectively (Figure 4.3¢) [228]. Thus, XPS
spectra analysis confirms the formation of CuS/SnzS; heterostructure in the synthesized

composite, as evident from chemical structural analysis.
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Figure 4.3 XPS spectra of the as-prepared 3D CSS-NS MF (a), XPS survey (b) S 2p, (c) Sn 3d
and (d) Cu 2p.



The surface morphology and structure of the as-synthesized 3D CSS-NS MF was examined
using SEM. The SEM images reveal uniform hierarchical microflower-like structures with
sizes of ~1.5-5 um (Figure 4.4a). Individual microflowers are composed of nanosheets with
thicknesses of ~25 nm and contain cavities (holes) (Figure 4.4b). Furthermore, the non-
aqueous environment provided by ethylene glycol and ethanol plays a critical role in this
reaction where it provides an environment for the crystal growth, hence preventing any
agglomeration and resulting in uniform, crystalline nanostructures [229]. Nitrogen adsorption-
desorption isotherm analysis revealed the 3D CSS-NS MFs possess a relatively high surface
area of 53 m? g'! (Figure 4.4¢). From the Barrett-Joyner-Halenda (BJH) method, the pore size
is 0.069 cm®/g. Furthermore, the curves of 3D CSS-NS MFs display a type IV isotherm
confirming that the adsorbent possesses a mesoporous nature. The structural morphology
clearly shows the as-synthesized 3D CSS-NS MF exhibited unique structural features such as
densely packed vertically-aligned ultrathin nanosheets and the presence of numerous channels
formed by these nanosheets. These properties are favourable for efficient solar absorption, heat
localization and to facilitate vapor escaping for high-performing solar water evaporation

materials.
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Figure 4.4. Low (a) and high (b) magnification SEM images of the synthesized 3D CSS-NS
MF. (c) Nitrogen adsorption-desorption isotherms analysis

4.3.2 Fabrication and properties of photothermal membranes

Figure 4.5a illustrates the morphology of the support MCE membrane showing pore sizes of
about 0.45 pum. Figure 4.5b reveals the top surface structure of a 3D CSS-NS MF/MCE
membrane, where 3D CSS-NS MFs are uniformly distributed on the membrane surface. A
hydrophobic surface layer of 1H,1H,1H,2H-perfluorodecyltriethoxysilane (PFDTES) was
deposited on top of the membrane using a spray-coating process to enhance the anti-fouling
and anti-salt crystallization properties. As shown in Figure 4.5c, the contact angle was
significantly increased from 0° (MCE membrane and 3D CSS-NS MF-40 loaded on the MCE
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membrane) to 142° after the hydrophobic surface layer coating process, and the SEM image
indicates that the structural morphology of 3D CSS-NS MF-40 was maintaining after the
coating process. The hydrophobic modifications of hydrophilic semiconductor PTMs are
widely used to prevent salt accumulation on the solar absorber surface. Such hydrophobic
surface modification provides long-term stability for PTMs without obvious decay in water

evaporation performances, leading to enhanced solar evaporator recyclability.

Deposition of Coating
3D CSS-NS MF with PTFES
— — “
00 ¥ 00 [ | 1420 il
MCE membrane 3D CSS-NS MF/MCE Hydrophabic 3D CSS-

membrane NS MF/MCE membrane

Figure 4.5 Fabrication of hydrophobic 3D CSS-NS MF on MCE membrane. (a) Hydrophilic
cellulose acetate membrane with pore size of 45 um; (b) 3D CSS-NS MF deposited on a MCE
membrane; the SEM image indicates uniform deposition of 3D CSS-NS MF on the membrane
and the water contact angle shows the hydrophilic nature of composite membrane; (c¢) The
water contact angle showing the successful coating of PFDTES to achieve a hydrophobic 3D
CSS-NS MF/MCE membrane; SEM image after the coating process.
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4.3.3 Solar-to-thermal conversion and management

Effective solar light absorption is essential for high solar vapor generation performances. The
effect of 3D CSS-NS MF-x concentrations was examined using different amounts of 3D CSS-
NS MF (x: 20, 30, 40, and 60 mg) loaded onto the MCE membrane covering a diameter of 4
cm. The pristine MCE membrane displayed negligible light absorption across the solar
spectrum. After the loading of 3D CSS-NS MF on a MCE membrane, superior light absorption
was obtained covering the whole solar spectrum (92-94%) (Figure 4.6a). 3D CSS-NS MF-40
revealed the highest light absorption compared with 3D CSS-NS MF-20, 3D CSS-NS MF-30,
and 3D CSS-NS MF-60 samples. An excellent light absorption was demonstrated with an
absorbance of ~92% within ultraviolet and visible, and ~98% of the near-infrared regions. This
is attributed to the microscale surface roughness, which more effectively captures diffuse light
reflections, while the rough surface revealing more reflectance [230, 231]. The light absorption
ability had reached saturation at 3D CSS-NS MF-40, and we did not observe further
improvement at 3D CSS-NS MF-60. The excellent broadband light absorption is attributed to
the presence of nanocavities between the vertically aligned nanosheets in 3D hierarchical
microflowers as well as compacted structure 3D microflowers that lead to internal light
scattering and trapping, contributing to effective light-harvesting efficiency [232, 233].
Moreover, the localized surface plasma resonance (LSPR) induced by the collective oscillation
of a high density of holes is beneficial in extending the light absorption to the NIR regions [62,
157, 234]. In order to evaluate the effect of water on the solar absorber part during evaporation,
light absorption was measured in the wet state. The pristine MCE membrane displayed
increased light absorption compared to the corresponding value in the dry state (Figure 4.6b).
Similarly, 3D CSS-NS MF-40 in the wet state demonstrated an increase in light absorption
within ~98% within ultraviolet and visible, and slight increase ~98.6% in the of the near-

infrared region. These results suggest that when water occupies the pores of the pristine
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membrane and the spaces in the microflower structures in CSS-NS MF, the amount reflected
light is reduced [138]. This trend has been observed in other studies [138, 159, 233] .

An excellent solar thermal conversion efficiency is another important aspect for achieving
highly efficient interfacial SSG devices [39, 99, 176, 235]. In semiconductor PTMs, after
absorption of sunlight by the PTMs, excited electron-hole pairs are formed by incident photons
with energy higher than that of the bandgap of the PTMs. This indirect excitation of electrons
then leads to relaxation to the band edge and then releases the irradiative energy into heat. This
heat creates a temperature distribution depending on the absorption and surface characteristics
[38, 217, 236]. Hence, as-synthesized 3D CSS-NS MF indicated good sunlight harvesting
across the solar spectrum. We further investigated solar-thermal conversion using different
solar light irradiations (1 sun, 1.5 suns, and 2 suns) over 15 minutes, recording the temperature
variations at the 3D CSS-NS MF surface-based solar evaporator using an infrared (IR) camera,
as shown in Figure 4.6¢ and Figure 4.6d. Test reproducibility of temperature ingredient was
ensured by repeating the experiments three times. Upon 1 sun irradiation, the surface
temperature of 3D CSS-NS MF-40 rapidly increased from 20 to 41 °C within 90 s, and reached
42 °C within 360 s. In contrast, the water surface lacking 3D CSS-NS MF/MCE membrane
coverage displayed a slight increase in temperature from 19 °C to 25 °C. The excellent light-
to-heat conversion efficiency may be attributed to the presence of nanocavities between the
nanosheets of the microflower structure that play a vital role in enhancing light absorption and
enabling heat localization and recovery of emitted heat [232]. In addition, the dense surface of
the compact microflowers distributed on the membrane surface is also beneficial for localizing
the heat in the solar absorber region. The mechanism of the solar-to-thermal conversion process
of 3D CSS-NS MF is illustrated in Figure 4.6e. The obtained interlayer temperatures are

comparable to other studies such as 1D O-doped MoS:x nanosheets that could reach surface
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temperatures of 39 °C [216], copper-zinc-tin selenide nanocarambolas with a surface
temperature of 39 °C [62], and Cu2ZnSnS4 nanosheets with a temperature of 41.7 °C [188].

To further understand the photothermal conversion process, the static surface temperature was
investigated under various sunlight irradiations at 1 sun (I kW m™), 1.5 sun, and 2 suns.
Correspondingly, with an increase in the sunlight irradiation from 1 sun to 1.5 suns and 2 suns,
the surface temperature of 3D CSS-NS MF-40/MCE membrane was further increased from 22
°C to 48 °C at a power irradiation of 1.5 suns, and to 53 °C at 2 suns, respectively, after 15 mins
of solar irradiation. The change in bulk water temperature beneath the steam generation device
at a 5 cm depth was low with an increase of ~1.3 °C, and the side-view IR image is given in
Figure 4.6f. This demonstrates that the as-designed 3D CSS-NS MF-40/MCE membrane and
the system configuration (PS foam as insulator below the solar absorber) effectively suppressed
the downward heat transmission to the bulk water and enhanced heat localization and

conversion at the air-water interface.
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Figure 4.6 (a) Absorbance spectrum of pristine MCE membrane and a 3D CSS-NS MF/MCE
membrane at loadings of 20 mg (black), 30 mg (red), 40 mg (blue), and 60 mg (green) at dry
state, (b). At wet state. (c) Temperature variations at the top surface of the 3D CSS-NS MF-40/
MCE. (d) IR images of an interfacial 3D CSS-NS MF/MCE membrane show the temperature
distribution and heat localization from 0 to 900 s (1-sun irradiation). (¢) The mechanism of the
solar-to-heat and heat-to-vapor generation process of CTS. (f) Infra-red image displaying the
efficiency of the as-designed device in localizing the heat and minimizing the downward heat

losses, after 10 min of solar irradiation under 1 sun.

4.3.4 Water evaporation performance

Water evaporation experiments were conducted at different concentrations of 3D CSS-NS MF
at various light intensities (1, 1.5, and 2 suns). The water evaporation rate was measured by the
mass change from the device over the testing duration at intervals of 4 mins (1 hour evaporation
for each test). The water is transported from the bulk water to the solar absorber area (3D CSS-
NS MF/CA membrane) through the hydrophilic air-laid paper (ALP). Upon solar illumination,
the water continuously evaporates from the 3D CSS-NS MF/MCE membrane. Figure 4.7 a

and b illustrate the schematic of the designed solar evaporator in this study.
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Figure 4.7 Schematic illustration of (a) 3D CSS-NS MF/MCE based solar evaporator. (b) The
water evaporation process showing the vapor escaping through the top photothetmal 3D CSS-
NS MF/MCE membrane.

The water evaporation rate is calculated based on Eq. 3.1. After irradiating the wet 3D CSS-
NS MF under one sun irradiation, 3D CSS-NS MF-40 displayed the highest water evaporation
rate of 1.42+0.04 kg m2h''. This value is 4.9 times higher than pure water (0.29 kg m2h™).
The water evaporation rates of the other samples showed evaporation rate of 1.32+0.07 kg m™
h! for 3D CSS-NS MF-20, 1.36+0.02 kg m?h™! for 3D CSS-NS MF-30, and 1.29+0.07 kg m"
2h! for 3D CSS-NS MF-60, respectively (see Figure 4.8 a,b). The above results indicate that
the water evaporation rate increases with an increase in the concentration 3D CSS-NS MF until
it reaches the highest evaporation rate at 3D CSS-NS MF-40. The increase of deposition
amount of 3D CSS-NS MF was found to enhance the evaporation rate. However, excess
amounts of 3D CSS-NS MF-60 resulted in a low water evaporation rate. We attribute this to
the excess amount of deposited 3D CSS-NS MF leading to a high density of the compact
microflowers, which could weaken the water transport channels. As a result, slow and impeded
water transport and vapor release. The water evaporation performances under different

intensities were also examined. An increase in solar intensities increased the water evaporation
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rate to 2.24 kg m?h™' under 1.5 sun and to 2.97 kg m h™' under 2 sun conditions, as shown in
Figure 4.8c. These data indicate that with increasing light intensity speed up the water vapor
release and escape [237].

The evaporation rate in a dark environment was calculated with values of 0.089 kg m2h! for
blank water, 0.096 kg m?h! for 3D CSS-NS MF-20, 0.098 kg m2h ! for 3D CSS-NS MF-30,
0.099 kg m2h! for 3D CSS-NS MF-40, and 0.086 kg m2h! for 3D CSS-NS MF-60 (Figure
4.8d). Based on Eq 3.2, the evaporation efficiency without the solar absorber (water only) was
calculated to be 13% under solar irradiation of 1 sun. With the solar absorber (3D CSS-NS MF
on MCE membrane), the solar-to-vapor conversion efficiency was found to be 86.3 % for 3D
CSS-NS MF-20, 87.8 % for 3D CSS-NS MF-30, 92.6% for 3D CSS-NS MF-40, and % 84.4%
for 3D CSS-NS MF-60 (Figure 4.8e). It can be noted that the water evaporation rate and the
solar-to-vapor conversion efficiency of 3D CSS-NS MF-40 were among the highest values.
Such outstanding water evaporation performance can be explained by several features,
including the controlling of the 3D CSS-NS MF concentrations, resulting in effective
photothermal conversion within the pores of the nanosheet microflowers. Moreover, the high
surface area induced by the nanocavities formed by the vertically aligned nanosheets in the
microflowers facilitated the vapor transport from the absorber part without a significant
interface. In addition, the continuous water supply induced by the air-laid paper to the solar
absorber (3D CSS-NS MF/MCE membrane) resulted in continuous water evaporation [79]
(Figure 4.8f). It is worth noting that the evaporation performance in this study is superior

compared to some reported values (Table 4.1).

109



(a) (b)

142

)
=
in

1.32 1.36

-0.5 1

=
<
1

109 HMCTS-NA-20

| —— HM-CTS-NA-30
—— HM-CTS-NA-40
—— HM-CTS-NA-60

=
h
1

-1.5 1

Water evaporation rate (Kg m>h!

0.0 -
0 ' 2'0 ' 4'0 ' 60 Water 20 mg 30mg 40 mg 60 mg

Time (min)

(c) (d)

& )
E 5
& )
o 3 0051
% E
£ < —=—3D CSS-NS MF-20
< o —e—3D CSS-NS MF-30
It § -0.10 4 | —A—3D CSS-NS MF-40
= —=—3D CSS-NS MF-60
§ —v— Water
0.15 ; . .
0 20 40 60
. . | Time (min)
0 20 40 60
Time (min)
(e) 100
o,
. cesave  T922% 82.93%
&z
S
2 60 -
2
5]
3
& 40
25
20
0 -

Water (CSS-20 CSS-30 CSS-40  CSS-60

110



Flowing vapor escape
(f) between gaps of nanosheets

Vapor scape between the microflowers e e ° ® ®
[ ] [ ] o
® ® ° ®
[ J ® ®
. e M e
. : . ® ® ° ®
. e e P e
‘ ® e ° e

Vertical aligned nanosheets

Mixed cellulose ester membrane

Figure 4.8 (a) Water evaporation rate with different loadings of 3D CSS-NS MF (20 mg to 60
mg) on MCE membrane, and (b) corresponding water evaporation rate. (c) Water evaporation
rate of 3D CSS-NS MF-40 at different solar irradiations (1 sun, 1.5 sun, and suns). (d) Water
evaporation performance at dark condition. (e) Solar-to-vapor conversion efficiency of 3D
CSS-NS MF (20 mg to 60 mg). (f) The water transport mechanism of 3D CSS-NS MF-40/CA
through the nanocavities of the vertically aligned nanosheets and the gaps between the

microflowers.
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Table 4.1 Comparison of solar water evaporation performance with some reported works on

semiconductor-based PTMs

Photothermal materials Water Evaporation rate Ref.
(Kg m2 h)

under one sun

Multifunctional CuO nanowire mesh 1.42 [127]

3D-plasmonic covellite CuS 1.43 [78]

hierarchical nanostructure /PVDF

CuS nanoflower 1.09 [128]
Single-layer CuS/PE membrane 1.02 [129]
Cu NPs/ C- TiO2 1.5 [238]

Cu,S film 1.12 [131]
Cotton-CusS yolk-shell nanocage- 1.63 [133]

agarose aerogel

3D CSS-NS MF-40 1.42+0.04 This

work
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4.3.5 Water desalination and durability performance

For the water desalinatin test, a home-made device was used for collecting the evaporated water
from the feedwater. Figure 4.9 a,b illustrates the designed device used for the test. In this
study, we used a real seawater obtained from Rose Bay Beach, Sydney. The major ion
concentrations of (Na’, Mg*", K, and Ca?") were measured before and after the solar
desalination. The ICP-MS analysis indicated the concentrations of the ions were significantly
reduced from 7506.3, 698.4, 513.6, and 356.3 mg L' to 0.391, 0.104, 0.322, and 0.203
mg L~! (Figure 4.9¢). The result demonstrated that the quality of the distillate met the standards
of drinking water quality set out by the World Health Organization (WHO) [214, 215]. The
mass changes of seawater were close to deionized water with a water evaporation rate of

1.41£0.03 and 1.42+0.04 kg m2h'!, respectively, under 1 sun irradiation (Figure 4.9d)
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Figure 4.9 Photo-image of the home-made device for water collections through condensation
process; (a) Before solar irradiations, (b) after solar irradiations (1 sun irradiation). (c¢) ICP
analysis showing ion concentrations of seawater and the desalinated water (ion concentrations
are lower than WHO and EPA standards). (d) Water evaporation data for DI water and natural

seawater.
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Furthermore, the stability test of the 3D CSS-NS MF PTMs based evaporator under similar
seawater was performed continuously with 10 cycles (1-hour evaporation per cycle) under 1
sun irradiation. An excellent reusability performance was observed with stable evaporation
rates to the 5 cycle (1.40 kg m?h!), and then there was a slight decrease (1.35 kg m2h™')
until the 10" cycles (Figure 4.10a). The slight decreases was attributed to the formations of
tiny salts on the black 3D CSS-NS MF, which was observed visually after 10 h of cycling test.
SEM images of the solar absorber after the cycling test confirmed the salt migration and
formation on the surface. The imaging on the clean part (black area) on 3D CSS-NS MF/MCE
reveals the clean and the uniformity of the microflowers on the surface of the membrane
(Figure 4.10b). This could facilitate solar light absorption and allowing continuous vapor
generation [174]. On the other hand, the imaging on the tiny form salts confirmed the salt
migration and formation on the microflower surface (Figure 4.10c and d). This cause in
clogging some of the surface pores and decreased the solar evaporation area thereby reducing

slightly the evaporation rate lower light absorption and reduce the water escape on that spot.

115



()

evaporator over 10 cycles, the inset images display the salt formation (green circle). SEM

Evaporation rate (kg m?2 h)

=
L4
1

=
o
1

o
(3]
]

0.0

A
After 10 cycles

2 4 6 8 10
Cycle number

Figure 4.10 (a) Solar seawater evaporation performance for the 3D CSS-NS MF-based

image of 3D CSS-NS MF/CA membrane surface after 10 hours (10 cycles) solar desalination.
The salted form spot (b and c) (the images display the salt formations). (d) black part (the image
indicates the presence and uniformity of 3D CSS-NS MF).
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4.4 Conclusion

In conclusion, 3D CSS-NS MF has been synthesized as an efficient photothermal material for
SSG applications. The rich nanocavities between the vertically aligned nanosheets and the
compact microflowers were beneficial for high light absorption, excellent heat localization,
thermal management, and fast vapour escaping. As a result, a high water evaporation rate of
1.42£0.04 kg m™? h'!, corresponding to the solar to vapour conversion efficiency of 82.93%,
was obtained under 1 sun irradiation. Furthermore, 3D CSS-NS MF based evaporator
demonstrated its effectiveness in salt rejection that met WHO drinking water standards. This
study demonstrates the importance of controlling structural morphologies and sizes of the

PTMs for high-efficiency solar steam generation devices.
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CHAPTER §

HIGHLY STABLE GOLD NANOLAYER
MEMBRANE BASED SOLAR
EVAPORATOR FOR HARSH

ENVIRONMENT RESISTANCE

This Chapter is based on our revised manuscript: Idris Ibrahim, Dong Han Seo, MJ Park,

Alexander Angeloski, Andrew McDonagh, Ho Kyong Shon, Avi Bendavid, Leonard Tijing A
novel robust and scalable plasmonic membrane for a highly efficient solar steam generation

under a harsh environment. Chemosphere (2022): 134394.
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5.1 INTRODUCTION

Noble metals such as gold nanoparticles have been used as firstly reported by Hala’s group in
2013 [40] and have since attracted broad interest, which led to an increase in research activities
related to SWE. Noble metals are known to exhibit excellent chemical stabilities under harsh
environments such for evaporation of sources water with highly acidic and basic conditions
[83-85]. Previous studies on noble metals-based PTMs utilized either complicated or small-
scale synthesis strategies [150]. Furthermore, the mechanical strength of their fabricated PTMs
remains a challenge, hence hindering their practical implementation. Thus, a scalable strategy
to allow the fabrication of nanoscale noble metals-based PTMs with excellent mechanical
stability is essential for practical application in SWE. Magnetron sputtering (MS) is a
promising technique that enables the deposition of nanoscale thin film on various substrates
[239]. The method provides a cost-effective thin film coating at relatively low temperatures
and can produce uniform thin film layers on large substrate areas with excellent adhesion [240,
241]. Based on the advantages of MS technique in forming an effective nanoscale thin film on
a substrate surface. In the present study, a well-designed Au nanolayer on PTFE membrane
surface by MS technique for SWE is demonstrated. Benefitting from the strong adhesiveness
of the Au nanolayer on PTFE membrane surface, it results in a robust mechanical strength,
excellent chemical stability even under harsh environments. The light absorption capability of
our fabricated membrane covers the whole solar spectrum region. The designed solar
evaporator of Au nanolayer-PTFE on cellulose sponge resulted in excellent salt ion rejection,
meeting the required standard for drinking water. Furthermore, exceptional reusability and
stability are demonstrated in natural seawater and harsh chemical conditions. Our findings
reveal the novelty of magnetron sputtering methods for scaling up highly stable PTMs with

excellent salt resistance for long-term durability solar evaporators.
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5.2 Materials and methods

5.2.1 Materials

Gold targets (Au >99.9% purity) were purchased from Kurt J. Lesker company. A commercial
polytetrafluoroethylene (PTFE, 0.45 um pore size) membrane was obtained from Ningbo and
used it as substrate for forming nanoscale thin film Au. A commercial cellulose sponge was
purchased from a local supermarket, utilized as the insulator and floating support for the Au
nanolayer membrane. Potassium hydroxide (KOH) was purchased from Merck; hydrochloric

acid was bought from Chem-Supply, and sulfuric acid and nitric acid were received from Sigma

Aldrich.

5.2.2 Fabrication of Au nanolayer membrane

The fabrication process of gold nanolayer membrane is described in section 3.3.2.

5.2.3 Characterization

The structure and the morphology of pristine PTFE and Au nanolayer membrane was
investigated using field emission scanning electron microscopy (FE-SEM, Zeiss Supra 55VP)
at an accelerated voltage of 10 kV. The surface wet ability of the samples was investigated by
Theta Lite 100 (Attension) using a sessile drop method. A volume of 10 uL water droplet was
vertically dropped on the substrate surface. The light absorption characteristics of the pristine
PTFE and Au nanolayer membranes were measured at wavelength ranges (300-2500 nm;
Ultraviolet-Visible-Near-Infrared regions) using a spectrophotometer equipped with an
integrating sphere (950 PerkinElmer Lambda). Infrared (IR) images and surface temperatures
were recorded on Infrared Camera (FLIR, E6). The concentrations of the positively charged
ions (K*, Na*, Mg?" and Ca®") in seawater before and after purification were measured using

an inductively coupled plasma mass spectrometer (ICP-MS, Agilent 7900), while the
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negatively charged ions (NO3 ™, CI™ and SO42) were measured using ion chromatography (IC)

(Thermo Fisher, Australia).

5.2.4 Solar water evaporation test

The SWE set-up consisted of a solar simulator (PLS-SXE300) with a standard AM 1.5G filter,
a precision analytical weighing balance (IC-PX84/E, Ohaus, 0.1 mg accuracy) connected to a
computer, an infrared camera (FLIR E6), and Type-K thermocouples (RS PRO: RS172TK).
The solar evaporator of Au/PTFE membrane (diameter = 4.5 cm) on cellulose sponge a
thickness of 1.3 cm (under water) (Figure 5.1), floated at the air-water interface on a 100 ml
beaker filled with 80 mL deionized water (DIW). During the experiment, simulated sunlight at
irradiation of 1 sun = 1 kW m was illuminated on the solar evaporator which was placed on
the entire electronic balance. The change in weight with respect to time was continuously
recorded at 4 min interval, with each evaporation experiment lasting for 1 h. Changes in
membrane surface temperature were measured by an IR camera at various intervals, and a
thermocouple was used to measure the bulk water temperature changes. SWE experiments at
dark condition (without simulated light) was also carried out. Pristine PTFE membrane without
gold thin film was also checked for its SWE performance, which served as the control for
comparison. All experiments were carried out at room temperature of 22 + 2 °C and humidity

~ 52.5%.
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Au nanolayermembrane

Cellulose sponge

Deionized water

Figure 5.1 (a) photo-image of the designed plasmonic membrane based solar evaporator.

5.2.5 Solar water desalination and stability test under harsh environment

The potential of our Au nanolayer membrane for water desalination was evaluated by treating
a real seawater collected from Cronulla Beach, Sydney, Australia and similar protocols for
SWE were followed. In addition, a high salinity brine solution of NaCl (at 150 g/L) was
prepared. The stability of the gold PTMs was evaluated under a harsh environment utilizing
acidic (0.1 M H2S0ys), basic (0.1 M KOH), and oxidizing conditions (0.1 M HNO3) [213], with
respective ionic strengths (/) of 0.3 M, 0.1 M, and 0.1 M. During the water purification tests,
the evaporated water was collected and analyzed using ICP and IC techniques to measure the
ions of the feedwater and the collected water. In addition, cycling stability tests (10 cycles)

were demonstrated.
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5.3 Results and discussion

5.3.1 Characterizations of Au nanolayer -PTFE membrane

Figure 5.1. shows the pristine PTFE and fabricated Au nanolayer films coated PTFE
membranes. A magnetron sputtering process was used to uniformly coat thin films of gold onto
PTFE membranes. The duration of the coating process was 4 min with film thickness of 50 nm.
This type of coating process ensures quick, highly scalable, and uniform deposition of materials
in a single step without the use of chemicals, making it a practical fabrication approach. This
technology enables the fabrication of Au nanolayer membranes in large areas, which is vital
for practical applications. A PTFE membrane was chosen as the substrate due to its good
mechanical strength, flexibility, chemical stability, and high-temperature resistance [242].
During the magnetron sputtering process, strong physisorption was expected between the
partially ionized Au particles and the modified PTFE membrane surface which led to their good
adhesion with each other [243]. As illustrated in Figure 5.1 a-c, after deposition of the Au
nanolayer, the circular white membrane top surface (inset of Figure 5.1 a) acquired a gold
color, signifying the successful coating of the Au nanolayer. The coated membranes display
strong adherence of the thin-layer Au to the PTFE membrane. The modified membranes can
easily be folded and returned to their original state without detachment of the coating or
membrane damage (Figure 5.1 d). These features are beneficial for the development of

scalable and effective PTM for solar water evaporators.
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Figure 5.2 (a) Schematic illustration of gold deposition on a pristine PTFE membrane
substrate. (b) Image of a pristine PTFE membrane. (c¢) Image of a gold-coated PTFE membrane.
(d) Image showing the flexibility of the Au-PTFE membrane.

The structural morphology, elemental compositions, surface analysis and wettability of the
fabricated Au nanolayer were examined. SEM images reveal that the surface morphology of
the pristine PTFE contains unequal-length extended holes with open and distributed channels
(Figure 5.3a). After gold deposition, a homogeneously distributed gold layer with a thickness
~50 nm was observed on the PTFE fiber surfaces (Figure 5.3b and 2¢). The surface structure
and porosity of the PTFE were maintained after the coating process. This structure is favorable
for fast and extensive vapor diffusion and can facilitate good water evaporation performance
[74]. Elemental mapping (Figure 5.3d) and Energy-Dispersive X-ray Spectroscopy (EDS)
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analysis (Figure 5.3e) confirm the existence and the distribution of Au nanolayer

homogeneously on the PTFE membrane surface.
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Figure 5.3 (a) SEM images of the pristine PTFE membrane. (b) low and (c¢) high magnification
SEM images of the photonic membrane, (d) Elemental mapping results confirm the Au
nanolayer distribution on the PTFE membrane surface. (¢) EDS analysis of the Au/PTFE
membrane

Additionally, XPS analysis was conducted to investigate the elemental composition and
electronic structure of the Au nanolayer on PTFE membrane surface. The XPS survey spectrum
confirms the presence of Au, C, F and O (Figure 5.4 a). High-resolution XPS analysis revealed
narrow doublet peaks of Au 4f5>(84.12 eV) and Au 4£72(87.75 eV), separated by 5 eV (Figure.
5.4 b). The peaks at 680 eV, 284.59 eV match F 1s, and C 1s, respectively, [83, 244]. The weak
peaks of F Is, and C 1s suggest the successful Au nanolayer coating and uniformity on the
PTFE membrane surface.

The surface wettability plays a vital role in the anti-salt properties of PTMs for solar seawater
desalination [39]. The dynamic wetting of water droplets on the pristine PTFE and gold
deposited PTFE membrane were measured using a contact angle measurement (tensiometer)
apparatus. The pristine PTFE membrane surface showed a water contact angle of 145+3°,
indicating that it is almost superhydrophobic (Figure 5.4 ¢). The thin layer of gold on the PTFE
surface has drastically increased its wettability, with a water contact angle of 100+4° (Figure
5.4 d). The hydrophobic behavior supported the self-floating ability of the membrane on water.
In addition, it can act as an anti-salt property by repealing the salt ion crystallization on the

evaporator surface, which is beneficial for the long-term durability of solar desalination.
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Figure 5.4 (a) Spectra Survey of x-ray photoelectron spectra (XPS) of Au-PTFE membrane
(b) High resolutions XPS spectra confirming the existence of the Au 4f. (c,d) Surface
wettability test of PTFE membrane and Au nanolayer membrane displays hydrophobic

properties, and reduction in hydrophobicity being observed after the gold nanolayer deposition.

5.3.2 The stability of Au nanolayer-PTFE membrane

PTMs with chemical stability and robust mechanical strength of are essential for practical
applications in SWE. The tensile strength and percentage strain results indicated that for
pristine PTFE membrane, i.e., without the thin film gold coating, only 6.71 MPa, and 33.9%,
were obtained, respectively. After the coating process, the values have increased to 8.09 MPa,
and 36.48%, respectively. This phenomenon can be explained by the strong adhesiveness of
the coated Au nanolayer to the membrane, enhancing its mechanical properties. The gold layer

did not detach or fall off from the surface of PTFE membrane. Furthermore, the chemical
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stability was assessed by heating the Au-PTFE membrane under acidic, basic, and oxidizing
conditions at a temperature of 40 °C for 30 hours. In addition, we subjected the Au-PTFE
membrane under sonication for 40 minutes. The EDS analysis revealed that the gold on the
treated membranes maintained similar composition as with the original samples (Figure 5.5-
5.8), even after exposure to these harsh environments. This signifies that our designed Au
nanolayer has not been corroded under harsh conditions. This signifies that the magnetron
sputtering method could be superior technique to fabricate Au nanolayer-based solar absorber
compared to those techniques reported in the literature, such as electrospinning [29] and dip-
coating [91]. The obtained results demonstrated that the magnetron sputtering method resulted
in nanolayer gold formation with a remarkable adhesiveness membrane surface. This could be
a promising strategy for the fabrication of a stable photothermal membrane for solar-driven

water purification.
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Figure 5.5 EDS analysis of the Au/PTFE membrane after treated under H2SO4 for 30 hours at

a temperature of 40 °C.
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Figure 5.6 EDS analysis of the Au/PTFE membrane after treated under KOH for 30 hours at

a temperature of 40 °C.
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Figure 5.7 EDS analysis of the Au/PTFE membrane after treated under HNOs for 30 hours at

a temperature of 40 °C.
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5.3.3 Optical characteristics and solar-thermal conversion of gold nanolayer
membrane

The structure-dependent light absorption characteristics of the pristine PTFE and the designed
Au nanolayer-PTFE membrane were evaluated using a UV-Vis-NIR spectrometer in the
wavelength range of 300-2500 nm (Figure 5.9a). The inset image in Figure 5.9a shows the
reference solar spectrum (at AM 1.5 G) [245]. The pristine PTFE displayed weak light
absorption characteristics in the whole solar spectrum regions. In contrast, the coated PTFE
membrane with Au nanolayer shows a much higher light absorption covering the whole solar
spectrum region, with light absorption of ~ 80% in the UV region (300-400 nm), ~ 55-80% in
the visible (400-700 nm), and ~ 40-55% in the NIR region (700-2500 nm). Along with good
light absorption characteristics of the prepared gold nanolayer PTFE membrane, surface
plasmon resonance (SPR) effect from the gold nanolayer helps to generate heat in the PTMs
for effective water evaporation to occur. Plasmonic metals such as gold, due to the presence of
high concentration of free carriers, enable free-carrier absorption [217]. The plasmon-induced
heat generation occurs when Au nanolayer is illuminated at their resonant wavelengths, which
causes oscillation of the electron cloud of free electrons. The decay of the hot electrons through
electron-electron scattering creates and redistributes the hot electron energy in the form of heat,
which can rapidly increase the localized surface temperature of plasmonic Au [86, 246].
Furthermore, the rough surface of the PTFE membrane and the holes with open and distributed
channels play an effective role in reducing light reflection and can trap the photon capture [74].
This enhancement in the optical performance is beneficial for solar-thermal conversion for
water evaporation applications. The optical performance of our Au nanolayer-PTFE membrane
is comparable with some reported optical characteristics of noble metal PTMs in SWE [83,

247, 248].

134



After the optical properties test, we designed a simple solar evaporator consisting of a Au
nanolayer membrane (Au-PTFE) placed on top of a hydrophilic porous cellulose sponge (CS)
(referred to as Au-PTFE@CS). The added CS has dual-functional roles; (1) acting as thermal
insulator where it can localize the heat at the air/water interface, and can reduce the downward
heat losses, and, (2) it helps in supplying water to the top hydrophobic photothermal Au-PTFE.
This simple combination design allowed fast and continuous water supply from the bulk water
to the top hydrophobic Au nanolayer-PTFE membrane. Meanwhile, the hydrophobic Au-PTFE
can repeal the salt formations resulting in excellent salt ions rejections with long-term
durability and stable performance. For comparison, a pristine PTFE membrane was examined
as well as a free-standing Au nanolayer membrane (without CS), and a DI water only condition.
The surface temperature change of the designed solar evaporator was monitored over time
using an IR camera under 1 sun (1 kW m™?) irradiation. As illustrated in Figure 5.9b and 5.9c,
the surface temperature of the pristine PTFE membrane only showed a slight increase in
temperature from 22.1 °C to 24.8 °C within 10 min. In contrast, the surface temperature of the
Au-PTFE@CS rapidly increased from an ambient temperature of 25.2 °C to reach 30 °C within
3 minutes of illumination and further rose to 33.2 °C after 10 min. In addition, without CS, the
surface of the free-standing Au nanolayer membrane increased to 29.3 °C. The surface
temperature of the Au-PTFE with CS is higher compared to without CS demonstrating its
excellent solar light-to-heat conversion. One reason for this is due to CS support, which acts as
a thermal insulator and heat localizer at the air-water interface. To further investigate the
effectiveness of the CS in localizing heat and reducing the heat transmittance to bulk water, we
measured the bulk water temperature using a thermocouple. The side-view image using an IR
camera was also used to visualize the heat distribution on the side of the solar evaporator. The
thermal images of Au-PTFE with CS revealed that heat is localized with low transmission to

the bulk water (Figure 5.9d). Furthermore, the bulk water change was relatively low with an
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increase in temperature from 25.6 °C to 26.5 °C (i.e., 0.9 °C difference). Meanwhile, without
CS, the bulk water temperature increased from 25.6 °C to 30.7 °C, which indicated the fast
conduction of heat to the water. These observations demonstrate the effectiveness of thermal
insulation in localizing the heat at the air-water interface and minimizing the downward heat

losses, which is beneficial for solar water evaporation application.
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Figure 5.9 Solar absorption and solar-thermal conversion. (a) Light absorption characteristics
of the pristine PTFE and Au-PTFE membrane across the UV-vis and NIR regions. (b) The
temperature changes of the Au-PTFE/CS, pristine PTFE membrane, and water at 1-sun

irradiation. (c) Infrared image of the heat formation after surface exposure to 1 sun-irradiation
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from 0 to 10 minutes. (d) Infrared photo confirming the capability of the device to localized

heat at the air-water interface.

5.3.4 Solar water evaporation performance

The solar water evaporation performance of the Au-PTFE supported CS was investigated and
compared to those of DIW, and a freestanding Au-membrane (without CS support), under one
sun irradiation. The solar heat-to-vapor efficiency (r) was calculated based on Eq 3.2. The
evaporation rates at the dark condition were 0.081, 0.072, and 0.078kg m 2 h™! for DIW, free-
standing Au nanolayer-PTFE, and Au nanolayer-PTFE/CS, respectively (Figure 5.10a).
Under one sun irradiation, the DIW displayed an evaporation rate of 0.314 kg m 2 h™!,
corresponding to an evaporation efficiency of 14.8%. The evaporation rate was significantly
increased after placing free-standing Au nanolayer membrane at the air/water interface to
deliver an evaporation rate of 0.64 kg m 2 h™!, corresponding to an efficiency of 35.6%, which
is ~2 times that of pure water. The vapor generation arises from the absorption of the solar light
through the gold nanolayer which generates a sufficient heat at the air-water interface. It was
noticed that the evaporation rate was further improved by placing cellulose sponge below the
Au nanolayer membrane to achieve an evaporation rate of 0.88 kg m2 h™!, corresponding to
an efficiency of ~ 49.5 %. Figures 5.10 b,c displays the water evaporation rate and solar-heat-
to-vapor efficiency results in this work. The reason for such further increase is due to the
presence of underlying hydrophilic CS, which offers great heat confinement and efficient solar
heat utilization. In addition, it delivers sufficient and continuous water supply to the
hydrophobic Au nanolayer membrane. The spaces between the hydrophobic Au nanolayer
membranes facilitate vapor escaping. Meanwhile, without CS (free-standing Au nanolayer),
some of the generated heat by the Au nanolayer membrane was transmitted to the bulk water
via heat conduction, resulting in lower water evaporation. Schematic illustration of the working

mechanism of our designed device is illustrated in Figures 5.10 d. The obtained evaporation
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rate in this study is comparable to some reported studies in the literature (Table. 5.2). The
effect of the CS thickness on the water evaporation was investigated to find the optimal
thickness. At 0.6 cm CS thickness, it generated a water evaporation rate of 0.82 kg m2 h™! at
one sun intensity, while the 1.6 cm CS thickness resulted to an evaporation rate of 0.86 kg m
h™!, which is similar to the 1.2 cm thickness. Hence, we chose 1.2 cm cellulose sponge as the

optimized thickness in our current study (see Figures 5.10 d).
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Figure 5.10 (a), (b) Weight change under one sun irradiation of DIW, free-standing Au-PTFE,
and Au-PTFE supported CS at dark and under one sun irradiation. (c) The corresponding solar
conversion efficiency. (d) Weight change under 1 sun intensity of Au-PTFE supported CS with
different sponge thickness, (0.6, 1.2 and 1.6 cm), under 1 sun intensity. (¢) Schematic
illustration of the solar conversion and vapor generation process of Au nanolayer membrane

on CS-based solar evaporator.

Table 5.1 Comparison of the obtained result with some literature report

Photothermal materials Water evaporation rate (kg m™2 | References

h™!) (at one sun irradiation)

Functionalized graphene 0.47 [249]

Thin-film black gold 0.67 [146]
membranes

Plasmonic Au loaded 0.63 [89]

anodized alumina oxide

membrane

Al nanoparticles loaded 0.92 [147]

anodized alumina oxide

membrane
Gold/PVDF 1.02 [148]
Black 0.89 [250]
phosphorous/Collage-
Polyurethane
BilnSe3;@NF 0.83 [251]
Plasmonic membrane 0.88 This work
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5.3.5 Saltions rejection

The feasibility of the Au-PTFE membrane for solar water desalination was also investigated.
For the desalination tests, real seawater collected from Cronulla Beach, Sydney were used. In
order to investigate the capability of the evaporator system for generating potable water, the
evaporated water was condensed, collected and analyzed using ICP-MS and compared to the
original seawater. A schematic illustration for the water condensation and collection is
provided in (Figure 5.11 a). The results indicated that a high amount of the salt ions Na*, K",
Ca?*, and Mg?" in the purified water was significantly decreased to 7.79, 0.60, 0.62, and 0.86
mg/L, respectively compared to their respective initial concentrations of 8750, 1043.7, 348.3
and 398.3 mg/L (Figure 5.11 b). The obtained values are below the standard drinking water
required by World Health Organization (WHO) and the U.S. Environmental Protection Agency
(EPA) [214, 215]. This result proves the capability of Au nanolayer-PTFE membrane-based

solar evaporator in producing drinking water.
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Figure 5.11 (a) Photo-image and schematic of the used device for collecting water vapor. (b)
The concentrations of ions (Na*, K*, Ca?" and Mg?") in seawater collected from Cronulla

Beach demonstrate the high reductions in ion concentrations before and after the desalination

process.
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5.3.5 Self-cleaning, durability, and stability test

The durability and stability of the solar evaporator system are the
main challenges for solar seawater desalination. The salt formations on the solar absorbers will
cause a significant decrease in the light absorption, causing a lower evaporation surface [38,
39]. Therefore, it should be addressed before implementing this technology for practical
application. The salt rejections capability self-cleaning of the Au-PTFE@CS evaporator was
investigated by placing 2.5 g of salt on the top of the Au nanolayer membrane. After one sun
irradiation, the salt gradually disappeared with continuous vapor flow through the holes
between the coated fiber of the Au-PTFE membrane until no salt was observed after 2.5 hours
(Figure 5.12 a). The self-cleaning of the designed evaporators can be ascribed to the spaces
between the heated coated fibrous in Au-PTFE membranes which allows continuous vapor
flow for chemical advection and diffusion induced by the salt concentration gradient, resulting
in salt dissolving [252, 253]. In addition, the hydrophilic open pores CS allow the formation of
the thin layer of water underneath the Au nanolayer membrane, resulting in sufficient and
continuous water supply and dissolving the salt at the top.

On the other hand, the salt on pristine PTFE membrane did not change much. This is mainly
ascribed to the low solar thermal conversions resulting in low surface temperature and hence
low water evaporations. Besides, superhydrophobicity of the PTFE surface minimized the
water penetrations from the bottom cellulose sponge, which contributed to the remaining salt
on the PTFE surface for a more extended period (Figure 5.12 b). After the self-cleaning test,
the water evaporation performance was conducted, and a solar evaporation rate of 0.87 kg m™

h'! was obtained. This confirms its reusability and capability to generate vapors.
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Figure 5.12 Photo-image of salt-dissolution and self-cleaning property after adding 2.5 g NaCl.
(a) Pristine PTFE@CS. (b) Au-PTFE @CS.
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To examine the durability of Au nanolayer-PTFE membrane for solar desalination, we
conducted the evaporation test using natural seawater and high salinity brine (150 g/L NaCl)
as model brine solution. The performance was carried out for 10 continuous cycles (1h/cycle)
under one sun irradiation. Interestingly, excellent reusability with stable performance over ten
cycles was demonstrated, with only a slight decrease in the evaporation of 0.85 kg m 2 h™! for
seawater, to 0.82 kg m > h™! for the high brine 150 g/L NaCl (Figure 5.13 a,b). The slight
reduction in evaporation rate for brine solution is attributed to the decrease in vapor pressure
of brine solution [176, 254, 255]. The above-mentioned results indicate excellent salt resistance
due to the continuous water supply through CS, providing a thin layer of water. In addition to
that, the surface hydrophobicity of the Au nanolayer-PTFE membrane, no noticeable salt was
formed. This result implies that MS technique is a reliable technology to fabricate a stable
nanolayer photothermal membrane for seawater desalination, especially high-salinity with anti-
fouling properties. We further extend the durability study to a harsh chemical condition, under
acidic (H2SO4, pH=1), basic (KOH, pH =13), and oxidizing conditions (HNO3). The ion
concentrations of SO4*~, K* and NOs~ were reduced to 0.4649, 6.41121, and 0.5434, mg L™,
respectively, revealing remarkable efficiency in obtaining clean water even under harsh
conditions (Figure 5.13c¢). Besides, the evaporation rate indicates that the fabricated Au
nanolayer membrane possesses an excellent evaporation rate of 0.80 kg m > h™! (under 0.1 M
H,S04), 0.85 kg m2h™! (under 0.1 M KOH), and 0.85 kg m 2 h™! (under 0.1 M HNOs), which
are close to the corresponding DI water 0.88 kg m 2h™!, suggesting its stable evaporation
performances (Figure 5.13d). Additionally, the cycling stability was carried out for 5 cycles
(1h test per 1 cycle). Ultimately, the results showed excellent reusability with stable
performance (Figure 5.13e). It could be deduced to three main reasons: (i) the chemical
resistivity of the gold [83-85], (ii) the superior mechanical strength of the Au nanolayer-PTFE

membrane, (iii) the strong adhesiveness and attachment of the thin layer Au on the PTFE
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membrane. Therefore, it can be concluded that the fabricated gold membrane allowed efficient
steam diffusion, minimized salt accumulation, and maintained membrane cycle stability under

harsh environments.
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Figure 5.13 (a) Water evaporation rate of real seawater and high brine salinity (150g/L NaCl)

compared to the DI water under solar irradiation of 1 sun. (b) Cycling performance of the Au

nanolayer membrane using seawater, revealing stable evaporation rate for a period of 10 cycles.
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(c) Ton concentrations (SO4>~, NOs~, and K") before and after the evaporation show the
capability of Au nanolayer membrane for excellent ions rejections under a harsh environment.
(d) Water evaporation rate of 0.1 M H>SO4, 0.1 M KOH, and 0.1 M HNO3 compared to the DI
water under the solar irradiation of 1 sun. (e) The cycling stability under acidic, basic and

oxidizing conditions for five cycles.

5.4 Conclusion

This study demonstrates the feasibility of applying a magnetron sputtering method to fabricate
a novel Au nanolayer membrane with robust mechanical strength and chemical stability for
SWE applications. Detailed morphological, structural and material analysis techniques
indicated that gold nanolayers were formed and homogeneously coated on the fiber of the
PTFE membrane surface. The resultant Au nanolayer membranes achieved a water evaporation
rate of 0.88 kg m 2 h™!, which corresponds to an efficiency of 49.5 %, under 1-sun irradiation.
Also, this system revealed a high rejection rate of salt ions of seawater with a removal
efficiency of 99.9%, meeting the standard required for drinking water. Furthermore, the
adhesiveness and the strong attachment of the thin film Au nanolayer on the membrane resulted
in excellent durability and stability even under harsh conditions. Our proposed novel strategy
may open up a new pathway for designing a highly stable nanolayer thin-film PTM for solar

water purification.
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CHAPTER 6

POLYDOPAMINE NANOSTRUCTURES
DECORATED NICKEL FOAM TOWARDS
EFFICIENT SOLAR WATER
EVAPORATOR WITH ANTI-SALT
PROPERTIES

This chapter is submitted in Renewable Energy. Idris Ibrahim, Sayed Mukit Hossain, Dong

Han Seo, Andrew McDonagh, Ho Kyong Shon, Leonard Tijing*. Polydopamine
nanostructures decorated a porous nickel foam toward efficient solar harvesting steam

evaporator and anti-salt properties. Separation and Purification Technology. (2022): 121054.
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6.1 Introduction

Recently, research efforts have focused on developing effective solar harvester PTMs with
anti-salt properties [256-258]. Salt accumulation on the evaporator surface can block pore
channels, causing a substantial reduction of effective surface area for solar absorption.
Consequently, the water evaporation rate reduces significantly [38, 39, 259, 260].

Recently, PTMs with microporous structure and hydrophilic properties have been
demonstrated as anti-salt PTMs and excellent solar thermal conversion materials. A number
of substrate materials for PTMs have been studied, including porous ionic polymer [48, 189],
biomass structural materials [165, 261], and porous metal foam. Among the reported materials,
nickel foam (NF) has been well reported as an excellent substrate to grow versatile nano or
microstructured materials [262]. It possesses a 3D porous structure with an open network and
substantial surface functionality for growing different nano/microstructures materials [263].
These unique features make it highly desirable for an anti-salt and reusable solar evaporator
system. To date, various NF-based materials have been reported including CoWO4-x@NF
[264], nickel sulfide@NF [265], graphene foam [185], graphene/MoOs3-x@NF [184], and
Fe;O3/CNT@NF [266]. Although significant progress has been made from a material point of
view, it will be a more practical idea to use a simple synthesis method to prepare NF-based
PTM. Therefore, it is still of great significance to further explore novel PTMs that meet the
above-mentioned criteria. Other studies have shown that bio-inspired polydopamine (PDA) is
an effective PTM due to its advantages of simple synthesis methodology via in sifu self-
polymerization processes and a functionality to grow on various substrates [267-269]. PDA
absorbs a broad spectrum of light due to the conjugated structure imparted by the indole-5,6-
quinone units. The bonds between the 5,6-dihydroxyindole and indole-5,6 quinone units are
considered to operate as electron donor and acceptor pairs, influencing the energy bandgap and

light absorption properties [269-271].
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Hence, in this work, we report a series of PDA nanostructures on porous nickel using a simple
in situ synthesis method. The resultant materials exhibit excellent solar light absorption and
efficient water transmission. A simple solar evaporator was fabricated, which contains cotton
cloth as a 2D water transport channel to ensure a continuous water supply and cover on PS
foam to act as a thermal insulator. The prepared evaporator displayed effective solar light
absorption and solar-thermal conversion, with the continuous water pumping to PDA
nanowires (NWs)-NF, resulting in an evaporation rate of 1.39+0.01 kg m h™! and an efficiency
of 87.6 %, under 1 sun irradiation. The applications of the solar evaporator in solar seawater
desalination were demonstrated with high salt rejection to obtain potable water which meets
the World Health Organization (WHO) standard. Furthermore, the PDA NWs-NF displayed
good reusability with stable performances for 3 days under real seawater and high brine salinity
(75g/L NaCl). Finally, self-desalting capability was proven. This work demonstrated a novel,
low-cost, stable, anti-salt solar evaporator system with a potential application for seawater

desalination.

6.2 Experimental procedures

6.2.1 Materials
Nickel foam (Purity: 99.99%) was bought from MTI Corporation-USA. Dopamine
hydrochloride (Purity: > 99.0%) and Tris(hydroxymethyl)aminomethane (Tris-base) (Purity: >

99.8%) were purchased from Sigma-Aldrich.

6.2.2 Synthesis methods of PDA on nickel foam

In this study, PDA nanostructures were synthesized using a modified methods from [268] to
produce new and unique structural morphology. A piece of nickel foam (5 cm x 5 cm) was
washed with distilled water, ethanol and immersed in 1 M HCI for 1 h to remove the oxide

layer. The treated foam was then immersed in a solution (Tris-buffer pH 8.5) containing
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dopamine (2 mg/mL), and the total amount of solution was 200 mL. Tris-buffer was prepared
by dissolving 121.15 g/mol of Tris(hydroxymethyl)aminomethane in 1L of water, and the pH
was adjusted to 8.5 by adding concentrated HCI. The solution was stirred for 2 and 6 h at
ambient temperature. The as-prepared PDA nanostructures on NF were rinsed with distilled
water and kept for further use. Figure 6.1 illustrates the process of the formation of PDA
nanoparticles (NPs) grown within the 2 hours reaction time. PDA nanowires (NWs) formed on

NF surfaces after stirring for 6 hours.

Dopamine
Tris-buffer pH
8.5

Mechanically

4 stirring for
. 2 hours or
E 6 hours = =
: 2 hours = 6 hours &
v i V
Pristine nickel foam PDA NPs-NF PDA NWs-NF

Figure 6.1 Schematic of the fabrication process of PDA nanoparticles and PDA nanowires

(NWs) on NF.
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6.2.3 Characterization

The surface morphology of polydopamine nanostructures on the NF surface was investigated
using scanning electron microscopy SEM (Zeiss Supra 55-VP) at an accelerated voltage of 5
kV. The energy dispersive spectroscopy (EDS) and elemental mapping were measured using
SEM (Zeiss EVO SEM) at 15 kV. The surface wettability of the samples was investigated by
Theta Lite 100 (Attension) using a sessile drop method. The light absorption characteristics of
the pristine nickel foam and prepared materials were measured using a spectrophotometer
equipped with an integrating sphere (950 PerkinElmer Lambda) at wavelength range (300-
2500 nm; Ultraviolet-Visible- Near-Infrared regions). The positively charged ions (K", Na",
Mg**, and Ca**) concentrations of the condensate water were measured using an inductively
coupled plasma mass spectrometer (Agilent 7900 ICP-MS). A Thermal Advantage SDT-Q600
thermal analyzer was used to obtain TG curve using alumina crucibles. Experiments were

1

conducted using a flow of nitrogen gas (150 ml min™!) and a heating rate of 10 °C min ™! over

a temperature range of 25-500 °C.

6.2.4 Solar steam generation experiments

Solar water evaporation tests were conducted at ambient temperature (24 °C, humidity 60%)
under solar irradiation of 1 sun. A solar simulator (Beijing perfect light) equipped with a filter
(AM 1.5) was used to measure the irradiation of sunlight. Solar intensity meter was used to
measure the sunlight irradiation. Solar evaporator composed of PDA nanostructure/NF was cut
into a circular shape (Diameter ~ 3.4 cm) and was placed at the top of the cotton cloth (2D
water channel) wrapped polystyrene foam (thermal insulator) in a beaker filled with 35 mL of
Deionised water (DIW). Photo-image of the solar evaporator device is given in Figure 6.2.
Upon sunlight irradiation on the solar evaporator, the weight change was measured using an
electronic balance (Ohaus-IC-PX84/E) at an interval of 4 min and the total time of each test is

1 h (See Figure 3.16).
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Figure 6.2 Photo-image of the designed PDA NWs driven solar evaporator.

6.2.5 Solar desalination test

The solar desalination performance was evaluated using seawater collected from Rose Bay
Beach, Sydney, and similar protocols for SWE were followed. The seawater was filtered using
a coarse filter, followed by a 5-micron bag filter, then treated with UV light before use. During
solar desalination tests, the evaporated water was collected and analyzed using ICP-MS to
measure the ions of the feedwater and the purified water. Furthermore, the cycling stability
tests were carried out for 3 days and 5 cycles per day using seawater and simulated high brine
solution of NaCl (at 75 g/L). Details on salt crystallization were performed using SEM and

EDS analysis.

6.3 Results and discussions

6.3.1 Formations of PDA and morphological studies
Before the growing of PDA nanostructure on NF, the NF surface underwent a surface treatment

to remove the oxide layer. Then, PDA was grown directly on the treated NF surface using a
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straightforward process through the oxidation of dopamine using a Michael addition reaction
[268]. During the reaction process, the color of the solution changed from light brown to dark
brown which confirmed the oxidative polymerization of the DA to PDA [268], corresponding

to an increase in amount and thickness of PDA on the NF [272]. The photographic images of

the pristine NF, treated NF, and coated NF with PDA are given in Figure 6.3.

Figure 6.3 Photo-image of (a) Prsitine NF, (b) treated NF, (c) PDA-NPs-NF, and (d) PDA-
NWs-NF
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Figure 6.4 a,b shows the SEM images of the treated NF. After 2 h reaction, the SEM results
confirmed the formation of PDA aggregated nanoparticles (NPs) with an average size of about
50 nm (Figure 6.4 (c-e)). After extending the reaction time to 6 h, the NPs on the surface self-
assembled into NWs with hierarchical structures which were uniformly distributed on the
surface of NF, as shown in Figure 6.4 (f-h). Furthermore, the elemental percentages in PDA
NWs-NF were higher than PDA NPs-NF. The elemental mapping of PDA NWs confirms the
homogeneous distribution of C, N, and O, with more abundant on Ni foam (Figure 6.5 b).
Meanwhile C, N, and O within PDA NPs are less and inhomogeneously distributed, as shown
in Figure 6.5 a. Additionally, the EDS analysis revealed the existence of the PDA elements
(Ni, C, N, and O) on nickel foam (Ni). The elemental percentages of PDA NWs on NF were

higher than PDA NPs on NF (Figure 6.5 (c,d)).
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Figure 6.4 SEM images of (a,b) Treated Nickel foam (c-e) PDA NPs-NF. (f-h) PDA NWs-NF.
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Thermogravimetric analysis (TGA) of PDA grown on NF substrate was performed from
ambient temperature to 800 °C. As shown in Figure 6.6, the thermal loss curve displays
multiple mass losses. Between 25 °C to 100 °C, the mass loss event is attributed to the removal
of moisture on the surface. The curve for pristine NF was stable until 500 °C, and then it started
rising owing to the conversion of pristine nickel to nickel oxide. Meanwhile, the coated NF
with PDA showed a mass loss of ~ 3.08% and ~ 1.6% at 490 °C for PDA NWs-NF and PDA
NPs-NF, respectively. The higher percentage of decrease of PDA NWs is due to the higher

concentration of PDA on the NF surface.

—— PDA NPs-NF
—— PDA NWs-NF
—— T-NF

96

I T I T T T I T T T T T
100 200 300 400 500 600 700
Temperature °C

Figure 6.6 TGA analysis of NF, PDA NPs-NF and PDA NWs-NF.
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6.3.2 Surface wettability and water transport

Surface wettability is an important criterion to ensure fast and effective water penetration and
transportation within the structures of PTMs during the water evaporation test. A water contact
angle of 131° was obtained for the pristine NF (Figure 6.7 a). Upon surface treatment, the
wettability was enhanced, and the water contact angle reduced to 113° (Figure 6.7 b). The
reduction in contact angle is attributed to the removal of the oxide layer from the NF surface.
After the PDA coating process, the wettability changes from hydrophobic to superhydrophilic.
Therefore, water penetrates and spreads rapidly within the surface within 1.38 s for PDA NPs-
NF and 0.40 s for PDA NWs-NF (Figure 6.7 c-d). This ultrafast water spreading is due to the
hydrophilic hydroxyl-containing functional groups in PDA [273]. The water transport for PDA

NWs-NF was faster than PDA NPs-NF due to the thicker PDA on the NF surface.
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Figure 6.7 Contact angle measurement of; (a) P-NF, (b) T-NF, (c) PDA NPs-NF, and (d) PDA
NWs -NF.
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6.3.3 Solar-thermal-to-heat conversions

The ability of the PTMs to absorb solar light is essential for a highly efficient solar evaporator
system [274]. We examined the light absorption in the dry state (Figure 6.8 (a)) and wet state
(Figure 6.8 (b)) over a wavelength range covering the bulk of the solar spectrum (300-2500
nm), i.e., UV (300-600 nm), Vis (600-750 nm), and NIR (750-2500 nm). The optical absorption
results clearly display the capability of NF and PDA coated NF to efficiently absorb the
sunlight across the solar spectrum which is an important criterion for efficient solar-thermal
conversion in solar water evaporation [274]. The superior light absorption is attributed to the
high porosity and 3D interconnected structures of the foam yielding high light absorption
through internal scattering and trapping that result in less reflection and transmittance [257,
275]. The pristine NF displays light absorption of ~68-73% at UV, ~56-73% at Vis, ~38-56%
at NIR. In contrast, the treated NF shows better absorption capability ~73-77 % at UV, ~ 66-
73% at Vis, 41-66% at NIR. The results for the pristine NF are consistent with previous
investigations [183, 257, 276]. The light absorption was increased after coating NF with PDA
NPs reaching ~85%, 76-85%, 52-76% at UV, Vis, and NIR regions, respectively. The
improved absorption capability is attributed to the strong n-m interactions on PDA compounds
[277]. The light absorptions can be further extended by increasing the thickness of PDA by
forming hierarchical NWs on NF surface to finally reach ~90% at UV, ~90-88% at Vis, 59-
88% at NIR. The formed porous hierarchical structures can help enhance light harvesting
through multiple scattering [265]. Furthermore, light absorption was investigated at the wet
state to validate the influence of the absorbed water on the light capturing ability, as the
evaporation will take place under water [274]. Interestingly, the light absorption is further
boosted at the wet state, mainly in the NIR regions, which could be attributed to the porous
hydrophilic structures' capability to allow more water within the pores. Water replacing the air

within the pores is well-known to further extend the light absorption capability in the NIR
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regions [278]. To validate this, the untreated NF (hydrophobic) displayed lower light
absorption compared to the treated NF. These trends in the optical performance are similar to
our previous report [279] and other reported work [138, 159, 233]. The results demonstrate that
the superhydrophilicity and high porosity structures are important factors for enhancing the
light absorption characteristics, which is beneficial for solar-thermal conversion. A schematic

illustration of the mechanism of absorption of our designed solar evaporator is provided in

Figure 6.8 (c).
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Figure 6.8 Light absorption in the UV-vis—NIR spectra (solar energy density spectrum
(orange)) characteristics of NF substrates and after coating with PDA nanostructure in the dry
state (a) and wet state (b) (¢) SEM images showing the light reflection/scattering pathways
between the pores of nickel foam (left image) and PDA nanowires on NF (right image).
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A solar evaporator was constructed that was composed of a solar absorber (P-NF, T-NF, PDA
NPs-NF, and PDA NWs-NF) on a top of thermal insulator PS foam wrapped with cotton cloth)
as 2D water transport (see Figure 6.9). The cotton cloth allowed fast water transport from the
bulk water to the evaporator surface. Hydrophobic PS foam acts as a supporter and thermal
insulator. The designed device allowed fast water transport and water vapor escape, while the
heat is localized at the air/water interface resulting in efficient energy utilization and improved

water evaporation performance.

Bulk water

Figure 6.9 Schematic illustration of the designed solar evaporator system in this study.

An IR camera was used to investigate the solar-to-thermal conversion of the PTM and thermal
insulation capability of the designed evaporator. Thermal images of the top surface were
collected until it reached an equilibrium temperature within 900 s. The resultant PDA NWs-
NF was compared to the PDA NPs-NF, T-NF, P-NF, and DIW. Figure 6.10 (a,b) show the
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surface temperature of all samples rapidly increased within 4 min, then steadily stabilized after
10 min of solar illumination. In the case of the baseline DIW based evaporator, the surface
temperature increased gradually from 23 to 25.7 °C within 15 min. In contrast, the surface
temperature of our evaporators attained a temperature above 32 °C, which is sufficient to
generate water vapor. This can be explained by the 3D interconnected porous structure of the
NF which potentially results to localizing the heat in the evaporation area [257].

The surface temperature for P-NF and T-NF rose from 21.8 °C and 19.1 °C to 27.6 °C and 32.3
°C, respectively within 3 min, and goes up to 32.5 °C to 35.7 °C after 15 min. However, the
coated NF with PDA displayed high solar-thermal conversion, and for the PDA NPs-NF and
PDA NWs-NF, temperatures rose rapidly from 18.8 °C and 19.6 °C to 31.9 °C and 34.2 °C
within 3 min and continued to increase to 36.1 °C and 39.5 °C within 15 min. The rapid
photothermal response of PDA NWs-NF is 3.4 °C higher than PDA NPs-NF owing to the
hierarchical nanowires structures resulting in more heat-trapping on the surface. This fast
photothermal response is beneficial for reducing time for warming up the evaporator surface
for vapor generation [280]. In contrast, the side-view of the PDA NWs-NF evaporator shows
the interfacial heat localization at the top region and low surface temperature of the bulk water
(Figure 6.10 c), which indicates good thermal insulation properties from PS foam resulting in
localized heat at the top surface on the nanostructure PDA-NF surface [279]. Consequently,
excellent solar-thermal conversion in a high-performance solar water evaporation system was

achieved.
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Figure 6.10 Light absorption and heat conversion characteristics of NF substrates and after
coating with PDA nanostructure. (a) IR images revealed the effectiveness of PDA
nanostructure-based solar evaporator in localizing heat at the air-water interface. (b) The
temperature profile of heat conversion with respect to time. (c) Side photo of NWs PDA-NF-

based solar evaporator system upon sunlight irradiation for 15 minutes.

6.3.4 Water evaporations performances

Water evaporations performances were evaluated under one sun irradiation and the mass
change was recorded at 4 min intervals with a duration of 1 h for each test. The evaporation
rate at the dark condition was subtracted before calculating the efficiency.

Figure 6.11 a, b show the mass loss, water evaporation rate, and calculated efficiency data
results. The data show that the DIW-based evaporator has a low evaporation rate of 0.33 kg m"
2h'!, corresponding to an efficiency of 14.4%. Our interfacial solar evaporator-based P-NF and
T-NF displayed water evaporation rates of 0.79+0.11 kg m2h™! and 0.92+0.02 kg m? h™!, with
efficiencies of 43.5% and 52.9%, respectively. The higher evaporation rate of T-NF is

attributed to the enhanced surface wettability that enabled fast water transportation during
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evaporation. The trends seen here also reflect those of the optical data. After coating NF with
PDA NPs, the water evaporation rate was further enhanced to achieve evaporation of 1.27+0.03
kg m™? h'! and an efficiency of 75.9%. PDA NWs-NF showed an evaporation rate of 1.39+0.01
kg m™ h'!, and an efficiency of 83.3%, about 4.2 times higher than DIW. The increase in water
evaporation rate of PDA NWs-NF could be attributed to the following four features:

a) The superhydrophilicity of the PDA acted as water transporter and solar-thermal
converter.

b) The larger quantity of PDA NWs-NF resulted in high capability of solar-thermal
conversion and faster water supply compared to the lower PDA content in PDA NPs
on NF.

¢) The 3D microstructures of the NF resulted in more water penetration within the pores,
as a result, more water surface was available.

d) The presence of PS foam and cotton cloth led to excellent heat localization at the

air/water interface and caused adequate water supply.

169



( a) (b) 1.5 - 1.39
0.0 o~ :
£
B
o v
E 1.0
ERAE 2
— -
= =
L =
P —— DI Water E
= — P =]
= 1.0 i 2051
I b -
—— PDA NPs-NF Y
—— PDA NWs-NF £
=
'1 .5 T T T T T T 0.0
0 10 20 30 40 50 60 Water  P-NF  T-NF PDA NPs- PDA NWs-
Time (min) NF NF
0.00 - 100+
'\l{‘_ 87.8%
- b
1 % —~ 804
& e, g
NS =
g g Voa 2
% -0.05 - Rl P g 60
2 -0.05 = Ble YA 'z 49.6%
- n e VoA 2
2 Sm Ele VoA =
= —=— PDA NPs-NF g e voa = 404
= . Tme v
o T-NF = e
4 P-NF e
0104 | = PDANWsNF N 20
v Water -
T T T 0~
0 20 40 60 Water PNF TNF  PDA NPs- PDA NWs-
Time (min) NF NF

Figure 6.11 Water evaporation performances DI water, P-NF, T-NF, PDA NPs-NF, PDA
NWs-NF. (a) Mass loss with respect to time (min) under 1 sun irradiation (1 kW m2). (b)
Water evaporation rate under 1 sun irradiation (1 kW m™2) (kg m?2 h'!). (c) Water evaporation

rate under dark conditions. (d) Water evaporation efficiency (%).

6.3.5 Solar seawater desalination

Solar desalination performance was assessed using natural seawater. For water condensation
and collection performance, a purpose-built device was used (Figure 6.12 a). The salt ion
rejections of the primary salt ions (Na®, Mg?", Ca®*, and K*) were quantified before and after
the desalination test using an ICP-MS instrument. The salt ions were significantly reduced to
below 2 mg/L for seawater (Figure 6.12 (b)). The obtained results were far below the World

Health Organization (WHO) [214] and the US Environmental Protection Agency (EPA) [281].

170



Hence, our designed PDA NWs-NF based evaporator displays excellent capability in salt ion

rejection to produce drinking-quality water.
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Figure 6.12 (a) Home-made device of PDA NWs-NF based evaporator for water collections.
(b) ICP-MS analysis of the primary salt ion concentrations (Na*, Mg®*, Ca** and K") before
and after solar desalination using PDA NWs-NF based evaporator.
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6.3.6 Reusability and stability tests

The long-term stability and reusability of PTMs is considered vital for practical applications in
solar-driven seawater desalination [38, 39]. Salt crystallization on the solar evaporation surface
lowers solar-thermal conversion efficiency of PTMs, hence lowering evaporation rates and
hindering practical application [282]. In this study, durability and stability tests were conducted
using two types of saline water including real seawater and high salinity brine (75 g/L NaCl).
Surface morphology and elemental composition of PDA NWs-NF based evaporator were
further investigated after 3 days using SEM and EDS analysis. The durability and stability tests
were investigated under one sun irradiation. Tests were carried out for 3 days, with 5 cycles
per day (1 h/cycle); after each day, the evaporator was left overnight under dark conditions.
The calculated water evaporation results displayed a rate of 1.38 kg m™? h''and 1.32 kg m™ h"
!, for seawater and high brine solution (75 g/L NaCl), respectively, which are closer to
1.39+0.01 kg m? h! of DIW.

The durability test using seawater revealed a stable performance during day 1 and 2, with very
slight increase on the third day (Figure 6.13). Moreover, after the third day, SEM analysis
revealed some salts crystalized and accumulated between PDA NWs on the NF surface, which
was confirmed by EDS to be Na, Cl. Mg, Ca, Cl, and S, O, corresponding to the formation of
NaCl, MgS04, MgCl,, CaCl,, and Na;SO4 on the surface Figure 6.14 (a-c). Then, salt formed
on PDA NWs-NF was cleaned by soaking in DIW for a period of 9 h at ambient temperature.
As seen by SEM analysis, the salts were removed and the PDA NWs remained intact on the
NF surface Figure 6.15 (a-b). Furthermore, the EDS analysis confirmed negligible sodium and
chloride content, revealing the high removal efficiency of salt crystals from PDA NWs-NF

surface Figure 6.15 (c).
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Figure 6.13 Cycling stability of PDA NWs-NF based evaporator. The evaporation rate during

a static-continuous light irradiation for 3 days under real seawater.
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Figure 6.14 (a-b) SEM images of PDA NWs-NF, after 3 Days solar desalination test using a

real seawater. (c) Corresponding EDS analysis.
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Figure 6.15 (a,b) SEM images of NF-PDA NWs after washing by soaking in DIW for 9 hours,

after 3 Days solar desalination test using a real seawater. (c) Corresponding EDS analysis.
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In contrast, the high salinity solution (75 g/L NaCl) displayed different trends; the evaporation
was stable for day one and then started slightly to decrease on day 2 and then day 3 to reach an
evaporation rate of 1.31 kg m? h! Figure 6.16. The SEM images further confirmed the
presence of large NaCl crystals on the PDA NWs-NF while some parts contained the PDA
NWs on the NF surface Figure 6.17 (a-d). Salt was removed from the PDA NWs-NF surface
by soaking it in DIW for 9 h at ambient temperature. Notably, it can be seen from the SEM
images that no salt on the PDA NWs-NF surface and the PDA NWs remain almost confined
on the NF surface Figure 6.18 (a-b). Furthermore, EDS analysis confirmed negligible sodium
and chloride content, revealing the high removal efficiency of NaCl crystal from PDA NWs-

NF surface Figure 6.18 (c).
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Figure 6.16 Cycling stability of PDA NWs-NF based evaporator. The evaporation rate during
a static-continuous light irradiation for 3 days under high saline brine (75 g NaCl/L).
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Figure 6.17 (a-c) SEM images of NF-PDA NWs, after 3 Days solar desalination test using

(highly brine solution (75 g/L NaCl). (d) Corresponding EDS analysis.
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Figure 6.18 (a,b) SEM images of NF-PDA NWs after washing by soaking in DIW for 9 hours,

after 3 Days solar desalination test using highly brine solution (75 g/ NaCl). (c)

Corresponding EDS analysis.
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The good reusability results, and excellent self-cleaning properties are attributed to; (1) the
large number of hydroxyl and carboxyl groups in PDA, which absorb the water rapidly through
its superhydrophilicity, leading to fast salt dissolving [283], (2) the weak adhesion between the
salt crystals and PDA N'Ws on NF [284], and (3) the 3D porous interconnected structure of NF
provides more spaces so that the concentrated and diluted brine in the pores can spontaneously
form convection and diffusion. Overall, our solar evaporator displayed good salt resistance

making it potentially applicable for solar seawater desalination.

6.3.7 Self-cleaning properties

The self-cleaning properties were conducted to examine the self-desalting capability of our
proposed NWs PDA-NF based solar evaporator. During the test, 1 g of NaCl was placed on the
NWs PDA-NF surface, and real seawater was used as a feed. The test was performed under
sunlight (one sun) and dark conditions. After placing the salt at the top of NWs PDA-NF
surface, the salts started to dissolve within 15 s. This could be mainly attributed to the
superhydrophilicity of NWs PDA-NF, resulting in a fast water supply. Under dark conditions,
most of the salt disappeared within 170 min, until no salt was realized on the surface after 270
min (Figure 18 a). Upon sunlight irradiation, the salt started gradually to dissolve, penetrate
and diffuse within the pores of the substrate. Finally, no salt was noticed on the surface after
50 min (Figure 18 B). The obtained results were compared to the control sample TNF (without
PDA). The amount of NaCl on the NF surface did not change much under dark conditions or
sunlight (Figure 18 ¢,d). This is mainly derived from the surface hydrophobicity which reduce
the water supply from the bottom surface. Besides, the absence of the coated solar absorber
PDA resulting in low-solar thermal conversions and hence, low water evaporations and vapor
escaping. After the self-cleaning test, the water evaporation rate was conducted to investigate
the material cability for solar steam generation. Then, an evaporation rate of 1.39 kg m? h!

was obtained, similar to the initial water evaporation value. The above mentioned observations
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revealed the important of PDA for achieving good self-cleaning properties for solar driven

seawater desalinations.

15 seconds 40 minutes 100 minutes 170 minutes 270 minutes

(b)

15 seconds 10 minutes 20 minutes 40 minutes 50 minutes

15 seconds 40 minutes 100 minutes 170 minutes 270 minutes

15 seconds 10 minutes 20 minutes 40 minutes 50 minutes

Figure 6.19 Self-cleaning properties of, PDA NWs-NF (a) at dark condition (without sunlight),
(b) under one sun irradiation. Treated NF (c¢) at dark conditions (without sunlight). (d) Under

one sun irradiation.
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6.4 Conclusion

PDA NWs-NF were prepared using a straightforward and scalable in situ oxidative
polymerization. Our work explored the superior hydrophilicity and the perks of interconnected
surfaces of the 3D porous hierarchical PDA NWs. By taking advantage of the aforementioned
features, excellent solar absorption capability covering the whole solar spectrum region and
efficient photothermal conversion was demonstrated. PDA NWs-NF based evaporator
confirms a remarkable water evaporation rate of 1.39+0.01 kg m h™! and efficiency of 87.2%,
which could be achieved under one sun irradiation. Moreover, PDA NWs-NF based
evaporators display excellent salt ion rejection meeting the standard required for drinking
water. Notably, by taking advantage of the thicker PDA containing hydrophilic hydroxyl
groups, exceptional durability and stability could be obtained using real seawater and high
brine salinity. Even after 3 days (5 cycles/day), the evaporation performance was not much
deviated from the initial evaporation performance. Additionally, the small amount of salt
formed on the surface during desalination can be simply re-washed by immersing in DIW. The
salt resistance of our designed materials could be attributed to the weak adhesion of salts on
the PDA-NF surface. Besides, the self-desalting capability can be realized through chemical
advection and diffusion. The aforementioned attributes suggested the effectiveness of our
proposed PDA NWs-NF in seawater desalination. Our proposed approach is simple and
scalable for fabricating large-scale solar evaporators for both portable solar devices for solar-

driven seawater purification.
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CHAPTER 7

TANNIC ACID DERIVED
MULTIFUNCTIONAL HYDROGEL FOR
HIGHLY EFFICIENT SOLAR STEAM
GENERATION

This chapter is under review in Desalination: 1dris Ibrahim, Qiang Fu, Andrew McDonagh,

Tim Foster, Ho Kyong Shon, Leonard Tijing*. Tannic acid derived multifunctional hydrogel

for highly efficient solar evaporator system. (Under review in Desalination).
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7.1 Introduction

Hydrogel-derived ISSG have been recognized as a promising system to achieve a massive
water evaporation rate beyond 2 kg m2 h'! [118, 285]. This was ascribed to their merits of
three-dimensional highly porous structures which retain a large amount of water within the
structure [46, 126, 218]. These features provides a solar evaporator with a good light absorption
and effective heat localization. Moreover, the interior structures allow the diffusion of water
internally and on the external surface, making an excellent anti-salt, reusable and stable solar
desalination device [286]. Recent research findings revealed that a PVA-based hydrogel is one
of the promising PTMs for highly efficient solar steam generator, due to its advantages of
superhydrophilicity and good mechanical stability [125, 287]. Despite the above mentioned
features, PVA-derived hydrogel displays a significant drawback of dense structures, resulting
to low intermediated bond water, hence low water vaporization [125, 288]. To address this, the
inclusion multiple hydroxyl groups can effectively form hydrogen bonding through a suitable
cross-linker [289, 290]. Tannic acid (TA) is a naturally occurring polyphenol compound that
exists widely in various plants and can be extracted easily, attracting academic and industrial
interest [291-293]. TA possess several advantages which make it an excellent cross-linker that
can be highlighted into three main points. Firstly, it is known that TA is a consist of
multiple phenolic functionalities enabling it to interact with various materials and can act as a
cross-linker through cross-linked macromolecules by hydrogen bonds, ionic bonds,
coordination bonds and hydrophobic bonds [294]. Secondly, multiple hydroxyl functional
groups in TA molecules provide coordinating sites for metal ions such as Fe**, hence resulting
in cross-linked metal-phenolic networks. Thirdly, the resultant metal phenolic complex (TA-
Fe’*) possesses can turn the color to a black and led to a strong solar light absorption
characteristics [295]. Fourthly and lastly, the carboxyl groups on tannic acid on the trivalent

Fe** formed an ionic coordination bond. This resulted in a dynamic increase in the crosslink
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density of the hydrogel. The ionic coordination displays a high binding affinity between Fe
and carboxylic functional groups in the hydrogels crosslinking [296]. It plays a vital role in
enhancing the mechanical properties of the hydrogels [297, 298].

Herein, we used a low-cost, and straightforward process to fabricate a PVA@TA-Fe** hydrogel
for SSG applications. TA-Fe*" metal coordination with dual functions of ionic cross-linker and
help transform the hydrogel to PTMs. The structural properties of the prepared hydrogel display
highly porous structures. The intrinsic structural porosity resulted in efficient solar light
harvesting and solar-thermal conversion capability. As a consequence, a water evaporation rate
of 2.35+0.11 kg m? h! with an efficiency of 94.6 % was obtained at one sun irradiation.
Moreover, a superior anti-salt property was realized with good durability and stable
performance under natural seawater and high salinity brine solution (75g/L NaCl). The
synergetic effect due to structural porosity of PVA@TA-Fe (x%) resulted in a high-water
evaporation performance making it a promising for the practical applications in solar seawater

desalinations.

7.2 Experimental method

7.2.1 Materials

Tannic acid was purchased from Riedel-de Haen. Iron(Il) sulfate hydrate (FeSO4.7H,O) was
purchased form Merck. Polyvinylalcohol (PVA) (Myw = 8.5 X 10%*-12.4, X 10% 87-89%
hydrolyzed) was purchased form sigma Aldrich. All the reagents were used as received.

Commercial cellulose sponge was obtained from Coles Supermarket.

7.2.2 Synthesis of hydrogel materials
In this work, we modified an existing method to fabricate PVA/TA hydrogel which resulted to
an improved the morphology [299, 300]. First, a polyvinylalcohol (PVA) aqueous solution was

prepared by dissolving 10 g of PVA powder into 100 mL deionized water under stirring at
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~90°C for ~ 3 hours (solution A). Tannic acid was dissolved in deionized water under
sonication to afford TA solution with different concentrations: 2, 3, and 5 wt% (Solution B).
30 mL of solution A and 20 mL of solution B were mixed under stirring. Then, 20 mL of iron
sulfate (FeSOs4) solution (5 wt%) was added. The colour of the mixture changed from light
brown to black and the mixture was left for another 2 hours. Thereafter, the resultant black
hydrogel was soaked in water before being subjected to three freeze-thaw cycles. For each
cycle, the temperature was lowered to -20 °C, and maintain for 8 hours, and then the
temperature rose to 25 °C, standing for 2 hours. The formation process of the hydrogel is
illustrated in Figure 7.1. In this work, we use abbreviation PVA@TA-Fe (x) (x is the TA

concentration in Wt.%; x: 2, 3 and 5 Wt.%).

20 mL TA (x% PVA@TA-Fe

Figure 7.1 Schematic Synthesis process and structure of TA molecule and formation of the

hydrogels.

7.2.3 Materials Characterization
The structure and morphology of PVA@TA-Fe** hydrogels were investigated using scanning
electron microscopy SEM (Zeiss Supra 55VP, from Carl Zeiss AG) at an accelerating voltage

of 5 kV. The energy dispersive spectroscopy (EDS) and elemental mapping were measured
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using SEM (Zeiss EVO) at 15 kV. Before SEM analysis, the samples was sputtered-coated
with Au-Pd with a thickness of 10 nm using Leica EM ACE600 Sputtering. The surface
wettability of the samples was investigated using a Theta Lite 100 (Attension Theta Lite 100,
Biolin Scientific) using a sessile drop method. The hydrogels were also measured using Fourier
Transform Infrared (FTIR) Spectroscopy (A Bruker V70), at wavelength range from (600 to
4000 cm™). A Thermal Advantage SDT-Q600 thermal analyzer was used to obtain TG data
using alumina crucibles. Experiments were conducted using a flow of nitrogen gas
(150 ml min ') and a heating rate of 10 °C min' over a temperature range of 20-780 °C. The
hydrogen bonding interaction between the water and hydrogel functional groups was
investigated using Raman spectroscopy (RENISHAW). The light absorption characteristics
were determined using a spectrophotometer equipped with an integrating sphere (950
PerkinElmer Lambda) at wavelength range (300-2500 nm; UV-Visible- Near-Infrared
regions). The primary ions concentrations in seawater (K, Na*, Mg?* and Ca®") were

quantified using an inductively coupled plasma mass spectrometer (ICP-MS), (Agilent 7900).

7.2.4 Solar water evaporation experiments

The solar evaporator designed in this study consists of PVA@TA-Fe hydrogel supported by a
cellulose sponge, which was floated on deionized water (DIW) placed in a ~50 mL beaker
(Figure 7.2). A solar simulator (Beijing Perfect Light) was positioned perpendicular to the
hydrogel PTM. Simulated solar light 1 sun irradiation (1 kW m2) was illuminated to the PTM,
and the mass change of water with respect to time was continuously recorded at 4 min intervals
via a weighing balance (Ohaus-IC-PX84/E) connected to a laptop, and each evaporation test
lasted for 1 h. The temperature variations on the hydrogel surfaces were recorded using an
infrared (IR) camera (E6 Fluke, USA). All experiments were carried out at room temperature

of 23 £ 3 °C and humidity of ~52.5%.
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Cellulose Sponge

PVA@TA-Fe hydrogel

Cellulose Sponge

Figure 7.2 Photo-image of the designed PVA@TA-Fe (x%) derived solar evaporator. (a) Side

view. (b) Top-view.

7.2.5 Solar seawater desalination and durability tests

The solar seawater desalination was evaluated by treating seawater collected from Rose Bay
Beach, Sydney, and similar protocols for ISSG were followed. The seawater was filtered using
a coarse filter, followed by a 5-micron bag filter, then treated with UV light before use. The
reusability performance was also investigated for: four continues hours per day for a total of
three days using both real seawater and brine 75 g/L NaCl. The capability of the PVA@TA-Fe
hydrogel for salt rejections and water production was evaluated using a simple home-made
device to collect the purified water. The purified water was analysed before and after

desalinations test using ICP-MS.
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7.2 Results and discussions

7.2.1 Formations of PVA@TA-Fe derived hydrogel

During the preparation of the hydrogel, 30 mL of 9% PV A solution was transferred into 20 mL
of TA solutions (2%) and manually shake to form a viscous coagulant of PVA and TA which
could transform through a physically cross-linked to form hydrogel at ambient temperature
[299]. We also observed with the increase in TA concentration (3 and 5 %), more viscous
coagulant of PVA and TA was formed due to the more interactions between the functional
groups in PVA and TA [299]. This was followed by adding 20 mL of 5 wt.% iron sulfate
solution in which the colour of the formed hydrogel turned from light brown to black (Figure
7.3 b, ¢).

The hydrogel solution was left for a period of 2 hours to ensure ionic cross-linking through the
catechol in TA. The coordination between TA and Fe" results in cross-linked network [301].
Thereafter, the resultant hydrogels were subjected to three freeze-thawing cycles to further
enhance the mechanical property of the PVA@TA-Fe hydrogel. The prepared hydrogels with
different TA contents were denoted as PVA@TA-Fe (2%), PVA@TA-Fe (3%), and
PVA@TA-Fe (5%). The prepared hydrogels can be folded and back to its original state.
Furthermore, it can pull a weight of up to 188 g without any damage, demonstrating its robust

mechanical strength (Figure 7.3 b, c).
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Figure 7.3 (a) Schematic illustration of the preparation of PVA@TA-Fe hydrogels. (b)
Photograph of the prepared hydrogel revealing its flexibility. (c) The PVA@TA-Fe hydrogel

can hold a weight of ~188 g and back its original condition.

7.2.2 Structural morphology of PVA@TA-Fe (x%)

The morphology of the resultant hydrogels was examined by SEM measurements. Decreasing
the TA content in PVA@TA-Fe, resulted in smaller pores on the surface but were more
uniform as reported in the other studies [ see for e.g., 300, 302] (Figure 7). The surface
morphology of PVA@TA-Fe (2%) revealed porous structures with rich confined nanochannels
(Figure. 7.4 a, b). This is attributed to the hydrogen bonding between the phenolic hydroxyl
groups in the TA molecules and the alcoholic hydroxyl group in the PVA chains. This structural
features provide a convenient diffusion channel which beneficial for heat localizations and a

pathway channels for water vapor escaping. With the increase in TA content, fewer pores were
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observed with a denser morphology as in the case of PVA@TA-Fe (3%), and PVA@TA-Fe
(5%) (Figure. 7.4 c-f) [300]. The structural morphology of PVA@TA-Fe (3%) indicated
porous structures with interconnected networks. On the other hand, with the further increase in
TA contents, there were fewer but larger pores but larger with a denser and rougher
morphologies as in the case of PVA@TA-Fe (5%) [300]. This can be due to the increase in TA
contents resulting in more ionic covalent TA-Fe®" contents within the PVA, which leads to less

hydrogen bonding and further occupying more pores. Besides, there are more cross-linking

formed between the -OH groups of TA and the -OH groups of PVA.

190


https://www.sciencedirect.com/topics/engineering/porous-structure

PVA@TA-Fe (2%) PVA@TA-Fe (3%) PVA@TA-Fe (5%)

Figure 7.4 Structural morphology of PVA@TA-Fe-based hydrogel. (a-b) PVA@TA-Fe (2%).
(c-d) PVA@TA-Fe (3%). (e-f) PVA@TA-Fe (5%).
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FTIR spectra of PVA@TA-Fe (x%) are shown in Figure 7.5a. All three hydrogels exhibit
similar spectra. The broadband peak at 3300 cm ™ is attributed to the —OH stretching vibrations
[300, 303]. The peaks at 1712 and 1211 cm' are associated to the C=0 and C—O bonds in
TA [300]. The peaks at 1620 and 1527 cm™ are attributed to the stretching bond C=C in the
aromatic TA [303]. The peaks located at 2931 and 1195 cm! are related to the C-H, and C—O
stretching of PVA [300] . The Fe3O4 nanoparticles exhibits a stretching band at wavelength
663 cm !, equivalent to the Fe-O and Fe-O-H bonds in Fe;O [304]. The peak at 678 cm™! is
attributed to the Fe3Oy4 lattice deformation of and it is bonding with OH groups in PVA [305,
306].

Figure 7.5 b presents the TGA results of PVA@TA-Fe (x%) to investigate the thermal stability
and measure the content of Fe in the formed hydrogel (20 °C to 780 °C, N; atmosphere). The
initial mass losses to 210 °C is due to the loss of water inside the hydrogel. The next mass loss
of 75% from 210 °C to 410 °C are attributed to the thermal decomposition of PVA polymer
networks. Meanwhile, the mass loss from 410 °C to 490 °C are attributed to the thermal
decomposition of the TA complex [307]. After 450 °C, the remaining residual contents (Fe and
carbon) are increasing with the increase of TA concentrations, which confirm the presence of

more contents of ferric tannate coordination complex.
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Figure 7.5 (a,b) FTIR spectra and TGA curves of PVA@TA-Fe (x%).
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7.2.3 Surface Wettability and water bonding mechanism

The surface wettability of the PTMs is an important factor for water transport during the solar
evaporation process. This ensure water penetration, release and enhancement of anti-salt
crystallization within the hydrogel structures for achieving high water evaporation performance
[308]. In this study, the wettability was measured using a contact angle (tensiometer) apparatus.
After a water droplet (~10 uL), the whole water was quickly absorb on the hydrogel surface of
PVA@TA-Fe (2%), revealing its excellent hydrophilicity (Figure 7.6a,b). In comparison,
contact angle values of 13° and 10° were attained for the surface of PVA@TA-Fe (3%) and
PVA@TA-Fe (5%), respectively Figure 7.6 c-f. The increase in the values can be ascribed to

the presence of fewer pores and an increase in surface roughness.

(b) l
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D —_—
© ® l

Figure 7.6 The water contact angle of PVA@TA-Fe (x%). (a,b) PVA@TA-Fe (2%, (c,d)
PVA@TA-Fe (3%), (e,f) PVA@TA-Fe (5%).
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Based on the structural properties of the hydrogel and Raman spectroscopy results. Raman
spectra were used to confirm the existence of different types of water molecules. Figure 7.7 a,
shows the spectra peaks between 3000 and 4000 cm™! were curve-fitted into four peaks at 3266,
3396, 3494, and 3598 cm™!. The peaks at 3266 and 3396 cm ™' are associated with the FW. The
IW displays broader peaks positioned at 3494 and 3598 cm™!. The obtained results agree well
with the previously reported results in the literature [46]. Water bonding plays a vital role in
water evaporations by determining the energy required for water vapor to release through the
hydrogel structures. The water transportation mechanism within PVA@TA-Fe (2%) can be
explained by three common states; bound water (BW) (non-freezable water), intermediate
water (IW) (freezable water), and free water (FW) Figure 7.7 b. Besides the FW, the
intermediate water interacts weakly with free water and the functional groups of the hydrogel,
thus requiring less energy for evaporation [309]. It has been reported that IW requires less
energy to vaporize compared to FW [310, 311]. In the case of BW possess a strong hydrogen
interaction with (-OH) and (-COOH) functional groups in the PVA and TA hydrogel [46, 312].

Therefore, it will require high energy to vaporize [46].
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Figure 7.7 (a) Raman Spectroscopy of water bonding in PVA@TA-Fe. (b) The mechanism of
water state in the PVA@TA-Fe(x%) derived hydrogel.
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7.2.4 Solar absorption and photothermal conversion

The capability of our prepared hydrogel in harvesting sunlight was investigated using a
spectrophotometer at a wavelength range from 300-2500 nm. As shown in Figure 7.8 a., all
the presented hydrogels, PVA@TA-Fe (x %) displayed excellent solar light harvesting
covering the solar spectrum. This is attributed to the TA-Fe*" metal coordination complex,
which acts as a solar harvester for the designed hydrogel. PVA@TA-Fe (2%) revealed the
highest solar harvester due to the nano-size-rich pore channels, allowing more light absorption
and trapping. Meanwhile, the other materials exhibited lower solar absorption due to the denser
surface and irregular pores structures resulting in more light reflections. A solar evaporator
device of PVA@TA-Fe (x %) and underneath CS, and a ring circle CS covering the hydrogel
on the side. The CS has multifunctional roles of (i) allowing the floating of the hydrogel, (ii)
heat localization and minimized the downward heat losses, (iii) facilitates water supply to the
hydrogel PTMs. The time-dependent temperature changes were monitored using an infrared
camera with corresponding time under one sun irradiation. From Figure 7.8 b,c, it can be
observed that the initial temperature of the DIW, PVA@TA-Fe (2%), PVA@TA-Fe (3%),
PVA@TA-Fe (5%) are 23.9, 24.9, 24.1, and 22.4 °C, respectively. Upon sunlight irradiation,
the temperature rose rapidly to reach a temperature of 29.5, 41.6 40.7 °C, and 37.9,
respectively, after 1-hour irradiation. The increase in the surface temperatures is in agreement
with the optical results. Furthermore, it can suggest that the confined nanochannels in
PVA@TA-Fe (2%) facilitate heat localization and utilizations by recovery of the absorbed and
converted energy [52, 279]. Overall, these results suggest that a higher surface temperature
would result in higher water evaporation rates, which is beneficial for the evaporation

efficiency of PVA@TA-Fe (x%) derived hydrogel.
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Figure 7.8 (a) Light absorption characteristics of PVA@TA-Fe(x%) from 300 nm to

2500 nm at dry and wet states. (b) Time-dependent Infrared images of the surface temperature

light-to heat. (c) Surface temperature variations of PVA@TA-Fe(x%) under one sun

irradiations over 60 minutes period.
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7.2.5 Water evaporation performances

The water evaporation performance was examined under one sun irradiation for the prepared
hydrogel (PVA@TA-Fe x) and de-ionized water (DIW). The inherent evaporation rates of
DIW, PVA@TA-Fe (2%), PVA@TA-Fe (3%) and, PVA@TA-Fe (5%) still yield a low rate of
0.07,0.33,0.35, and 0.29 kg m 2 h™!, respectively (Figure 7.9 a). The evaporation rate at dark
conditions (without sunlight) were measured to eliminate the influence coming from the
surrounding environment [313]. For the efficiency (#) calculation (Eq. 3.1) and the enthalpy
vaporization of 1686 kJ/Kg of 10% PV A value was used [314]. The value was calculated based
on the dark experiment test. In this work, we did not use the vaporization enthalpy of water (at
100 °C) 2260 kJ Kg! as it will result in an efficiency >100%. As hydrogels known as high
water contents and It will strongly interact with the water molecules [311, 314]. The water
evaporation results under one sun irradiation displayed an evaporation rate and efficiency (in
brackets) 2.35+0.11 kg m™ h! (94.6%), 2.09+0.06 kg m? h™! (81.4%), and 1.94+0.10 kg m? h°
1(77.25%) for PVA@TA-Fe (2%), PVA@TA-Fe (3%) and, PVA@TA-Fe (5%), respectively
(Figure 7.9 b-d). The obtained evaporation rates of PVA@TA-Fe (x%) are 7-8 times higher
than DI water (0.29 kg m? h™!). The evaporation rate and efficiency are consistent with the
obtained solar-light absorption and thermal conversion. Such a high evaporation efficiency can
be ascribed to the following reasons; firstly, the hydrophilic CS at the bottom acting as heat
localizer and preventing the downward heat losses, additionally ensuring efficient water supply
to the hydrogel. Secondly, the abundant nano-size pores on the PVA@TA-Fe-2% allowed an
efficient water supply and facilitated vapor escaping during the evaporation. Thirdly, as seen
from the thermal image, the hydrogel possess a temperature which relatively higher than the
surrounding cellulose sponge. This allows the utilization and gaining of the gaining energy
from the hydrogel to the hydrophilic CS which could enhance more energy utilizations and

boost the water evaporation rate. Finally, the CS ring ensure the continuous supplying of the
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water molecules to the hydrogel. Additionally, the rich free water on the hydrogel (which will
continuously by supplying by the surrounding CS) which is known to require less energy for
vaporizations, and reduces the energy needed to generate water vapors. In contrast, PVA@TA-
Fe (5%) displayed lower evaporation rate due to the lower solar-thermal conversion and water
penetration resulting from the dense structures with less pores formed due to more hydrogen
bonding. Our obtained water evaporation rates outperform several classes of hydrogel-derived
water evaporators [123, 218]. Figure 7.9 e, display the schematic illustration of the water

evaporation performance through our designed hydrogel.
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hydrogel during water evaporations
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7.2.6 Solar desalination performances

The capability of our designed PVA@TA-Fe (2%) for salt ions rejection of natural seawater
(from Rose Bay Beach, Sydney, 33.8685° S, 151.2690° E) was conducted by measuring the
concentrations of the primary ions of Na*, Mg?", and K*, Ca** before and after the test. A simple
solar evaporator collector was made to condense and obtain the purified water (Figure 7.10
a.). It has been noticed that the ions concentration of the collected water has decreased from
7340.9,913.4,656.3 1411.56 mg L' t0 0.6079, 0.2304, 0.5395, 1.4115 mg L"! (Figure 7.10 b).
The obtained results are far below the salinity standard required by the World Health
Organization (WHO) [214] and the US Environmental Protection Agency (EPA) [281]. The
results confirmed the capability of our designed evaporator for obtaining drinking water from

salted water.
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The reusability of the PTMs under salted water is an essential criterion for the practical
applications of solar evaporators in seawater desalination [315, 316]. Therefore, we assessed
the reusability of the optimized hydrogel PVA@TA-Fe (2%) using natural seawater and high
salinity brine (75 g/L NaCl). The experiments were carried out under day and night conditions
for three consecutive days, four hours per day under one sun irradiation. The results in Figure
7.11 a showed that at natural seawater display stable evaporation rate of 8.98 kg m? (Day 1),
9.13 kg m? (Day 2), and 8.82 kg m™ (Day 3)) were achieved. In contrast, when high salinity
brine (75 g/L NaCl) is used, it does not impact the evaporation rate (9.06 kg m? (Day 1),
8.20 kg m? (Day 2), and 9.68 kg m? (Day 3)) (Figure 7.11 b). We observed the formation of
a little wet salts on the surface of the hydrogel. The wet salt would not block vapor escape from
the hydrogel surface during the evaporation process [317]. As it has been reported that the wet
salt can only possess a low light reflection in the infra-red region [317]. Additionally, recovered
entirely, dissolving the formed salts on the hydrogel at night conditions to the bulk water
through diffusion and advection process (Figure 7.11 ¢,d). This is ascribed to the cellulose
sponge surrounded on the hydrogel, which ensures the water supply to the superhydrophilicity
hydrogel surface. Besides, the self-pumping of water through the rich pore channels of the
hydrogel is another reason for the self-recovery (Figure 7.11 e) [318]. The current results

revealed the promising applications of our design hydrogel for solar desalination.
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Figure 7.11 Reusability test under three consecutive days (4 hours/day) using seawater (a) and
(b) high brine salinity solutions (NaCl; 75 g/L)..Photo-image of the designed PVA@TA-Fe
(2%) after solar seawater desalinations; (c¢) before desalinations, (d) after desalinations.(e)
Resistance of seawater corrosion mechanism via advection and diffusion process achieved by

the covered CS form the side and bottom.

7.3 Conclusion

In summary, we have adopted a cost effective and facile approach to fabricate a versatile
PVA@TA-Fe*" hydrogel with controlled porosity and structural morphology for efficient solar
steam generation as well as solar-driven seawater desalination. The interactions between Fe*"
with PVA@TA promoted the formation of catechol-complexes and achieved high solar light
harvesting. By controlling the TA contents, the surface properties of hydrogel can be varied,
as the pores can increase with the decrease of the TA content. The enhancement in surface
properties could influence the solar-thermal conversion and water evaporation performances.
As aresult, the optimized PVA@TA-Fe (2%) solar evaporator can achieve a water evaporation
rate of 2.35£0.11 kg m 2 h™! with a solar-thermal conversion efficiency of 94.6%. Moreover,
excellent salt rejections can be achieved meeting the standard level for drinking water. Besides,
good reusability can obtain under high salinity brine solutions for three successive days. The
salt formed can back flow to the bulk water through advection, and the diffusions process

resulted from the uniform and confined nanochannels on the surface.

205



CHAPTER 8

CONCLUSION AND RECOMMENDATION
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8.1 Conclusion

This doctoral study contributes to developing advanced nanostructured PTMs to harness solar
energy as a means to provide an effective solution for solar vapor generations and to address
salt crystallization issues. This study was keen to develop solar PTMs based on the structural
engineering of nanomaterials with some modifications on various substrates and supersorbent.

The detailed contributions of this study can be summarised in two major points:

e Developing solar PTMs for efficient water evaporations
In first study, a single-step solvothermal synthesis was proved to be an effective way to prepare
a unique and novel 3D microflowers CuS/Sn2S3 heterostructure (3D CSS-NS MF) consisting

of densely packed vertically-aligned ultrathin nanosheets and rich nanocavities formed

between the nanosheets. Then, the synthesized microflowers were deposited on a hydrophilic
MCE membrane, followed by coating with a hydrophobic layer (PFDTES). The unique
microstructures provide a pathway for harvesting solar light through multiple reflections and
scattering, achieving a high light absorption of 95% over the whole solar spectrum region.
Consequently, a high solar thermal conversion was observed with a surface temperature that
can reach up to ~ 41 °C within 10 minutes under one sun irradiation. The bilayer structures
resulted in a water evaporation rate of 1.42+0.04 kg m™ h' under one sun irradiation,
corresponding to an efficiency of 82.93 %. Such a high evaporation performance is ascribed to
the rapid vapor escaping within the nanocavities and the compacted microflowers. Another
avenue explored is the engineering of environmentally friendly PDA nanostructures coated on
porous nickel using a simple in situ synthesis method. The porous NF with 3D network
structures is an effective strategy for robust water evaporation with anti-salt properties. The
results revealed that the fabricated hierarchical PDA NWs-NF exhibited high solar light
absorption with high solar-to-thermal conversion. This could result in a high-water

evaporations rate of 1.39+0.01 kg m 2 h™! and an efficiency of 87.6 %. In another work, the
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chemistry and structural relationships of the hydrogel in enhancing the water evaporation
performances are demonstrated, exceeding the theoretical evaporation values (1.49 kgm2h™").
This can be obtained by controlling the TA contents (2 to 5%) added to 10% PVA during the
gelation process, followed by adding FeSO4 solution. At low concentrations of TA (2%)
[Named as PVA@TA-Fe (2%)], the structural morphology revealed a rich and uniform
confined nanopores surface. This is ascribed to the hydrogen bonding formed between the
phenolic hydroxyl group of catechol groups in TA molecule and the alcoholic hydroxyl group
in the PVA chain. The obtained structures provide a convenient diffusion channel that is
considered beneficial for solar-thermal conversion and provides pathway channels for more
vapor release. After exposure to one-hour solar irradiations (under one sun irradiation), a
surface temperature of ~ 41.6 °C was obtained. Besides, remarkable water evaporation of 2.3
kg m? h'! can be realized. Meanwhile, with higher TA concentrations of 5% (named as
PVA@TA-Fe (5%)) less pores were obtained with a denser morphology resulting in lower

solar thermal conversions and vapor generations.

e Solar seawater desalination performances
Solar evaporators with good durability and stability are essential for practical applications in
solar desalination. In this thesis, we investigated the anti-salt by incorporating PTMs into
various supersorbents or substrates for seawater or high salinity desalination. 3D CSS-NS
MF/MCE coated with hydrophobic silane layer (PFDTES) demonstrated an excellent
durability over 10 consecutive cycles, which maintained an almost high evaporation rate even
after 10 h of operation. A slight decrease in evaporation rate 1.35 kg m™ h! at the 10th cycle
compared to the initial value of 1.40 kg m™ h! was achieved. This observation is ascribed to
the formation of tiny salts on the black 3D CSS-NS MF, which migrated and formed on the
surface and clogged some surface pores. Then, we demonstrated an effective and novel strategy

to fabricate a scalable gold nanolayer on PTFE membrane (Au-PTFE) using a magnetic
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sputtering technique to mitigate this issue. The method has features of the cost-effective and
scalable approach to coat a thin-film nanolayer. In this work, we have noticed that the coating
of gold nanolayer on PTFE membrane enhanced the mechanical properties from 6.71 MPa and
33.9%, respectively, for uncoated PTFE membrane to 8.09 MPa 36.48%, for the coated Au-
PTFE membrane. This was followed by designing a simple solar evaporator made of the
prepared Au-PTFE membrane, which floated on a cellulose sponge. Our designed solar
evaporator indicated a water evaporation rate of 0.88 kg m 2 h'0.85 ke m 2 h ' and 0.82 kg
m 2 h™! for the blank water, a natural seawater, and high salinity brine (150 g/L NaCl),
respectively, under one sun irradiation. Furthermore, it demonstrated excellent stability and
reusability in seawater and high salinity brine (150 g/L NaCl) for ten continuous cycles. The
ideal solar desalination performances can be explained by the surface hydrophobicity of the
designed Au-PTFE membrane causing salt repellents. Furthermore, the spaces between the
fibrous membrane and the sufficient water supply by cellulose sponge contributed to salt
dissolving through advection and convection mechanisms. Even under various pH solutions
(acidic, basic, and oxidizing conditions), remarkable stability was achieved for five continuous
cycles. Our findings reveal the novelty of magnetic sputtering methods for scaling up highly
stable nanolayer metallic photothermal membranes for salt resistance with long-term durability
and stability. Then, we prepared and developed a PDA NWs-NF to maintain high solar
evaporations and achieve superior anti-salt properties. The porous NF with 3D network
microstructures prevents salt blockage on the pores. Besides, the hydroxyl groups in PDA
resulted in superhydrophilicity and weak salt adhesion on the substrate surface. These merits
result in outstanding reusability under natural seawater and high brine salinity (7.5 % NaCl)
over three days of the test (4 cycles per day). The tiny salt formed is washable by simply
dipping in DW for 9 hours. Besides these features, self-cleaning properties were obtained

through advection and diffusion processes. Our final strategy in this research study was to
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investigate the multifunctional TA-derived hydrogel. In this work, we have observed that the
formation of nanochannels with their uniform distributions pathway could combine the features
of obtaining a high water evaporations rate. Besides, its self-cleaning capability during the
night conditions under high salinity brine (7.5 wt% NaCl). The formed salt layer on the
PVA@TA-Fe (2%) during the day conditions (at one sun irradiation) after four hours of
evaporations can self-clean and dissolve back at night conditions (dark conditions). This can
be explained by the surface hydrophilicity, the confined nanochannels and our designing
underneath and side covered of the hydrogel by CS will ensure a sufficient amount of water
supplying which are beneficial for the reusability of the proposed PVA@TA-Fe (2%) hydrogel.
Overall, based on the outcomes of this study, we can conclude that polymeric hydrogel
PVA@TA-Fe -derived solar evaporators can meet all the criteria for high-performance solar
evaporator for solar desalination applications because of the following reasons: (1) the
presence of rich nanopores porosity and the aligned nanochannels resulting in multiple internal
light reflection and trapping, hence localized the heat at the air-water interfaces and minimized
the heat losses; (2) the rich interconnected microchannels allow more water to penetrate and
leads to efficient water suppling channel; as consequence to extraordinary anti-salt and self-
cleaning properties.

In this Ph.D. study, four approaches have been utilized to fabricate four types of PTMs. The
fabrication of Au nanolayer using magnetron sputtering seems to be a unique approach
compared to other plasmonic methods reported in the literature. It can result in highly stable
materials even under harsh environmental conditions. However, the high cost of the equipment
seems might hinder it is application. The synthesis of metal sulfide (CuS/Sn;S3) using the
solvothermal method followed by coating with silane group has the drawback of using a toxic
solvent that is not environmentally friendly. Another approach to using oxidative

polymerizations to grow PDA nanostructures on NF is simple and straightforward methods.
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However, the water evaporation performance still needs further improvement. Our last
approach to hydrogel-derived PTMs through a physical cross-linking process is considered the
most promising among the reported methods. This attributes to their features of low cost,
simple preparation process without requiring any expensive devices or using toxic solvents,
excellent structural properties which resulted in high solar thermal conversion, and good anti-
salt properties. In addition, the functionality (e.g., porosity and surface area) can be simply
controlled and adjusted to achieve a desirable solar evaporation performance. Low-cost SSG
devices can be built using hydrogel PTMs, which can be attractive for implementation in large-

scale practical applications.
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8.2 Recommendations
In this doctoral study, several classes of solar PTMs were developed which achieve an efficient
solar water evaporator with anti-salt properties. Despite the good performances, further
investigations are required to bring this unique technology to real-world applications. The main
points are highlighted as follows:

(a) Enhancing solar thermal conversion of and selection of PTMs.

» There is a need to develop innovative solar PTMs, especially with the unique materials
which exhibit low solar thermal conversion performance. Nanocomposite PTMs combine
a feature of various materials and can be considered an effective method to boost the
photothermal conversion efficiency should be thoroughly explored in the near future.

» Magnetron sputtering revealed a promising method for fabricating a large area of
nanolayer materials. Combining 3D printing to fabricate a 3D porous substrate with
magnetron sputtering to generate thin-layer PTMs will be a good direction to be
investigated.

» The re-utilization of biomass waste (such as animal residues or waste) and improving their
surface functionalities as effective PTM 1is an attractive strategy that would be more
economical and environmentally friendly. This might be a potential avenue for further
research as a possible PTM material for SSG.

(b) Anti-salt crystallization feature, PTMs regeneration, and stability test.

» Further studies of porous structural PTMs with regulated properties (e.g., porosity,
thickness, and dimensions) are required to investigate further the material's capability for
salt tolerance.

» The enhancement of the surface wettability by the surface modifications of the inner
structures of PTMs with charge ions can be a promising anti-salt method that would be an

attractive research direction.
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» The anti-salt and durability performance of PTMs should be investigated under natural
sunlight. Also, the weathering effect regarding the temperature, humidity, and the cause
of sunny or cloudy weather is worth exploring. This could be a more effective method to
evaluate the salt-resistant of the designed solar evaporator under realistic conditions.

» Several strategies have been developed for regenerating the PTMs highlighted as: (1) Day
and night recovering through discharging salt formed during the day and back at night to
the bulk saline water. This can occur by designing porous hydrophilic PTMs, allowing the
salt to diffuse and dissolve back through diffusion and convection. (2) Through preparing
PTMs with an abundance of hydrophilic groups (e.g., OH and —-NH>) resulting in a weak
salt adhesion on the surface, PTMs can be recovered and reused by simply immersing in
DIW. Besides the materials' functionality and structural properties, the solar evaporator
components (e.g., supporter, water transport, structure design) could also play a critical
role in regenerating the PTMs. The continuous water supply through the capillary effect
or the supporter results in salt dissolving from the evaporator surface. Designing 3D a solar
evaporator by separating the PTMs from the salted water could recover them as valuable
resources instead of discharging them back. Hence, the combination of effective PTMs
and evaporator systems would enable the long-term reusable for the future study.
Therefore, the selection of solar evaporator components.

(c) Solar water evaporator design

» The hydrophilic supporter (e.g., wood, cellulose sponge, etc.) has advantages over the
hydrophobic type (e.g., polystyrene foam, expandable polyethylene, etc.). The hydrophilic
supporter possesses these traits: (i) enhancing water supply due to its hydrophilicity
without the need to add external wick materials. (i) Acting as heat localizer, minimizing
downward heat losses. (iii) Contributing to salt rejections from the surface of the PTMs

through advection and diffusion process. Despite the capability of the hydrophobic
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supporter of better photothermal conversion on the surface of PTMs due to less water
supply. However, it has the drawback of requiring additional wick materials for water
transport. In addition, the salt formed on the PTMs surface could be hard to recover due to
insufficient water supply. Therefore, a comprehensive study on designing a hydrophilic
supporter with control water suppling and maintaining high surface temperature in the
evaporation area would be valuable.

» Recently, increasing studies revealed that the combination of convective heating effect and
evaporative cooling technology could be a promising method to obtain highly efficient
solar water evaporators. It can be achieved by designing photothermal material (solar
absorber) on the top and sub-ambient cooling (solar reflector) on the bottom. evaporative
cooling can be achieved by two main approaches; (1) using hydrophilic materials that
allow water to pass through by capillary action and attain a cooling, and (i1) designing an
evaporative cooler with materials that reflect sunlight. Creating a passive cooling capacity
of up to 160 W m™ remains challenging because of the high latent heat of water evaporation
and should be further investigated in the future.

(d) Practical scale solar evaporator for seawater desalinations applications.
Advancements in fabricating scalable solar evaporator devices (area: >1 m?) should be
explored to bring solar evaporator devices into real-world applications. However, to make
it more applicable, it should possess several which can be explained as follows;

» The balance between designing cost-effectiveness, the high amount of generated water,
and long-term reusability is expected to be a new research direction to dig into that need
to be deeply investigated. Ideally, cost-effective materials and a high water evaporation

rate are the best.
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» Establishing a cost analysis standard that combines the cost of the PTMs corresponding to
the concentrations used and durability under realistic conditions would be valuable for the

stockholders to compare with other available technologies used in the market.
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