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GENERAL INTRODUCTION

In the content of the 17th global Sustainable Development Goals (SDGs) outlined by
the United Nations in 2015, clean water and clean energy are proposed among the
priorities for future development policy and advocacy [1]. However, the grim reality is
that for decades, water scarcity and energy shortage are the two most severe
challenges facing human society. According to statistics, 3.2 billion people in the world
are currently facing a shortage of food [2]. About 1.2 billion people live in agricultural
areas with severe water shortages [3]. Moreover, the global per capita freshwater

supply has decreased by more than 20% in the past 20 years [4].

Among the remediation actions, many countries have carried out plenty of practices to
improve water resources management. Improving comprehensive water resources
management strategies, water purification technologies and recycling methods have

become the top priority in solving water resource crises.

In transitional water extraction, purification and recycling processes, such as the water
lifting pump, the mixing in flocculation, and the filtration, energy consumption is one of
the most obvious bottlenecks in large-scale water purification processes. This situation
exacerbates the apparent lack of fresh water, especially since access to clean water
remains a difficult and challenging task in areas that lack stable electricity. Faced with
energy shortages in areas with inadequate electricity supply, solar energy, which refers

to the sun’s thermal radiation energy, can provide a simple and effective solution.

Although the power radiated by the sun into the earth’s atmosphere is only one part of
2.2 billion of its total radiant energy, it is already as high as 173,000 TW [5], which

means that the power reaching the earth’s surface per second is equivalent to the
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energy released by burning 5 million tons of coal [6].

At the same time, starting with the use of distillation technology to desalinate seawater
into fresh water, solar water purification technology can be traced back hundreds of
years in tropical and coastal regions [7-9]. However, the low efficiency of solar energy
utilization and the relatively simplistic purification of pollutants make this technology
require more innovation and development to meet the requirements of global water

purification status.

This research work was developed under the framework of the NANO-4-WATER
project (sponsored by the i-Site FUTURE project of Université Gustave Eiffel), which
aims to combine several water-related studies based on micro/nanotechnologies
including different functional blocks such as water purification, dew water recycling
technology, sensing equipment development, etc. In this thesis, the solar water

purification track is in-depth investigated with two different approaches.

First, since solar energy is a green and sustainable source of energy, using solar
energy for water purification by distillation is a viable solution for preliminary treatment.
Although the era of using solar-oriented refining systems to produce pure water has
been around for a long time, the quite low photothermal conversion efficiency of solar
energy used for producing pure water prevents these methods from being developed
into large scale practical applications. In the conventional water evaporation process,
water is considered a poor absorber of solar energy when the solar radiation arrives at
the water surface in the form of light, while at the same time, there is still a significant
conductive heat loss from the non-evaporating part of the water bulk. To solve this
issue, black absorbers are promising solutions for efficient enhanced solar water vapor

generation for their inherent broadband light absorption at the water surface and



excellent thermal insulation.

Second, while the above-mentioned surface-enhanced solar water vapor generation
offers a lot of possibilities, still there are several shortcomings limiting the purification
effect by simple water evaporation/separation. For example, the pollutants such as
volatile organic compounds (VOCs), which have a high vapor pressure and low water
solubility [10]. They can be easily found in pharmaceutical effluents and industrial
wastewater. However, there are some VOCs pollutants in the contaminated water,
such as Benzene and Acetone, that cannot be purified in solar water vapor generation
due to their relatively low boiling points. The volatile organic compounds get vaporized
along with the water vaporization. For such complicated cases, the photocatalysis
degradation process offers a solution to purify water and get rid of the remaining VOCs
that are contained in the water vapor. Photocatalysis is another effective chemical
water treatment approach which makes use of solar energy. It is a non-selective
organic pollutant degradation technique, using solely solar energy and requiring a
wide-bandgap semiconductor photocatalyst such as ZnO or TiOz, whose raw materials
are abundant in nature and at low-cost, both owing excellent photocatalytic properties.
To increase the photocatalytic efficiency of the device, it is beneficial to increase the
contact opportunity between the organic water pollutant molecules and the
photocatalyst material; for this reason, the latter is often employed in nanostructure
form, such as nanoparticles, nanorods, or nanowires, whose main characteristic is the

increased effective surface area.
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Figure G. 1: The schema of the device architecture contains dual water purification

methods.

To combine these two different approaches of solar water purification methods, that is
(i) enhanced water vapor generation and (ii) photocatalysis, a device architecture that
is able to take advantage of both vapor generation and ZnO nanowire photocatalysis
is shown in Figure G. 1, whose aim is to sketch a possible conceptual architecture of
a device combining both complementary approaches of solar-driven water purification.
Such device could be a perspective development of a prototype capitalizing on our
research work. The proposed device architecture is aiming to achieve a complete

purification of the contaminated water.

First, it uses the nanotechnology-designed black absorber as a part of the water vapor
generator to accelerate the water phase change process: from water liquid to water
vapor. Afterward, the resulting water vapor rises up to the ceiling of the chamber by
buoyant force. During the water evaporation process, the VOCs which have relatively
lower boiling temperatures also evaporate. Then, by condensation phenomenon,
vaporized water can cool down on the quartz ceiling and comes back to the liquid

phase. It is then autonomously driven by the gravity force on the quartz ceiling which
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is coated with ZnO nanowires. During this transit on the ceiling, photocatalysis
eliminates any residual VOCs in the water. The energy supply in this architecture
exclusively comes from solar energy and gravity. The solar radiation can provide
visible light and NIR for enhanced water vapor generation while UV light is involved in
photocatalysis to degrade the pollutants into harmless components such as H,O, COx,

and so on.

The ultimate goal of this architecture is to integrate enhanced water vapor generation
and photodegradation functions into an efficient, portable and environmentally friendly
water treatment device. Based on this goal, this thesis work is aiming to contribute to
the two main building blocks of the above-described architecture: (i) water vapor
generation and (ii) photocatalysis. Accordingly, the manuscript is arranged in different
chapters, which will be introduced separately and organized into 3 Parts, A, B and C.
First of all, Part. A contains one chapter, introducing the background in chapter I,
dealing with water scarcity and water pollution current status, the different pollutants
in water and the common purification approaches, etc. The social impact contents of

this chapter are aimed to highlight the significance of this thesis work.

Afterward, the detailed research works will be introduced in the subsequent 2 parts —

focusing on material engineering related to the above-mentioned objectives:

e Part. B: The study of 2D and 3D metafoams intended for optimization of

the surface-enhanced solar water vapor generation process.

e Part. C. The study of TiOs-coated ZnO nanowires intended for

photocatalysis for sustainable water purification.



Figure G. 2: Schematic of the optimized metafoam for surface-enhanced solar water

vapor generation.
Part. B contains two chapters, in which the main novel achievement can be
schematically depicted in Figure G. 2. In chapter Il, starting with the literature
references, the physical and numerical modeling of the surface-enhanced solar water
vapor generation are elaborated. In addition, the corresponding numerical parametric
studies are carried-out for optimization propose towards design of efficient metafoams.
In chapter Ill, a silicon-based bilayer 2D metafoam and a graphene-based 3D printing
metafoam are designed and fabricated using micro/nano technology. In addition, the
solar water vapor generation efficiency is also experimentally evaluated for different

samples, where the best performance of photothermal efficiency reaches up to 89%.

Next, Part. C contains two chapters. In chapter IV ZnO NWs are introduced among the
most efficient and practical photocatalysis materials. A 2-step simple hydrothermal
method for the preparation of ZnO nanowires is implemented. Through our initial study
and according to a literature review to introduce the recent research work of ZnO
nanowires in water purification we realized that there is a crucial problem of ZnO

nanowires during water purification, which is the corrosion effect under extreme pH
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conditions. This greatly shortens the lifetime of the ZnO nanowires, especially in acid-
harsh aqueous environments. This motivated the launch of a specific study to address
this issue presented in chapter V: to overcome the corrosion shortcoming, a TiO;-
coated ZnO nanowires was proposed as a remediation solution to the pH issue. This
TiO2-ZnO tandem nanomaterial was then fabricated and evaluated regarding its

improved chemical resistance performance in harsh water treatment environment.

Figure G. 3: TiOz-coated ZnO nanowire arrays: A photocatalyst with enhanced chemical

corrosion resistance.

In addition, photocatalysis experiments with organic dye show that the ZnO/TiO,
tandem does indeed exhibit improved chemical stability in a harsh environment while
allowing efficient photodegradation. The main novel achievement in Part C is

schematically depicted in Figure G. 3.

In the end of the manuscript, the conclusion and perspective section summarizes the
accomplishments in the dual water purification approach and the potentially related

7



studies which have been primarily attempted to establish a solid platform for
experiments for following translational research work towards higher technology

readiness levels.
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PART A. BACKGROUND

CHAPTERI. WATER SCARCITY AND

WATER PURIFICATION

BACKGROUND

In this chapter, the background and the latest innovation studies will be introduced
to elaborate on the application area of this thesis so as to better understand our
motivation and objectives in our research work dealing with material science and

engineering along with energy considerations.

Firstly, we start introducing water shortage and pollution as one of the most pressing
environmental problems for human sustainable development. Then, we discuss the
opportunities and challenges in the reuse of the water resources and related
pollution issues. Various water purification approaches will be introduced into the
discussion as a solution targeting different kinds of pollutants. For existing research
studies and technology, we highlight the corresponding limits and disadvantages
during the purification, which need a further upgrade for better efficiency. In the last
few decades, researchers dedicated themselves to water purification in different
approaches targeting different contaminants through multiple methods including
physical, chemical, biological research methodology. State of the art of the
combined approaches will be introduced at the end of this chapter, leading to the

description of the positioning of this thesis work, its novelties and new contributions
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with respect to state-of-the-art.

I.1  Water scarcity and water pollution

"A staggering 784 million people live without basic access to clean water. That's
roughly 1 in 10 people on earth." reported by "World Water Day" organization which
was founded by United Nations (UN) in 1993 [1]. Water quality is one of the most
important factors that effect on sundry aspects in human society. However, the
pollution of usable water caused a shortage of water resources which brought a
serious global issue [2-5]. In this section, the current status of the world’'s water
shortage will be briefly introduced and the most common pollutants that can be found
in water will be summarized and categorized. This will bring us to a brief survey of a

variety of different water purification treatment methods.

I11  Water shortage

The volume of water on earth is approximately 13.6 million cubic kilometers. Ocean
water accounts for 132 million cubic kilometers (about 97.2%); glaciers and ice cover
water account for about 1.8%; groundwater accounts for about 0.9%; lakes, inland
seas, and rivers account for about 0.02%; in the atmosphere the water vapor at any
known time accounts for about 0.001%, that is to say, less than 0.1% of the water

source that can be actually used [6,7].
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Numbé_r of months in whicl
water scarcity is >100%

No data

Figure I 1: The number of months per year in which blue water scarcity exceeds
100%. The contour map is plotted at 30 x 30 arc min resolution(period: 1996-

2005)[4].

Life emerged on earth thanks to the availability of liquid water, which is known to be
indispensable for human survival. Since 1.7 million years, human beings developed
based on apparently inexhaustible water resources. Then, in the 215 century an

unprecedented shortage of water resources was observed [4,8,9].

As shown in Figure I. 1, the blue water scarcity is defined as the ratio between the
blue water consumption and the total blue water availability in a certain area (blue
water means freshwater available in lakes rivers and aquifers). The blue water
consumption refers to the volume of fresh surface water and groundwater that is
withdrawn but not returned because the water evaporated or was incorporated into
a product. The blue water scarcity can be quantified by as low if the blue water
footprint does not exceed blue water availability. And when it's in the range of

beyond 2, it means a severe water scarcity. From the perspective of the distribution
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of water resources in the world, more than 80 countries in the world are facing severe
water shortage problems. Especially, in some countries, the annual per capita
consumption is even less than 1000 m? [4,10]. With the intensification of human
activities, the problem of water shortage is becoming more and more serious.
Modern water management, such as flood control, power generation, shipping,
irrigation, aquaculture water supply, etc., while exerting one or more economic
benefits, will have certain negative effects on the natural and social environments

and water resources within a certain range [11].

In addition, the destruction of underground water resources by some mining
industries cannot be ignored. Unlimited deforestation has caused serious damage
to vegetation, and will also have a certain impact on soil and water conservation and

water resources coverage.

[1.2  Water pollutants

With the few fresh water resources available for human use on the earth, the
pollution problem of water resources is additionally intense. Industrial effluents,
industrial waste, industrial waste gas, intensive use of fertilizers and pesticides in
agriculture, domestic sewage in the production process can cause damage through
different infiltration methods. For a long time, environmental accidents caused by
the direct outflow of effluent from industrial production are not uncommon. They
have a great negative impact on human’s life. Moreover, water pollution also

includes groundwater pollution, and precipitation pollution.

14



Recharge area

Contaminated ‘ ‘f
™

groundwater

Figure I. 2: The schematic of groundwater pollution.[Source: Environment

Canadal[12].

As shown in Figure I. 2, groundwater pollution is mainly caused by sewage infiltration
while precipitation pollution is mainly caused by exhaust gas emissions. If a large

amount of sulfur-containing exhaust gas is discharged, it may cause acid rain.

The different types of water pollutants can be divided into the following categories:

Inorganic chemical pollutants

Organic chemical pollutants

Biological agents

Radioactive substances and thermal pollution

1.1.2.1 Inorganic chemical pollutants

The pollution by inorganic substances such as acid, alkali, and salt in the water body
mainly comes from industrial wastewater such as metallurgy, chemical fiber, printing
and dyeing, oil refining, pesticides, and acid rain. When the pH of the water body is

less than 6.5 or greater than 8.5, aquatic organisms will be adversely affected, and
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in severe cases, fish and shrimp will disappear. The increase in salinity of water
bodies affects the water quality of industrial, agricultural, and domestic water.
Irrigating farmland with it will make the land salinized. Another category of inorganic
chemical pollutants, which also will lead to serious environmental and human health
problems, is the heavy metals pollution, such as mercury, cadmium, lead, chromium,
vanadium, cobalt, and barium. Among them, mercury is the most toxic, and
cadmium, lead, and chromium are also more harmful. In addition, arsenic is often
listed together with heavy metals because of its toxicity. Heavy metals are
discharged with wastewater in the production process of factories and mines. After
entering the water body, they cannot be degraded by microorganisms. Eventually, it
will be enriched in the human body through the food chain, which is harmful to the

human health.

1.1.2.2 Organic chemical pollutants

Organic chemical pollutants such as oil and petroleum pollutants are the second-
largest pollution source of water environmental pollution, and they mainly occur in
the ocean. Especially, petroleum is a complex natural organic mixture with certain
toxicity. When oil and petroleum pollutants are discharged into a body of water, oil
films of different thicknesses are formed on the surface of the water, thereby
affecting the oxygen exchange at the interface between the air and the body of
water. It also reduces the transparency of water and affects the photosynthesis of
aquatic organisms. The reduction of dissolved oxygen in water deteriorates water

quality for aquatic life.

At the same time, the oil and petroleum pollutants in an emulsified state will be

16



oxidized and decomposed by microorganisms, consuming dissolved oxygen in the
water. Some other organic pollutants also have an impact on ecosystems regarding
their toxicity and effect on reduction of dissolved oxygen in water, harming human
health. Some specific organic pollutants refer to those organic compounds that are
highly toxic, highly accumulative, difficult to degrade, and are classified as priority
pollutants, including volatile halogenated hydrocarbons [13], volatile organic
compounds (VOCs) [14,15] and polycyclic aromatic hydrocarbons (PAHSs) [16-18],

pesticides [19],antibiotics [20,21], textile dyes [22,23] and bacteria [24].

1.1.2.3 Biological agents

Bacteria, protozoa and viruses are the most common biological water pollutants to
see in nature. Even though their intrinsic origin is natural, their proliferation mainly
comes from urban domestic wastewater, garbage, and surface runoff. Water
pollution caused by pathogenic microorganisms has a long history and is still an
important type of water pollution that endangers human health and life. Clean natural
water generally contains few bacteria and even fewer pathogenic microorganisms.
However, the microorganisms in water will increase rapidly when it is contaminated
by pathogenic bacteria, pest eggs, and viruses. They often coexist with other
bacteria including E. Coli in particular. Therefore, the total number of bacteria and
the bacterial index are usually prescribed as indirect indicators of pathogenic

microorganism pollution.

1.1.2.4 Radioactive substances and thermal pollution

Radioactive water pollutants refer to the level of radioactive substances in water
pollutants that are higher than the natural background or exceed the prescribed

sanitary standards. When the concentration of radioactive substances in water
17



exceeds the critical value, it will deteriorate the physical and chemical properties of
the water body or the composition of the biological community. Common radioactive
elements in radioactive pollutants are radium (226 Ra), uranium (235 U), cobalt (60
Co), polonium (210 Po), deuterium (2 H), argon (41 Ar), krypton (35 Kr), Xenon (133

Xe), iodine (131 1), strontium (90 Sr), huge (147 Pm), cesium (137 Cs), etc.

Thermal pollution is a kind of energy pollution, which refers to the phenomenon that
human activities harm the thermal environment, including the emission of
greenhouse gases including carbon dioxide and methane, ozone-depleting
substances such as CFCs, etc. The first victims of thermal pollution are aquatic
organisms. As the water temperature increases, the dissolved oxygen in the water
decreases, and the water body is in an oxygen-deficient state. At the same time, the
metabolic rate of aquatic organisms increases and more oxygen is required, causing
some aquatic organisms to have a thermal heating effect, which affects the
environment and ecological balance. In addition, the increase of river water
temperature has created an artificial hotbed for some pathogenic microorganisms,
allowing them to breed and overflow, causing disease epidemics and endangering

human health.

I.2  Water purification approaches

Depending on the environment, cost, the type of water contaminants, processing
technology, and other needs in use, different water purification approaches targeting
specific situations have been developed by world-wide research groups over

decades. In this section, diverse and innovative research in water purification
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methods will be introduced, including physical, chemical, and biological methods. In
addition to introducing those different water purification methods, the advantages of

each method and common targeting pollutants will be discussed.

121  Physical methods

Physical water treatment is mainly intended to separate and recover insoluble
pollutants in water in a suspended state through physical action. In common
industrial water treatment, physical methods are always used as a primary approach
to remove the insoluble water pollutants through adsorption, precipitation and
filtration. Through various solid-liquid separation methods, the physical methods

have been developed into some applications that have been wildly used.

1.2.1.1 Precipitation adsorption

It consists of filtering the liquid with solid adsorption, such as the use of activated
carbon to adsorb impurities to precipitate impurities. This process can filter-out
insoluble substances in the liquid, and can also absorb some dissolved impurities to
remove odors. Common physical adsorption working pairs include silica gel-water,
zeolite-water, etc. Silica gel is a small colloidal particle with hydrated SiO4. The
adsorption performance depends on the amount of silanol groups on the surface
and the polarization of hydroxyl ions that form hydroxyl oxides. As shown in Figure

I. 3, the pore sizes of silica gels are commonly used in the range of 2 to 100 nm[25].
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Figure I 3: SEM image of silica gel (a) and the prepared composite sorbent (b). The

magnification is x 100 (a), x 10000 (b)and (c) and x 20000 (d)[25].

However, due to its working condition limits, it should be strictly controlled at room
temperature [26,27]. Compared to silica gel-water, the zeolite-water working pairs
have better stability and can be used in different environments but have a slower

adsorption and desorption rate [28].

1.2.1.2 Filtration

This process takes advantage of nano-membrane filtration technology. The filtration
has been regarded as one of the most effective and low-cost physical approaches
for water purification. As shown in Figure I. 4, the membrane filtration has mainly 2
kinds of operation principles. The first kind is passive filtration (Figure 1. 4 (a)) (which

is also called reverse osmosis). It is normally used after using the physical adsorbent.
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It is worth-mentioning that passive filtration is not energetically-passive since it

needs to use external energy devices to pass water through the membrane.

Normally, a pressure higher than the osmotic pressure of the solution is applied on
the polluted water side of the semi-permeable membrane, so that only water
molecules contained in the polluted water can pass through the semi-permeable
membrane, while larger molecules and particular impurities will remain on the
upstream surface of the membrane. Depending on the size of the nano/micropores
on the membranes, the purification of the water pollutants can vary from nanometer-
scale to macro-scale. The choice of membrane not only determines the purification
criteria, but also determines the efficiency and energy consumption. A fine
membrane can filter effluent meticulously. However, it needs a more powerful

pumping capacity to allow the polluted water to pass through the filter membrane.

In recent years, the use of new nanomaterials has given new vitality to the field which
was boosted with intensive innovations. Various filtration membrane nanomaterials
have been studied, including graphene films [29-31], ceramic tube [32,33],
nanocellulose [34-36], carbon nanotubes [37], silver nanoparticles (NPs) [38],

polymer materials [39] and other nanostructured materials [40—42].
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Figure I. 4: Membrane filtration in water purification. (a) passive filtration. (b) active

filtration.

The second kind of filtration methods is active filtration. In this case that it is based
on self-fulfilling energy collection for filtration process. Again, it is worth mentioning
that even though this kind of filtration method is called active, it can be in some cases
energetically-passive. For example, membrane distillation is one of the most
common active water filtration methods using the thermal-driven water treatment
[43,44] and can benefit from solar energy to produce the required heat with no need
for other sources of energy. In general, the membrane-based active filtration
systems that capture energy from nature for water treatment are based on the use
of a membrane that has high absorptivity of electromagnetic radiation, called black
absorber sheet (BAS). It has an excellent ability in solar energy collection. This black
absorber can improve the distillation efficiency, in the so-called enhanced water
vapor generation mechanism by which the bulk volume heating of water is replaced

by localized surface heating. The detailed literature related to this mechanism will
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be introduced in chapter II.

122 Chemical methods

Chemical treatment mainly uses chemical reactions to meet the requirements of
water quality, such as water pH adjustment, flocculation process, and achieve stable
water quality of circulating water. The chemical water treatment have a superior
performance especially when the impurities are dissolved organic compounds [45],

waterborne pathogens [46], bacteria [47] and virus [48].

1.2.2.1 Disinfection

The most common chemical water purifiers, such as polyaluminum chloride,
polyaluminum ferric chloride, etc., are used as the disinfection in large-scale
industrial water purification processes. The first step of disinfection is to use the
strong oxidation in a series of chemical reactions to destroy the contaminated
organic matter and living microorganisms contained in the water. When such
disinfection purifier is dissolved in water, it will decompose into hypochlorite ions
(Clo7). In aqueous solutions, ClO~ reacts with water, changing to hypochlorous acid
(HCIO). The hypochlorous acid can be further decomposed to form nascent state
oxygen [Q]. The extremely strong oxidizing nature of the [O] denatures the proteins
of bacteria and viruses. It is able not only to act on the cell wall and virus shell, but
also, because the hypochlorous acid molecule is small and has no charge, it is also
able to penetrate into the bacteria/virus body to react with proteins, nucleic acids
and enzymes, or destroy its phosphoric acid. The process can be simply expressed
by chemical equations as follows:

NaClO + H,0 = HCIO + NaOH a1)
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HClO — HCl + [0] a2)
However, the chemicals that are used need to be added continuously to keep the
water treatment on-going in the disinfection process. At the same time, the side
problem of disinfection by-products (DBPs) formation in the water purification

process is also widespread, which should be strictly controlled [49,50].

12.2.2 Advanced oxidation process

The concept of advanced oxidation process was first nominated as green chemistry
which refers to solving the problem of re-pollution from water treatment facilities
which become a new source of pollutants. Such green chemistry process generate
hydroxyl free radicals under certain specific conditions [51,52]. As a result, the
pollutants can be completely degraded into water, carbon dioxide and trace
inorganic salts, completely harmless, and achieve zero pollution. The process relies
on hydroxyl free radicals that produce strong oxidation activity, and directly
mineralizes the refractory substances in sewage through the action of electricity,
sound, light irradiation, and catalysts. By using the strong oxidation of free radicals,
the macro- molecular substances are degraded into easily degradable small
molecules, and the biodegradability of sewage is improved. The most common
advanced oxidation processes include: photocatalytic oxidation, O3/H20z2 [53,54],

O3/UV [55], H202/UV, Fenton reagent [56], etc.

Among the different advanced oxidation processes, the reaction conditions and
operation of the photocatalytic oxidation are the easiest. Therefore, photocatalytic
oxidation is widely used in actual engineering. It consists of a reaction process in

which the oxidant generates highly active hydroxyl radicals to oxidize and degrade
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under the radiation of light. Catalysts (such as TiO, and ZnO) are often added to
promote the generation efficiency of strong oxidizing free radicals and improve the
treatment oxidation effect. Commonly used light sources include ultraviolet light and
visible light. Among them, organic pollutants easily absorb ultraviolet light between
290 and 400 nm. In the process of direct photocatalytic degradation, organic
pollutant molecules undergo chemical reactions and get degraded after absorbing
light energy, whereas the most important photocatalytic degradation process is
indirect photodegradation. During this process, instead of chemical reactions,
photocatalytic materials stimulate the reactions on the surrounding organic
pollutants after absorbing light energy, thereby achieving more efficiently the
purpose of degrading pollutants. The related mechanisms and the typical
photocatalyst materials will be introduced in chapter 1V. With the advantages of easy
realization of reaction conditions, low investment cost, strong oxidation capacity, the
pollutants can be completely degraded without causing secondary pollution, the
photocatalysis in the most wildly used advanced oxidation process in actual

engineering.

1.2.2.3 Electrochemical water treatment

Electrochemical water treatment method has received extensive attention in recent
years. The essence of electrochemical water treatment is to follow the principle of
electrochemistry so that the pollutants in the sewage undergo electrochemical
reactions on the electrode surface, which acts as a catalyst whose material has to
be carefully chosen. Through the oxidation and reduction of harmful substances on
the anode and cathode surfaces, the reaction products are either precipitated on the

electrode surface or converted into gas and discharged from the water, thereby
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reducing the concentration of toxic and harmful substances in sewage. The reaction
process of pollutants on the electrode surface is quite complicated, and multiple
reactions such as reduction reaction, polymerization, and coordinated conversion
reduction occur simultaneously. This method does not require adding any chemical
agents during the water treatment process and the operation is very convenient.
However, the interfacial reaction on the electrode surface is likely to cause the
precipitation and deposition of inorganic salts. Therefore, the electrode passivation
is a prominent problem in the application process, which needs to be further studied
and resolved so as to minimize maintenance and frequent replacement of the

electrodes.

123  Biological methods

Biological water purification methods are commonly used to improve the ecological
restoration and protection of rivers and lakes, especially in the case of eutrophic
water bodies, where a large number of nutrients are provided by land input, bacterial

decomposition in water bodies and sediments.

Biofilm purification method mainly uses microorganisms to attach to the surface of
the biological carrier filter to make it grow and reproduce, and rely on the metabolism
of biofilms to degrade ammonia nitrogen, nitrite nitrogen, nitrate nitrogen,
suspended solids and organic substances in aquaculture water that are harmful to
fish growth. It is used to improve the efficiency of removing organic matter in
conventional water treatment, known as the biologically active carbon (BAC)

process.
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Compared with the traditional water treatment process that relies heavily on
chemical disinfection, the BAC process has such environmentally friendly
advantages. When the biofilm is adsorbed on the substrate, it begins to secrete a
viscous, gel-like outer polymer substance, which is used to further anchor the biofilm
for following biodegradation of waterborne nutrients process. The high efficiency of
the biofilm mainly comes from the large effective surface area, for example, 1 g of
biofilm can provide a surface area of approximately 600 to 1000 m? or higher which

can adsorb organic matter [57].

I.3  Difficulties and energy limitations

In the previous sections, the water pollution and water scarcity issues together with
the different water purification treatments have been introduced. Depending on
different water pollutants, the choice of treatment method is very important for
efficiency, safety and low-cost of water treatment. Each type of water treatment has

its limitations when used to purify either sewage or surface water.

For example, as shown in Figure 1. 5, in the centralized processing station (of surface
water in this case), the traditional water treatment takes more than 14 steps to get

purified water before distribution to communities and families [59].

The traditional physical and chemical precipitation adsorption and filtration have
good adsorption and purification effects on most water pollutants, while the

purification performance of hydrophilic organic pollutants in biochemical waste water
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is poor. In addition, due to the high prices of adsorbent materials and chemicals, it
is difficult to recycle after the water treatment, resulting in high operating costs and

limiting its widespread.
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Figure I 5: The treatment of surface water at a water treatment plant [58].

Especially, the composition of domestic sewage or factory sewage is more
complicated. There are usually many different pollutants which require lots of steps
in water treatment process. For example, in the distillation process, there is a
problem that cannot be neglected. During the evaporation process, not only the
water will be evaporated but also some organic compounds with low boiling
temperatures, which do harm for human bodies. In such case, the use of chemicals
treatment or biological treatment are preferred in a combined approaches for water
purification. Normally, when using chemical treatments and biological degradation

treatments, the required conditions are more strict and more complicated compared
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to physical water treatments. Therefore, the combined water purification approaches
are even more complicated and they require more attention in checking the chemical
by-products and harmful substances that are produced after the completion of the

treatment.

Although water treatment processes are very effective in the implementation of daily
water purification, still, another problem among the biggest difficulties is the energy
shortage and corresponding cost increase, which limits the energy supply for water
purification equipment [60]. In particular, the problem of energy shortage in
developing countries is as serious as the problem of water shortage. The demand
for energy will continue to increase, and the emission of pollutants during the
production and utilization of fossil fuels is the direct source of many natural and
social environmental problems faced by mankind. The combustion of coal and oil in
industrial production will produce a large amount of carbon dioxide and sulfur

dioxide, which will cause further pollution.

In order to alleviate the energy shortage problem, people have been looking for
renewable and environmentally friendly energy sources. The total resource of solar
energy accounts for 99.4% of the total renewable energy on earth [61]. It is spread
all over the world, and there is no regional shortage, especially for remote areas with
inconvenient transportation. In addition, in the process of using solar energy, it will
not pollute the environment neither destroy the ecosystems. What is more, solar
radiation itself has a disinfecting effect, because it contains ultraviolet light which

has a good elimination of biological bacterial pollutants [62—64]. Therefore, solar
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energy has become one of the best renewable and environmentally friendly energy
candidates for water purification and other water treatment approaches such as

water splitting to produce both hydrogen and oxygen [65—-67].

I.4  The significance and content of the combined approaches for water

purification

In order to contribute overcoming the above-mentioned shortcomings, several
research groups started exploring different innovative technologies and are
committed to seeking more energy-saving in water recycling methods. They also
targeted, household, portable and low-cost devices capable of purifying multiple
complex pollutants. To meet this demand, among the water purification based on
solar energy, solar-enabled water vapor generation and semiconductor photo-
catalysis are considered to be the most promising and robust solar-energy-

harvesting for water technologies.
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Figure I 6: A bifunctional cotton fabric with both photothermal and photocatalytic
properties for water purification. It is synthetized by in-situ polymerization of pyrrole
(Py) on the cotton and subsequent deposition of titanium dioxide (TiOz)

nanoparticles [68].
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In particular, to combine the advantages of water vapor generation and
photocatalytic degradation, researchers also studied many different combinations to
provide a complete and in-depth water purification process. A combined multilayer
structure of black absorber sheet or materials with dual functionality have been
developed to possess both evaporation of water and degradation of pollutants

capabilities at the same time.

Hao [68] reported an all-in-one demonstration, using the in-situ polymerization of
pyrrole (PPy) on the cotton and subsequent deposition of titanium dioxide (TiOy)
nanoparticles to achieve enhanced water vapor generation and photocatalysis on
the same medium. Due to the high absorptivity of the solar spectrum, the best
performance which was obtained by TiO,-PDA/PPy/cotton showed a solar
evaporation rate of 1.55 kg/h/m? under 1 sun illumination, which is higher than most
previously reported evaporation systems. At the same time, TiO. nanoparticles
photocatalysis degradation of dye was recorded and showed a decrease of dye
concentration. After 2-hour experiment, the dye degradation reached around 80%.
Another membrane composited of mixed cellulose ester (MCE) membrane,
hedgehog like hierarchical ZnO particles (HP) and gold nanoparticles (Au NPs) has
been studied by Wang et al [69]. They showed that the water vapor generation rate
could reach up to around 0.8 kg/h/m?. At the same time, the photocatalytic properties
of the ZnO catalyst allowed the degradation of a model contaminant in water,
reducing the RhB concentration to 30% of its initial concentration after 2 hours solar

irradiation.
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I.5 Conclusion

In this chapter, starting with the socio-economic background of the water scarcity
and water shortage, the common water pollutants and different water purification
approaches methods have been introduced and summarized along with the
corresponding studies and technological developments in the recent decades.
Among these different water purification approaches, there is an obvious difficulty
that needs to be resolved, which consists in the energy supply during the water
treatment, a challenge which is also briefly introduced in this chapter. In this context,
solar energy has become one of the best solutions to address the energy supply
problem in the water purification process, especially in areas where electrical energy
resources are scarce. The issue of energy supply is not limited to the water
treatment process alone, but it also extends to the distribution of purified water.
Compared to the traditional water treatment and distribution systems, the concept
of portable, autonomous water purification devices has more advantages in less
energy consumption and convenient for domestic use and they can be seen as an
alternative, independent source of water, similar to solar energy panels that can
provide independent domestic electrical energy supply. However, most portable
water purification equipment has a single treatment method, and rarely can be
applied to complex water treatment, especially considering the specific use

conditions and manufacturing processes.

Based on all these statements, this thesis work is carried out targeting the
combination of different water purification approaches, towards the development of

a portable water treatment device using only solar illumination and gravity force as
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the energy source. In our research work, we contribute to both topics of enhanced
water vapor generation and photocatalysis. The ultimate goal of reaching higher
Technological Readiness Level (TRL) will require a further study for optimizing the

combined approaches together in a single system.
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PART B.

ENHANCED SOLAR WATER

VAPOR GENERATION

CHAPTER II. ENHANCED SOLAR

WATER VAPOR GENERATION

MODELING STUDY

Parameter list

water activity

surface area, m?

concentration, mol - m™3

saturation vapor concentration, mol - m~3

specific heat capacity, ] - kg - K1

diffusivity coefficient, m? - s~1

capillary diffusivity coefficient due to the temperature gradient,
2,1

evaporation rate, kg/(h - m?)

molar mass, kg - m™~!

gravitational acceleration, m - s~2

identity matrix

mass flux, kg - m=2 - s71

normal vector

partial pressure, Pa
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P pressure, Pa

q heat flux, W - m™2

q heat flux vector, W - m~2
Qevap evaporation energy, W - m™3
T temperature, K

u velocity vector, m - s~1

Greek symbols

a absorptivity

€ porosity

P density, kg - m™3

u dynamic viscosity, kg- m™1 - s71
B forchheimer coefficient, kg - m™*
K permeability, m~2

Index and exponent

a air

BAS black absorber sheet
cap capillary

eff effective

g gas

I liquid water

solar solar energy

tot total

v water vapor

In this chapter the theoretical and simulation methods are studied regarding the

enhanced solar water vapor generation (SWVG) using a black absorber sheet (BAS).
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A double layer structure BAS model is established for optimization purposes and to
maximize the evaporation rate. Numerical simulations are performed using multi-
physical simulation tools (COMSOL Multiphysics 5.4) to simultaneously account for
conductive, convective and radiative heat transfer as well as water phase change and
species, water vapor in particular, transport in air. Compared to previous modeling
works, this takes into account natural convection in the surrounding air and the heat
and mass transfer in the porous medium from macro scale (porous medium scale) and
micro scale (pore scale) point of view. Parametric studies are conducted to determine
the key parameters for an optimized BAS maximizing water vapor generation rate.
Considered parameters include the porosity €, surface absorptivity a of BAS, the
ambient temperature and relative humidity (RH). With a controlled ambient
environment of temperature T, and air humidity, the optimum evaporation rate is
observed when porosity at around 0.85. The outcomes show the trend in key
parameter impacts that guide BAS structure, which is vital for future interest for artificial

BAS in the experimental comparison study which will be discussed in chapter IV.

II.1 State of the art

Distillation and desalination have been known for hundreds of years, as a direct form
of using solar energy for water purification [1]. Solar distillation technology has drawn
the attention of many research groups over the past few decades for several reasons:
the utilization of solar energy makes the water purification process environmentally
friendly, and the required facilities and equipment for this process are relatively easy
to install and operate. To achieve high efficiency solar distillation, several solutions
have been proposed such as pre-heated methods [2,3], nocturnal heated methods
[4,5] or methods coupled with additional heat sources to increase the system operating

temperature [6-9].
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Solar energy
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Bottom heating Bulk heating Interfacial heating

Figure Il. 1: Solar-driven evaporation through various forms of solar heating [10].

Generally speaking, the conversion of solar energy into thermal energy to provide the
heat required for water heating and evaporation has a crucial impact on the efficiency
of solar distillation. In this process, the heating method using photothermal conversion
materials on the water surface seriously affects the efficiency of solar thermal
conversion and water vapor generation, according to the photothermal conversion
efficiency. As shown in Figure Il. 1, the photothermal material position in the water
column can vary. Depending on the photothermal material position, the heating
method can be divided into bottom heating, volume heating, and interface heating. The
efficiency of water vapor generation is defined as the ratio between the total energy
used for evaporation and the incident solar energy. In bottom heating methods, the
photothermal material is located at the bottom of the container, and sunlight can only
be absorbed by the photothermal material after passing through the water column,
which will cause a large amount of heat loss. In addition, the heated photothermal
material releases heat into the water column, causing a temperature gradient from the

bottom to the top of the water body. A part of the thermal energy is converted into
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sensible heat of the water column lead to a relatively low efficiency of the solar water

vapor generation around 30% [11].

The volume heating method is usually implemented by dispersing nanopatrticles of
photothermal materials in water and generate water vapor using solar radiation as
shown in Figure I1. 1(b). Due to the excellent thermal conductivity of nanoparticles, the
surface temperature of the nanoparticles rises rapidly when exposed to sunlight, and
a layer of vapor is formed around the nanoparticles which grows till the nanoparticles
rise to the water-air interface at the water column surface. As the bubbles burst, the
water vapor leaves the water surface and the nanopatrticles return inside the water
column. When the systems illumination is maintained, the process described above is
continuously repeated for efficient evaporation. Although this method has achieved an
adequate improvement in evaporation efficiency [12], some heat is transferred to the
water body through bubbles during the water vapor-encapsulated nanoparticles

transport to the water surface, causing a certain amount of conductive heat loss.

The third method is interfacial heating, that is, placing the photothermal material above
the water column to localize the heat at the water-air interface as shown in Figure II.
1(c). This method selectively heats the surface of the photothermal material instead of
the entire water column. Volume heating is avoided, and the heat loss from the surface
of the photothermal material to the water body can be reduced [13,14]. Therefore, it is
also called enhanced solar water vapor generation. In this case, the properties of the
photothermal material which is called the black absorber sheet (BAS) is the key point
for the improvement of the SWVG. As the evaporation only occurs at the air-water
interface, with the help of a BAS, water vapor generation efficiency can be increased
by localizing the heating process at this interface and reducing the water reservoir bulk

heating which does not directly contribute to the evaporation process and can thus be
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considered as a loss mechanism to be minimized.

From this perspective, related research works have considered a variety of materials
which can be divided into several categories such as: metallic materials [15,16],
semiconductor materials[17], ceramic materials [18], graphene materials [19-21],
polymer materials [22], and biocellulose materials [23-25]. Metal nanoparticles
effectively generate heat in the presence of electromagnetic radiation, which becomes
strongly enhanced under plasmonic resonance and also depends on the shape and

organization of the nanopatrticles.
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Figure II. 2: Schematic processes and photographs of plasmonic absorbers. (4)
Schematic of an ideal plasmonic absorber using Au nanoparticles(NPs). (B) Self-
assembly of the different size Au NPs on templates to form plasmonic absorbers. (C)
Photos of a 1-inch-diameter bare nanoporous template sample and a sample with Au

NPs on nanoporous template [15].

In particular, the amount of heat generated and the magnitude of temperature increase
depend on the number of nanoparticles in the composite. As shown in Figure Il. 2, Lin
et al [15]. reported a plasmonic absorber which can enable an average measured

absorbance of ~99% across the wavelengths from 400 nm to 10 pum using different
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size of Au nanoparticles (NPs). A high efficiency of light-to-heat conversion can be
achieved by using the Au NPs of different sizes to absorb light of corresponding
wavelengths. Finally, the water evaporation rate is recorded in the form of the mass
change of water, which are 2.1 and 3.6 times of pure water bulk evaporation rate at 1

and 4 kW - m~2 solar irradiation, respectively.

Besides, there are also plenty of non-metallic materials that lead to a clear
enhancement of light-to-heat conversion. Inspired by the development of carbon
nanotube’s photothermal properties, Hu et al [19]. proposed a graphene based black
thermal material for heat localization for enhanced water vapor generation. Hu's group
merged graphene oxide (GO) with multi-walled carbon nanotubes and sodium
alginate, which can enable broadband and efficient solar absorption (= 92%) with an
intrinsic low thermal conductivity (0.05 W -m™2-K™1). The integrated black thermal
sheet has less density than water leading to a self-floating ability. The results showed

around 83% of energy transfer efficiency achieved under 1 sun illumination.

Simultaneously, the different developments of SWVG can also be classified according
to the targeted goals: the surface temperature rise [13,26], the reduction of the system
heat loss, or the overall system performance improvement with respect to specific
applications, like the application for seawater desalination for example. George Ni's
group [27] made a demonstration of a salt-rejecting floating solar still providing a pure
water vapor generation rate of 2.5 L/m?/day. (Figure 1. 3). What deserves special
mention is the salt rejection during the water vapor generation. The salt crystal
precipitation is always regarded as a handicap in desalination because the salt
gradually crystallizes and accumulates on the surface of the BAS as the water
evaporates, which leads to a reduction of the system performances since the salt

accumulation degrades the BAS surface properties (for e.g, the surface is no longer
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black with accumulated salt and therefore absorbs less solar radiation). Furthermore,
the BAS fabrication cost is another key point which hinders mass production. The cost
of George group’s BAS is around 3 $/m?, which is almost cheaper than most of the

BAS materials that have been reported.
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Figure II. 3: An evaporation structure with simultaneous salt rejection and heat
localization ability. (a) Side view of the salt-reject BAS design. (b) The advection flow of
salt rejection. (c) Photograph of the evaporation structure. (d) Schematic of the
evaporation structure in a fabricated polymer-film based condensation cover operating

in the ocean [27].

To further improve the energy efficiency, Wang’s group [28] designed a 3D cup-shaped
photothermal structure, which reduces the radiative heat loss. Diffuse reflection energy
loss could be reduced by the 3D cup shaped structure compared with 2D disk black
absorber sheets. The incident solar radiation energy can be trapped by the 3D cup-
shaped structure by multiple reflections inside the black absorber which decreases the
heat loss, as shown in Figure Il. 4. At the same time, more than 20 mixed metal oxide
(MMO)-type inorganic pigments were tested as light-absorbing material candidates in

Wang's work to find the more suitable material for enhanced water vapor generation.
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Low-cost, long-term use, eco-friendly, efficiency in energy transfer, etc. these factors
have been taken into account to evaluate the performance of the BAS. As a result of
increasing the height of the black absorber, the best evaporation rate increased to 2.04
kg/(h - m?), which is superior to the most enhanced water vapor generation by 2D
black absorber. Thanks to the height of the black absorber, the system also absorbs

energy form ambient air to reach an efficiency of 140%.
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Figure II. 4: Schematics of energy loss pathways, (A) diffuse reflection of incident solar
radiation and (B) thermal radiation emission, for photothermal materials with 2D disk
structure and 3D cup structure, demonstrating that the cupwall can efficiently recycle
the diffuse reflection light and the emitted thermal radiation. (C) Reflectance spectra of

POC-19 material with 2D disk and 3D cup structures in dry and wet states [28].

Bio-materials have also been investigated for water vapor generation. They offer the
advantages of being environmentally friendly and easy to procure. In Xu’'s work [29], a
3D artificial transpiration mushroom shaped absorber was reported, which achieved
85% solar water vapor efficiency under one sun illumination as shown in Figure Il. 5.
They cleverly exploit the properties of the mushroom structure and took the
advantages of the carbonization to produce an ideal BAS for water vapor generation.

While ensuring the efficiency of water purification, at the same time, it ensures that the
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BAS material itself is green, natural and pollution-free.

Mushroom

Bulk water

Figure II. 5: (a) Schematic diagram of a mushroom-based solar water vapor generator.

(b) Photo of shiitake mushrooms. (c) After carbonization/29].

Due to the multiphysical process occurring in the black absorber in water vapor
generation, in addition to the photothermal function of the BAS, the ideal structure
usually simultaneously possesses a high light absorption, a good thermal insulation,
and a robust water imbibition. Consequently, multi-layer BAS has been developed
where each layer is designed to fulfill a specific function. From this perspective, we can
distinguish single layer structures (hano film/membrane), bilayer structures [30-32] or
even trilayer structures and modified geometry structures [33,34]. The single-layer
structure is mainly focused on the photothermal materials as described in the previous
paragraph. Bilayer and trilayer BAS are always composed of two or more materials. In
Jiang’s work, they introduced a bilayer hybrid biofoam consisting of bacterial nano-
cellulose (BNC) and reduced graphene oxide (RGO) for the generation of solar water
vapor by heat localization at the evaporation site, i.e the water column surface [32].
The evaporation rate they achieved is around 0.81 kg/(h - m?), where the optical

properties of the top photothermal layer exhibit around 96% light absorption of solar
52



spectrum.

To combine the various functional layers in one structure, 3D printing, as a current
state-of-the-art and high-efficiency additive manufacturing technology, has attracted

extensive attention in a broad range of applications [35].
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Figure Il. 6: (A) A diagram showing the manufacturing process of 3D printing BAS. (B)
Schematic diagram of the 3D printed BAS composed different layer. (C) A photo proving

the lightweight of the BAS, with an exposed surface area of 4 cm? [35].

As shown in Figure Il. 6, taking advantage of 3D printing with different kinds of
graphene oxide materials such as carbon nanotube graphene oxide (CNT/GO) layer,
graphene oxide/nano fibrillated cellulose (GO/NFC) layer, and GO/NFC) wall, an
integrated BAS with different layers was built and tested for enhanced water vapor
generation by Li's group. Both the CNT/GO and GO/NFC materials have good
hydrophilicity so as to ensure the water capillary pumping, where the contact angle is
48° and 23°, respectively. By testing this 3D printed BAS, a high porosity (97.3%) and
efficient broadband solar absorption (<97%) is obtained. As a result, the 3D-printed

evaporator has a high solar water vapor generation efficiency of 85.6% under 1 sun
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illumination.

As mentioned above, the enhanced water vapor generation has become a hot topic in
recent years. The water evaporation efficiency has been increased with diverse
solutions including the BAS material selection, the individual layers functionalization in
multi-layered BAS, and the use of 3D printing. However, in most of the reported works,
the BAS materials were taken as they are with their actual porosity and physical
properties, which might be good but not optimum. There is currently a total lack in
research targeting optimized BAS assisted SWVG, with respect to both the porous
structure and the photothermal layer. This is precisely the aim of this work targeting
the design, fabrication and experimental evaluation of an optimized meta-foam, which
consists of a novel metamaterial based on silicon hierarchical micro- and nano-
structures. Since both a high absorptivity and an optimal porosity are required for the
top photothermal layer, nanostructured black silicon (BSi), which has an ultra-
broadband and excellent absorptivity from UV-Vis to MIR [36,37] and
graphene/graphite based material [38,39], can be very good candidates for such an

application using nano/micro fabrication or 3D printing methods.

In the sections, we will first introduce a physical and analytical model for enhanced
water vapor generation description. A systematic parametric study of the BAS will then
be conducted and presented for optimization purpose. With the optimum results
obtained from numerical simulations, a metafoam with a bilayer structure is designed

and fabricated for validation in chapter III.

II.2 Analytical modeling of enhanced water vapor generation

As mentioned in the previous section, a black absorber sheet (BAS) is the most vital

part of enhancing water vapor generation in solar distillation. The incident solar
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irradiation on the BAS surface is the main energy source in SWVG.

The spectrum of solar radiation is shown in Figure Il. 7, almost all of the solar radiation
is in the range of 300 nm to 2.5 um, which mainly consists of three parts: ultraviolet
band (300-400 nm, accounting for 3 to 4% of the total energy), visible light band (400-
700 nm, accounting for 45% of the total energy) and infrared band (700 nm-2.5 um,
accounting for 52% of the total energy). The average solar radiation power at the earth
atmosphere entrance level and sea level are approximately 1380 W/m? and 1000
W/m? , respectively [40]. The difference between these two levels is due to
transmission losses in the atmosphere. In this study, the incident solar flux is

considered as a normal solar radiation with a constant value of 1000 W/m?.
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Figure II. 7: The spectrum of solar radiation [41].

As shown in Figure II. 8 (a), the incident solar radiation, which is referred to as solar
flux (the orange arrow), is adsorbed by the BAS. The absorbed energy is converted in
the form of water evaporation, surface radiation heat loss, convective heat loss and
conductive heat loss. In this case, in order to increase the efficiency of water

evaporation, the reduction of the heat loss in different forms is necessary, which is
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indicated in the red dashed box.

From the perspective of the entire evaporation process, using only solar energy, BAS
provides some capabilities that depend on the physical properties of BAS: one is
localizing heating on the surface, and water pumping in the porous structure by
capillary effect. At the same time, it also provides good thermal insulation. Because of
these independent properties governing the physical phenomena occurring at different
locations of the BAS, a bilayer BAS has been created to improve water vapor
generation efficiency as shown in Figure Il. 8 (b). The top layer a photothermal layer
where the light-to-heat conversion happens. It is made by high absorptivity materials
to maximize the incident solar energy to heat conversion. The second layer is a porous
medium that ensures water imbibition and reduces heat loss into the water column at

the same time.

Figure II. 8: (a) The diagram of the BAS with the involving energy in enhanced water
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vapor generation. (b) The diagram of the Bi-layer BAS with the involving energy in
enhanced water vapor generation. (Black layer: photothermal layer, brown layer:

porous and thermal insulation layer).

In the following section, we conduct a theoretical and numerical study of BAS assisted
enhanced water vapor generation accounting for coupled conductive and convective
heat transfer as well as mass transfer in the porous medium, evaporation at water-air
interface and water vapor transport in air. A parametric study with respect to key
physical parameters is also performed using the developed numerical model to guide

the optimization of BAS for enhanced water vapor generation.

I1.3 Physical model of bilayer BAS enhanced water vapor generation

/’ Ambient air

Convection Radiation Evaporation

Conduction 1 C
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Convection

Figure II. 9: The schematic of the enhanced water vapor generation with the Bilayer BAS.

In Figure II. 9, a schematic of the different physical phenomena governing BAS

assisted enhanced water vapor generator behavior is shown.
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I1.3.1 First layer: heat localizing

First, incident solar radiation is absorbed by the top layer of the BAS, where light-to-
heat conversion occurs. In the same time, the BAS surface emits thermal radiation.
The amount of emitted radiation depends on the surface temperature and the
characteristics of the object. The emitted radiation increases with increasing
temperature. it also depends on the surface radiative properties: absorptivity and
emissivity in different spectral ranges, absorptivity in the solar spectrum range for solar
radiation absorption and emissivity in the mid infrared for the thermal radiation
emission. In the case of an integral over a hemispheric solid angle, the Stefan-
Boltzmann law (Equation Il. 1) can be used to quantify the radiative transfer between

high-temperature objects and low-temperature ambient environments as follows:

P = ecA(T* - T,*) (L 1)

where P is the radiative power released, ¢ is the total emissivity of the object (A total
emitted power integrated over the entire spectrum), 4 is the emission surface area, T
is the temperature of the radiator, T, is the ambient temperature, o is the Stefan—
Boltzmann constant. The emissivity is an intrinsic property of the object’s surface which
determines the amount of radiation emitted by the object at a given temperature. It is
defined as the ratio of the power radiated by the object to the power radiated by the
ideal black body at the same temperature. The emittance is the total amount of thermal
energy emitted per unit area per unit time for all possible wavelengths. The radiation

coefficient £ can be defined as follows:

e = Eemittea (A: T) (H, 2)
Epiackboay (A T)

where the Egpitreq (4, T) and the Epjqckpoay (4, T) are the monochromatic emittance (i.e

per unit wavelength) at the temperature T of the considered object and a black body,

respectively.

58



Under ideal circumstances, a black body can absorb all electromagnetic radiation, and
the radiation spectrum of a black body is determined by its absolute temperature,
rather than its shape and characteristics. An actual object however does not show the
properties of a black body. The total power emitted on the surface of the object is
composed of reflection, absorption, transmission, and radiant energy, which can be
expressed by Equation II. 3:

a(A,T)+pA,T)+t(A,T) =1 L 3)

where the a(1) = (1), according to Kirchhoff's law, « is the absorptance, p is the
reflectance, T is the transmittance, and ¢ is the radiation coefficient. Researchers have
made a lot of efforts in maximizing the efficiency of light-to-heat conversion. Therefore,
the top layer absorptance is the key parameter in this first step. Its thermal conductivity
is also of paramount importance if we target heat generation concentration at the
device surface. This layer heat capacity has also to be considered if we study the
device in a transient regime. The radiative heat loss is shown in the form of reflected
radiation of the top layer surface. Finally, due to the temperature difference between

the top layer and the ambient air, convective heat loss is also considered.
I1.3.2 Second layer: water imbibition and thermal insulation

The absorbed solar energy is converted to heat and transferred from the first layer to
the second layer through conduction. In this case, the BAS second layer is used for

two purposes:

e Liquid water transport from the reservoir to the hot spot at the device surface

designed as the evaporation site,

¢ Thermal insulation to prevent heat transport to the water reservoir and obtain

the largest temperature at the device surface,
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In order to meet these two requirements, the second layer usually uses a low-density
material, such as a porous medium. A porous structure enables water imbibition and
a small pore diameter can amplify the water imbibition of the capillary. Recent works
have shown that micro-scale pores have a better capillary effect than nano-scale pores

[34].

To simplify the model, the porous medium of this second layer is assumed to be a
homogeneous mixture of air and a solid material. In the transient regime, the time used
for the initial motion of water rising up to the porous medium surface is much smaller
than the time for the entire system reach thermal equilibrium [42,43]. Therefore, we
consider the porous medium is always in saturated, which means evaporation is not
limited by water imbibition. Thermophysical properties of the porous medium strongly
depend on the solid material properties and the porous structure. In this study, we use
the Effective Thermal Conductivity (ETC) model which is a volume average based

model to obtain the thermophysical properties of the BAS [44].

I1.3.3 Theoretical limit

In the ideal case of enhanced SWVG, the solar radiation absorption is maximized and

all loss mechanisms shown in Figure Il. 10 are minimized.
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Figure II. 10: Ideal water vapor generation case.
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We can then analytically calculate the maximum possible water vapor generation rate
that we refer to as the theoretical limit. The power density absorbed by the BAS can

be noted as q,;s,, @nd is given by:

Qabsorb = 9solarXB4s (1. 4)

where g4 iS the incident power density, which is equal to 1 kW /m? under 1 sun
illumination and ag,s is the absorptivity of the BAS top layer. The energy balance

equation accounting for the different losses can be written:

Qabsorb = Qevaporation + 9 convection + Qradiation + Qwater (”' 5)

where qconvection 1S the heat loss into the surrounding air, ¢,q4iqtion 1S the radiative

power density reflected by the BAS, gepaporation 1S the power used for water

evaporation and q,,q¢er IS the heat loss by conduction in the water reservoir.

To evaluate the performance of a BAS enhanced water vapor generation system, the
evaporation rate per unit area %, where A is the surface area of the BAS is commonly

used as a figure of merit. If we assume an ideal BAS-assisted enhanced SWVG system
operating in steady state, where all thermal losses (convective, conductive, and
radiative) are neglected and where all incident solar radiation is absorbed and
exclusively used for water evaporation, the water vapor flow rate per BAS unit surface
area can be given by Equation II. 6:

m, = qszlar (]], 6)
v

where ni, is the generated vapor mass flow rate per unit surface area, qso15- = 1000
W/m?, L, = 2415.9 k] /kg is the evaporation latent heat. We consider a constant
ambient temperature T,= 293.15 Kand an evaporation temperature of T, = 309.15 K,
which is the average BAS surface temperature that we obtained during the

experiments.
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Using these different assumptions, we obtain an evaporation rate of m ;4 =1.5
kg/(h - m?). This value is the maximal evaporation rate that can be obtained with an
ideal enhanced SWVG system when solar radiation harvesting is maximized and all
losses minimized. And this value is noted as the 100% efficiency of the enhanced water

vapor generation in this work. With this value, we can evaluate the performance of the

different BAS, where the efficiency n can be calculate by n = ":l” X 100%. We note

Mymax

that this value is one or two orders of magnitude lower than values of the capillary flow
rate that can be obtained using common porous media [45] which means that capillary
flow-rate is not a limiting factor. This result also confirms that the evaporation rate is
mainly limited by the energy input of the system and thermal losses which are the

bottleneck to be optimized.

II.4 Numerical model

To study the effect of materials properties on enhanced water vapor generation, a
numerical model is used to simulate the different physical phenomena involved.
Considering this physical process, several parameters play a key role in these two
layers of BAS: the top layer porosity for evaporation, the top layer surface absorptivity
for light-to-heat conversion, the second layer porosity for mass transport and the bulk
material thermal conductivity of both the top layer and the second layer. At the same
time, the ambient conditions, such as the ambient relative humidity and ambient

temperature also need to be considered for this system study.

With these parameters, we can finally evaluate the evaporation rate using solar energy.
The energy conversion on the top surface leads to the surface temperature rises. With
a certain period of time, the enhanced evaporation system reaches the temperature

equilibrium where we observe the stationary state for continuous water evaporation

62



rate. The convection deduced by the ambient airflow is calculated in the laminar flow,
which is coupling with the heat transfer block and the diluted species reaction. In this
case, the movement of water vapor driven by the convective airflow and the diffusion
process will be considered as dilute species transportation. Continued evaporation
contributes to increasing the concentration of the species and the evaporation rate can

be calculated from the time integration of the species concentrations.

After establishing the simplified physical model for the theoretical limit calculation, a
numerical model is built in COMSOL Multiphysics for a better understanding of the
different parameters’ role, for considering more realistic conditions, and for

optimization purposes.

COMSOL Multiphysics is a cross-platform simulation software using the finite element
methods (FEM) analysis, physics-based user interface, and a coupled system of
potential differential equations regardless of engineering application and physics
phenomena. It provides many specialized functionality modules targeting devise
physics including electromagnetic, structural mechanics, acoustics, fluid flow, heat
transfer, and chemical engineering. By coupling the different physics modules,
COMSOL Multiphysics can be used to simulate most of the natural phenomena for

engineering and research purposes.

I14.1 Boundary conditions and parameters

As shown in Figure Il. 9, we consider a two-dimensional (2D) geometry where we can
clearly distinguish a bilayer BAS block (EHGF) and an ambient air block (ABCD). The
BAS block is 15 mm thick and 10 mm wide. It is nested in a larger air block which
dimensions are 150 x 100 mm?. In the box ABCD, it simulates the ambient air. As for

box EFGH, it simulates the entire 2D metafoam.
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Boundary AB, AD, BC, DE, HC are applied with the open boundary conditions in the

heat mass transfer physics to simulated the open-air ambient environment.

Boundary EF, HG are set to be walls that correspond to the experimental water

reservoir, which should be no flux involved during the evaporation.

Boundary EH represents the surface of the metafoam, where the light-to-heat
conversion is localized. Therefore, it's set to be the energy input of the entire system,

which is —n - q = aq1qr-

The boundary GF represents the water imbibition the metafoam. The amount of water
inlet is coupled with the amount of evaporation from the surface to ensure continuous

evaporation.

Compared to previously reported works [46], we use laminar flow temperature-
dependent compressible Navier-Stokes equations in our model which are
implemented in COMSOL Multiphysics. The related governing equations in the

numerical modeling are listed in the Appendix |.

To simplify the model, we make the following assumptions:

1) The thickness of the BAS first layer is negligible compared to the total thickness
of the BAS.

2) Radiative losses are located in the first layer of the BAS only.

3) The porous medium of the BAS second layer is isotropic.

4) Ambient air humidity is constant, hence not affected by generated water vapor.

5) Only natural convection is accounted for at the BAS surface.
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Assumption 1) is made based on the two conditions: firstly, the thickness of the BAS
first layer we used in the chapter Ill is much smaller than that of the second layer.
What's more important is that the top layer material is silicon-based material with an
adequate thermal conductivity around 130 W/m?, whereas the thermal conductivity of
the second layer is around 0.025 W/m?2. Therefore, after the light-to-heat conversion
on the top layer surface, the heat is regarded as directly applied on the second layer,

therefore the top layer’s thickness is neglected but only the porosity is considered.

Assumption 4) is made due to the real experimental conditions that discussed in the
chapter lll. Since in the actual experiment process is conducted in the open air and no
external forced airflow condition and there is no protective covered box over the entire

experimental setup. Therefore, the ambient relative humidity is a constant.

The boundary conditions equation and the related constants are listed in Table II. 1
and Table Il. 2, respectively.

Table II. 1: Boundary condition.

Ambient
Boundaries Heat transfer Liquid water transport Water vapor transport
air
AB f=0 -n-q=0 unrelated —n(—DyVc, +u, - Ve,) =0
AD f=0 -n-q=0 unrelated —n(—D Ve, +u, - Ve,) =0
BC f=0 -n-q=0 unrelated —n(—DyVeg, +u, - Ve,) =0
coupling coupling
EF —n(—DeapVey + ;) =0 coupling boundary

boundary boundary

coupling -n-q
EH —n(—DeapVey + ) =0 coupling boundary
boundary = 0qsotar

coupling coupling
HG —n(=DeapVer + wiey) =0 coupling boundary
boundary boundary
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coupling —n(—DesfVe, + fu, - Ve,)
GF u=20 c = SIElel_l

boundary =0
GC u=20 unrelated unrelated unrelated
DF u=20 unrelated unrelated unrelated

Table II. 2: Constant list.

Molecular weight of air

0.028kg/mol

Air viscosity

1.81 x 10~°kg - m~1-s7!

Air thermal conductivity

0.025W-m™1.K™?

Air density

1.205kg-m™3

Air heat capacity

1.006]-g 1 -K1

Molecular weight of water

0.018kg/mol

Viscosity of liquid water

1.793x 103kg - m™1-s71

Thermal conductivity of liquid water

0.59W-m™t.K™?

Heat capacity of liquid water

4182 K kg ! K1

Water density

998.2kg - m™3

Water vapor heat capacity

2.062 kJ -kg~!-K!

Water vapor viscosity

1.8x 107 5kg-m~! -s71

Water vapor thermal conductivity

0.026W-m™!.K™?

Ambient temperature

293.15K

Air-vapor diffusivity

2.6x107°m? - st

Latent heat of evaporation

2.454% 10] - kg *

I14.2 Parametric study

11.4.2.1 Surface absorptivity

In a BAS-enhanced SWVG system, the BAS top layer surface absorptivity is the first
key parameter for the system operation since it governs the light-to-heat conversion
process of the BAS and therefore determines the total energy input to the system. We

plot in Figure Il. 11a, the BAS equilibrium temperature and the evaporation flow rate
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as a function of the surface absorptivity as computed using the multi-physical

numerical model which is described in the previous section.

Plotted results indicate that the higher the absorptivity the higher the evaporation rate.
The evaporation rate increases almost linearly from 1.25 kg/(h-m?) to 1.31
kg/(h - m?) as the absorptivity increases from 0.5 to 0.9. Temperature fields in the
system are also shown in Figure Il. 11b, c. The maximum temperature is obtained at
the top surface of the BAS as expected since this spot is designed as the evaporation

site.

The BAS top surface temperature also increases gradually form 301K to 303 K as the
surface absorptivity increase from 0.5 to 0.9 while the temperature of the BAS and the
entire system are set at 293.15 K as initial simulation conditions. The simultaneous
increase of the equilibrium temperature and the evaporation rate can be explained by
the dependence of the evaporation latent heat to temperature. This quantity actually
decreases with temperature going from 2453.6 k]/kg at 293 K up to 2256.4 k] /kg at
373 K. Consequently, an increase of the BAS surface temperature leads to an increase

of the evaporation rate.

11.4.2.2 Effective porosity

Porosity is another key parameter for bilayer BAS in SWVG. A parametric study is
conducted in which the average porosity € is varied from 0.7 to 0.9. As shown in Figure
Il. 11d, the evaporation rate in the system increases as the porosity increases from 0.7

to 0.86 then steeply decreases for porosity values larger than 0.86.
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Figure Il. 11: (a) The BAS surface temperature at thermal equilibrium as a function of
the BAS top layer absorptivity and the temperature field in the system at equilibrium for
an absorptivity of (b) 0.5 and (c) 0.9. (d) The evaporation rate as a function of the
bilayer effective porosity. (e-f) The temperature fields with a bilayer eftfective porosity

of (e) 0.76 and (f) 0.86 with a surface absorptivity of 0.9.

By comparing temperature fields for a bilayer average porosity of 0.76 and 0.86 shown
in Figure Il. 11e-f, one can note that the evaporation rate is larger at a porosity of 0.86
in spite of a lower surface temperature. The evaporation rate starts increasing linearly
as the bilayer effective porosity increase from 0.7 to 0.86. Within this range, the
increasing bilayer porosity of the BAS improves the evaporation area since it increases

the water-air interface area. On the other hand, increasing the bilayer porosity
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decreases the second BAS layer thermal conductivity which increases the BAS

surface equilibrium temperature.

According to the results shown in Figure 1. 11d, an optimized evaporation rate is
obtained for a bilayer effective porosity around 0.86 with a top layer surface absorptivity
of 0.9. Before the porosity reaches the optimum value, an increasing bilayer effective
porosity contributes to a higher evaporation rate. In this region, the increase of the
surface area of the water-air interface, which is the evaporation site surface area,

dominates which leads to the increasing trend.

The existence of an optimum and the decrease of the evaporation rate when the bilayer
effective porosity increases after the maximum can be explained by a competition
between two phenomena: the increase of porosity increases the evaporation site
surface area and, in the same time, decreases the solar radiation absorption area
which is located at the surface of the BAS except at the pores location. Consequently,
a porosity increase, decreases the photothermal conversion sites surface area and
reduces the input energy to the system, hence the evaporation rate. From the

simulation results, the optimum bilayer effective porosity ¢ is 0.86.

11.4.2.3 BAS bulk material thermal conductivity

We considered different bulk materials as candidates to be used for the BAS second
layer in our numerical simulations including: a polymer material (Teflon), a non-metallic
material (silicon) and a metallic material (aluminum) with a thermal conductivity of 0.25
W-mt-kt, 130 w-mt-ktand 205 w-m~'-K~!', respectively. Results of the
evaporation rate obtained using these different materials for the second BAS layer
(porous layer) are shown and compared in Figure Il. 12. First, the evaporation rate

increases linearly as the porosity increases from 0.3 to 0.7. However, we observe a
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small shift of the optimum position with respect to the porosity value. Comparison of
the 3 materials under consideration, as can be intuitively expected, shows that Teflon,
which has the smallest thermal conductivity, would be the best candidate to maximize

the evaporation rate.
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Figure Il. 12: (a) The evaporation rate of the BAS-enhanced SWVG system as a function
of porosity in the range from 0.3 to 0.9 with 3 different materials and (b) a zoom on the

porosity ranges from 0.7 to 0.85 where the optimum is located.

11.4.2.4 Ambient relative humidity

A parametric study of SWVG is performed by varying different ambient conditions, in
particular the ambient air humidity. In each simulation of the parametric sweep, we
consider constant ambient air humidity during the SWVG process, which can be
assumed if SWVG occurs in a strictly controlled environment or if the volume around
the SWVG system is large enough compared to the injected vapor volume (in the case
of an outdoor experiment for example) to ensure that evaporation does not change the
surrounding environment humidity. Obtained results are plotted in Figure 1l. 13. The
evaporation rate gradually decreases from 1.49 kg/(h - m?) to 0.34 kg/(h - m?) as the
RH increases from 0 to 0.5. These results also imply the ambient condition has a

significant impact on the final evaporation rate of SWVG, which means the ambient
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condition should be carefully recorded and controlled during the experimental studies.
In particular, when comparing the performance of different BAS candidates, ambient
environmental conditions should also be carefully selected to ensure that all data are
collected under similar conditions. To ensure the evaporation happens constantly and
also for a higher evaporation performance, some research groups use an external
device to induce an air flow, enhance convection and generated vapor removal during
the evaporation and cool down the ambient temperature [47]. In this thesis work, an
open-air with no induced airflow ambient condition is applied during all the simulations

and experiments.
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Figure Il. 13: (a) Evaporation rate as a function of ambient air relative humidity, (b)
Water vapor concentration field in the system at an ambient RH of 0 and (c) Water

vapor concentration field in the system at an ambient RH of 0.5.

II.5 Conclusion

In summary, the state-of-the-art of the enhanced water vapor generation is introduced
at the beginning of this chapter. Then, theoretical and numerical modeling have been
conducted to compute the ultimate limit of SWVG under 1 sun illumination and to study
the key parameters in enhanced water vapor generation. A parametric study of

materials properties effect on vapor generation rate, including the surface absorptivity
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a, porosity g, thermal conductivity of bulk material k, and the ambient relative humidity
has been performed for optimization purposes. To obtain a sufficient evaporation rate
in enhanced evaporation, surface absorptivity a of the BAS is the key parameter in
increasing the evaporation rate. In addition, the porosity of the BAS is another
parameter of paramount importance to maximize the evaporation rate. A maximum
evaporation rate is achieved with an optimized porosity around 0.86 and which slightly
depends on the material used for the porous medium. As a consequence of this
chapter results, an optimized BAS can be designed and fabricated with the optimal

parameters of the parametric study.
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CHAPTERIII. EXPERIMENTAL

STUDY OF ENHANCED SOLAR

WATER VAPOR GENERATION USING

OPTIMIZED METAFOAM

In this chapter, we report on enhanced water vapor generation experimental results
using BAS. Based on the previous chapter’s conclusions, a micro-perforated meta-
material is designed for next generation BAS. Two kinds of metafoams will be
considered in SWVG experiments. The evaporation efficiency and evaporation rate
are evaluated using the different samples for internal comparison as well as
comparison with the literature. A good consistency is obtained with the numerical

simulation and optimization results presented in the previous chapter.

III.1 Experimental setup and performance evaluation
II1.1.1 Experimental setup

The experimental setup is shown in Figure lll. 1. The irradiation source (Oriel® LCS-
100TM, Small Area SollA, 94011A-ES, AM 1.5 G) provides an incident irradiation of
1kW/m? and is calibrated with a solar meter (VOLTCRAFT, PL-110SM) each time
before it is used. To obtain the temperature profile inside the water column, the
temperature at different heights is measured using thermocouples (RS 409-4908
(PTFE) Thermocouple sensor, Type ‘K’) that adhere to the measurement point. A data
logger (PICO, TC-08) is used for data collection and data is recorded using a computer.

In order to measure the amount of water evaporation, the real-time mass loss over the

79



entire experiment duration is recorded with a sampling time of 1s using a computer-

controlled electronic mass balance (KERN, KB2400-2N) with an accuracy of 0. 01 g.

All SWVG experiments are conducted with a natural open-air condition without any
external forced airflow. The ambient temperature and relative humidity are monitored
and recorded during the experiment duration by a multi-physical sensor (KIMO, AMI
310) with the accuracy of 0.1 °C and 0.1% for relative humidity. For each experiment,

the ambient temperature and relative humidity are constant.

t

Ambient temperature & H
humidity sensor Solar

Thermo-
couples

simulator | |11}
k Probes

/ Thermal
insulator—"

Powermeter ; 1A
(for calibration of the solar simulator) (B8 8

Weighing machine

Figure Ill. 1: Schematic of the SWVG experimental setup.

II1.1.2 Performanceevaluation

From the experimental setup introduced in the last section, the enhanced water vapor
generation performance of the BAS/metafoam is evaluated by the water mass loss as

a function of time. Therefore, the water evaporation rate and the evaporation efficiency

are calculated by Equations Ill. 1 and Ill. 2:
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__dm 1 I 1)
= — X —
M= " a

where m is the water evaporation rate, m is the total water mass loss during
evaporation, t is the evaporation time, and A is the evaporation surface area.

Qe mXlL, (11 2)
Qs Copt X Gsolar

where Q, is the power used for water evaporation and Q. is the incident solar power,
Copt is the optical concentration, q,,4- iS the nominal direct solar flux per area, L,, is

specific evaporation latent heat.

III.2 Synthesis and characterization

In this section, the synthesis of two different BAS candidates are described. The

samples are also characterized in terms of light absorption performance.

II1.2.1 Silicon-based 2D metafoam
I11.2.1.1 Synthesis

The synthesis process of the perforated BSi samples, that is a Black-Silicon surface
embedding a 2D periodic array of micrometric through-holes, is shown in Figure Ill. 2.
The periodical perforated BSi is made on a 4-inch diameter, 390£10 pm thick double
side polished single crystalline silicon substrate with (100) orientation with low

phosphorous doping (1-5 Q cm electrical resistivity).

The top layer of the metafoam is produced in a two-step sequence, both involving
plasma processing of the silicon surface. An aluminum thin film is first deposited by
sputtering on both sides of the substrate to serve as a hard mask for the DRIE process.
A thin layer of photoresist is spun coated over the aluminum layer and patterned to
define the periodic holes structure on both sides of the substrate. The pattern is then

transferred to the hard mask by Chlorine plasma etch of the aluminum layer.
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The next step consists of deep silicon etch using a Bosch process in an ALCATEL
A601E deep reactive ion etching reactor. The etching process involves a time-
multiplexed plasma etch including etch and passivation steps which use SFggas for 5
seconds and sub-steps of sidewall passivation under CsFs gas for 2 seconds. More

details can be found for instance in a previous work of our group [1].
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(c)
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DRIE (ALCATEL AGO1E deep reactive ion etching reactor)
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(BSi formation)
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Figure Il 2: Schematic flow chart of the synthesis of porous BSi samples.

The process was stopped when patterns are fully etched through the wafer thickness.
Aluminum hard mask was then wet etched to reveal the silicon surface. The final
etching step consists of BSi formation at the top of the periodic patterns and is carried
out in the same plasma reactor configured for cryogenic etching. The process uses a

SFe/O, chemistry at a temperature of -110°C where SFsis the etching gas and Ozis
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used as a catalyst for the passivation of the etched walls. By tuning the SFe/O: ratio, a
BSi surface is obtained. The fixed parameters are the source power of 1000 W, the
pressure of 2 Pa and the bias voltage of 10 V with detailed formation mechanisms
described in a previous work of our group [2]. A final dicing step with a DAD350 Disco

dicing saw is carried out to get individual chips.

In the numerical model, the porosity of the top layer and the second layer are
expressed by & and g,, respectively. The BSi material is used for the top layer
metamaterial because of its superior performance in photothermal conversion and the
tunability of its porosity &;. For the second layer, we used a low-cost commercial
material (polymer resin) with a porosity &, around 0.88. It can be easily acquired from
the market and provides both excellent water absorption and thermal insulation. The
detailed properties of the commercial foam are also listed in Table Ill. 1. The bilayer
effective porosity € can be regarded as a volume-weighted average of the top porosity

&; and the second layer porosity &,.
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Figure Ill. 3: According to the simulation results in chapter I, the optimized effective

porosity value is used for this experimental work.
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Knowing the thickness of the BSi layer and the commercial foam (0.4 mm and 15 mm,
respectively) and their respective porosities, we calculate the effective porosity of the

metafoam used in this work and obtain a value of 0.85 as shown on Figure Ill. 3.

By referring to enhanced water vapor generation literature [3—6], the pore size of
common natural porous materials is generally 5 to 50 pum. With the optimization study
introduced in the last chapter, samples with three different pore diameters are
fabricated: 10 pm, 15 pm and 20 pm, all with the same number of 100 000 pores over
an effective surface area of 1 x 1 cm? (the total sample surface area is 1.2 x 1.2 cm?),
corresponding to a porosity ; of 0.079, 0.177 and 0.314, respectively. For the second
layer to be attached to the silicon metafoam, a commercial porous material is chosen
and cut into a 2 cm diameter cyclical shape with a thickness of 1.5 cm to fit the

experimental water reservoir.

BSi sample

Non porous
layer

Foam layer
(1.5 cm)

Figure Il 4: Left: Photo of the metafoam with two different layers. Right: The sample

installed in the experimental setup.

Table II. 1: Properties of the commercial foam.

Property Nominal value
Weight 25 g per unit
Thickness 27 mm
Size 131 x 88 mm
Sponge part Cellulosic
Thickness: 20 mm
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Tensile strength: 1.2 kg/cm?

Water absorption: 27 times its dry weight nominal
Nylon fiber
Composition Dedicated mineral

Polymer resin

As shown in Figure lll. 4, in order to obtain a full contact between the commercial
porous material and the perforated BSi samples, a 3D printed cover is designed and
fabricated according to the shape of the perforated BSi samples using white polylactic
acid (PLA). Good attachment and tightness have been strengthened by using

additional layers of Teflon tape (Figure lll. 4).

111.2.1.2 SEM characterization

As shown in Figure Ill. 5, SEM observations of the BSi layer is conducted with different
magnification levels and view angles to check the nanostructures of the metafoam

surface.

Figure Il 5: SEM images of the periodic structure on silicon-based metafoam from

different views.
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It can be clearly seen that the characteristic surface of BSi and periodic perforation
structure are successfully fabricated in the sample. Depending on the diameter of the
perforation, the apparent surface morphology of the 2D metafoams slightly differs in

both the top and the tilt view.

111.2.1.3 Infrared spectroscopy characterization

The reflectance and transmittance of the perforated BSi samples are measured by a

UV-Vis-NIR FTIR spectrometer (Agilent, Cary 7000). With the measured reflectance

and the transmittance, the absorptance of the samples is calculated by Equation Ill. 3:
A=1-T-R (111 3)

where A, T and R are the absorptance, transmittance and total reflection, respectively.
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Figure Il 6: Optical characterization of perforated BSi samples. (a) reflectance. (b)

transmittance.

The UV-Vis-NIR measurement results of the reflectance and transmittance are shown

in Figure 1ll. 6 and the absorptance is shown in Figure Ill. 7.

To account for different absorbing surface areas of the BSi sample depending on the
sample pore size (the absorbing surface area is the total area minus the perforated

area), a normalized absorptivity, obtained by dividing the absorptivity by (1 - the
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sample’s porosity €p;), is also calculated. The porosity of the perforated BSi samples

can be calculated by Equation Ill. 4:

(%)
_ Vioia _ Spore _ T 2 ([[[. 4)
= B

€pi = =
Vtotal Stotal

where V.4 IS the pores volume and V., is the total volume and D; is the sample with
different diameters of i =10, 15, 20 um. Since the thickness of the sample is the same,
which is 390+£10 um, the porosity can be expressed as the ratio of the surface area of
the pores to the total sample surface area. The total BSi sample surface areais 1 x 1
cm? and the diameter of the pores are 10 um, 15 um, and 20 um leading to a porosity
of the samples of €y, =0.079, €p,5 =0.177, ep,0= 0.314, respectively. All the samples
information is included in Table IlI. 2. The measured reflectance and transmittance are

referredtoas R,, and T, .
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Figure Ill. 7: Typical absorbance spectra of the BSi samples with different perforated

pore size.

The normalized reflectance R,, and transmittance T,, can be calculated using an
effective medium theory where the measured property (R or T) is a weighted average

of the pores and bulk properties and can be written as follows:
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(1—ep)Rn + €piRpore = Rm (111.5)
(1 —ep)Tn + €pilpore = Tm (111.6)
where R, in our case is 0 and T, is 100%. Therefore, Equations Ill. 5 and Ill. 6

can be written into:

Rm (1. 7)
R, =
1-— Epi
Tin — €pi (1. 8)
T, =————
1—¢p;
A, =1-R,—T, (1L 9)

where i = 10, 15, 20.

Table III. 2: 2D metafoam perforated BSi sample information.

Sample BSi-D10 BSi-D15 BSi-D20
Thickness (nm) 490+10 490410 490+10
Total surface area (cm?) 1x1 1x1 1x1
Pitch (um) 33 33 33
Pore diameter (um) 10 15 20
Porosity 0.079 0.177 0.314

As shown in Figure lll. 8, after normalization the 3 different samples have the same
absorptance which reflects the intrinsic surface absorptance of the BSi. The
normalized absorptance of the different BSi samples almost reaches 100% from 400

nm to 1000 nm. This range contains the most energy in the solar spectrum.
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Figure IIl. 8: The fundamental surface absorptance of the BSi samples.

II1.2.2 3D printed metafoam

The 2D metafoam described in the previous section mainly focus on the surface of the
BAS which then requires a second layer for support. In this section, a 3D printed
metafoam is designed by SOLIDWORKS software with two different kinds of pores:

"open-pores" and "closed-pores".
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Figure Ill. 9: (a) Top view of the 3D metafoam. (b) Side view of the 3D metafoam. (c)
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The schematic of the 3D metafoam which contains two kinds of pores: “open-pores” and

“closed-pores’.

In Figure lll. 9 (a)(b), it can be clearly seen that both of the "open-pores" and the
"closed-pores" are uniformly distributed in the 3D metafoam design. The two different
kinds of pores ensure different functions: the "open-pores" are mainly ensuring the
liquid water flow due to the capillary effect which contributes to robust water imbibition
during the evaporation while the "closed-pores”, which can be described as air bubbles
inside the 3D material, ensure floatability by decreasing the material density and
thermal insulation by decreasing the 3D material effective thermal conductivity. This
kind of design offers a large flexibility since the porosity, thermal conductivity and the

floatability of the metafoam using 3D printing technology.

Finally, the use of 3D printing technology is seen as a promising route towards
scalability of such metafoams, although silicon technology is in principle competitive

as well in terms of fabrication cost and scalability.

I11.2.2.1 Synthesis

According to this two-pore 3D metafoam concept, several samples are designed, with
different sizes of "open-pores" and the same size of "closed-pores”. As shown in Figure
lll. 9 (c), the entire 3D printing metafoam can be divided into 196 (16 x 16) individual
unit cells. Each unit cell contains one perforated "open-pores” and 90 spherical
"closed-pores". From the top view, the "open-pores" is surrounded by 9 "closed-pores”
repeated 10 times along the z-axis. The "open-pores" are designed with a diameter of
100 um, 200 um and 275 um, respectively. The diameter of the "closed-pores" is 10
pm. With the STL files, the samples are fabricated by BOSTON MICRO FAB-

RICATION using the NANOArch® S130 which can realize high-precision large-format
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micro-scale 3D printing and is shown in Figure 1ll. 10 (a).
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Figure IIl. 10: (a) NANOArch® S230 scientific research-level 3D printing system with 2
um ultra-high printing accuracy and 5 ym ultra-low printing layer thickness, which can
take into account both micro-scale and macro-scale sample printing/7]. (b) The photos

of the 3D printed metafoam samples and its zoom view (c).

Table I1I. 3: The NANOArch® 5130 system performance.

Light source Printing material Optical accuracy
UV-LED (405 nm) Photosensitive resin 2 um
XY Printing accuracy Printing thickness Printing sample dimension
2 um~10 um 5 um~20 um 3.84mm (L)
x2.16 mm (W)x10 mm (H)
Dimension
Print file format Weight
1720 mm (L)x750 mm
STL 650 kg

(W)x1820 mm (H)

Others

Working conditions Acceleration module and Power supply

200~240 V AC, 50/60 Hz, 3 KW . . 2000 W
coating module are optional

Taking advantage of PuSL (Projection Micro Stereolithography) technology,
NANOArch® S230 uses a high-precision UV lithography projection system to project
the pattern to be printed on the liquid surface of the resin tank, solidify the resin on the
liquid surface and directly process three-dimensional and complex models and

samples from the digital model to complete the samples production. The related
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parameters are listed in Table IIl. 3 [8].

This technology has outstanding advantages such as high molding efficiency and high
printing accuracy, and it is considered to be one of the most promising micro-nano
processing technologies. The available printing materials for NANOArch® S130 3D
printing system are diverse, such as high-strength materials (GR/HTL), high
temperature resistant materials (HTL), etc. Since the temperature of the sample
surface may significantly increase during the experiment, high temperature resistant
materials (HTL) are selected to fabricate the 3D metafoam. The detailed material

properties are also listed in the Table Ill. 4.

Table IIl. 4: 3D printing resin materials properties.

Resin type Tensile Strength Elastic Modulus
HTL 79.3 MPa 4.2 GPa
Elongation at break Bending strength Flexural modulus
2.2% 120 MPa 4 GPa
Heat distortion temperature
Hardness Standard color

@0.45 MPa

142°C 90 Shore D Translucent yellow / Black

I11.2.2.2 SEM characterization

As shown in Figure Ill. 11and Figure lll. 12, the SEM photo from the cross-section view

was taken to see the internal structure of the 3D metafoam.

It should be noted that although the formation of the "closed-cell" structure was not
successful, there are still subtle differences from the cross-section view observed by
SEM. In Figure 1ll. 11, the sample with the “open-pores” diameter of 200 um has no

“closed-pores” border as what we observed in Figure Ill. 12.
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Figure IIl. 11: The SEM observation from cross-section view of the 3D matafoam sample

(“open-pores” diameter = 200 um.).

In Figure 11l. 12 (a), one can clearly see the cylindrical "open hole" penetrates the entire
sample. However, the “closed-pores” surrounding the “open-pores” do not appear as
we designed. With a zoom-in view of the focused area, displayed in the orange box
Figure 1ll. 12 (b) and yellow circle area Figure lll. 12 (c), the “closed-pores” are not
successfully formed into the shape of the hollow sphere shape but the amorphous

sphere shape with a blurred border.

This difference might be caused by the formation of the internal hollow “closed-pore”
structure during the 3D printing fabrication. To form such an “closed-pore”, there is no
interference between each other. This makes the “closed-pore” a completely
independent structure, that is to say, as a completely closed spherical space, and not
connected with the outside. This will cause the photosensitive resin to remain in the
“closed-pore” during fabrication and cannot be totally removed in the subsequent

cleaning step. In the final sample, the residual photosensitive resin will solidify, and the
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blind hole will become an almost solid structure or an anomalous minute void which

we have observed in Figure 1ll. 11 and Figure Ill. 12.

Figure IIl. 12: The SEM observation from cross-section view of the 3D matafoam sample
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(“open-pores” diameter = 100 um.). (a) The cylindrical “open-pores” penetrate the
entire sample. Some traces of “closed-pores” structure around it are also observed.

(b)(c)Zoom in at the certain area of the “closed-pores”.

I11.2.2.3 Infrared spectroscopy characterization

The reflectance and transmittance of the 3D metafoam samples are measured by the
UV-Vis-NIR spectrometer (Agilent, Cary 7000). With the reflectance and the
transmittance results, the absorptance of the samples can be calculated using
Equation Ill. 3 as previously described for BSi 2D metafoam shown in Figure 11l. 13.
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Figure Il 13: Absorbance spectra of the 3D metafoam samples with different perforated

pore size.

The optical characterization results (reflectance and transmittance in the spectral
range of 200-2500 nm) of three 3D metafoam with different perforated pore diameters

of 100, 200 and 275 pm are shown in Figure 1ll. 14, (a) and (b).
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Figure Il 14: Optical characterization of 3D metafoam samples. (a) reflectance. (b)

transmittance.

In Figure 11l. 14 (a), we can observe that the reflectance of all samples is less than 5%
in the ultraviolet, visible and infrared ranges. In Figure Ill. 14 (b), it can be seen that
the trend of transmittance curve of the three samples in the considered spectral range
can be divided into three parts. In the spectral range of 200-800 nm, the transmittance
of all samples is very flat and less than 13%. The maximum transmittance is obtained
by the sample with perforated pore diameter of 275 um. As the perforated pore size
decrease from 275 pm to 100 um, the transmittance also decreases from 13% to less
than 1%. In the spectral range of 800-2200 nm, the transmittance of sample with
perforated pore size of 200 um is still flat and less than 7% whereas the transmittance
of the other two samples exhibits similar oscillations in this spectral range, at
approximately 1500 nm, 1700 nm, 1900 nm and 2100 nm. The average transmittance
value is about 50%. This difference might be caused by the internal “closed-pores”

formation.

As mentioned in the SEM characterization section, the “closed-pores” structure is not
successfully fabricated in the samples. In addition, the sample with 200 um “open-

pores” has a solid structure of its “closed-pores” whereas the other two samples (with
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100 pm and 275 pm “open pores”) have an amorphous “closed-pores” which has a
blurred border. In the spectral range of 2200-2500 nm, the transmittance curves are
basically a straight line with approximately values of at 1.7%, 6.4% and 12.4%,

respectively.

III.3 Enhanced solar water vapor generation experiment using 2D and 3D

metafoams
II1.3.1 Evaporation results using 2D metafoams

The experimental evaporation rate results of 2D metafoam are shown in Figure lll. 15.
The BSi meta-foam significantly improves the efficiency of evaporation compared to
water bulk evaporation and the commercial foam evaporation. Under one sun
illumination, the evaporation rate of water bulk and the commercial foam are 0.35
kg/(h-m?) and 0.76 kg/(h - m?), respectively. As the diameter of the BAS top layer
pores increases, the porosity of the BSi layer increases as well as the evaporation rate.
For the BSi sample with 10-um diameter (D10), 15-um diameter (D15) and 20-pum
diameter (D20) perforation, the evaporation rate is 0.94 kg/(h - m?), 1.08 kg/(h - m?)
and 1.34 kg/(h - m?) respectively. Periodically perforated BSi samples with a pore
diameter of 20 um (D20) show the best evaporation rate of 1.34 kg/(h - m?) which is

3.96 times bigger than that of water bulk evaporation rate.
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Figure Il 15: The comparison of the water mass loss with the different evaporation

cases of 2D metafoams.

From this result, compared to water bulk evaporation taken as the reference, the
efficiency of the SWVG has improved from 22.4% to 88.6% under one sun illumination,

when adding the 2D metafoam with the diameter of 20 um.
II1.3.2 Evaporation result using 3D metafoams

3D metafoams with different “open-pores” size are also tested for enhanced water
vapor generation experiments, under the same experimental conditions as for 2D
metafoams. Similarly, the evaporation experiment results of 3D metafoams are also
recorded as the water mass loss as the function of time which is shown in Figure Ill.

16.

In Figure Ill. 16, compared with the water bulk evaporation, the evaporation results
with 3D metafoam samples with diameter of 100 um, 200 pum, 275 ym also have a
significant improvement in evaporation rate, which are 1.32 kg/(h-m?), 1.03

kg/(h - m?), 0.93 kg/(h - m?), respectively. As the diameter of the open-pore in the 3D
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metafoam increases, the evaporation rate shows a different trend from the results we
obtained with the 2D metafoam. The evaporation rate decreases as the diameter of
“open-pores” increases. These results can be explained as follows: when the surface
area of open-pore increases, the effective light absorption surface area decreases,

thus the light-to-heat conversion efficiency of the 3D metafoam also decreases.
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Figure Il 16: The comparison of the water mass loss with the different evaporation

cases of 3D metafoams.

I11.3.3 Comparison with the literature

A comparison of 2D and 3D metafoam evaporation performance with the results

obtained by other groups from the literature is also presented in the present section.
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Figure Il 17: The schematic(a) and photo(b) of the solar water distillation system [9].

Before the comparison, it should be noted that the evaporation experiment is highly
dependent on the researcher’s experimental setup and ambient conditions during the
experiments, such as humidity and temperature. For example, in Guo’s work [9], the
experiment is conducted in a chamber with forced airflow during the evaporation as
shown in the Figure 1ll. 17 a, b. With this experimental setup, the evaporation rate of
3.6 kg/(h - m?) is achieved with the airflow 40 ml/min whereas the evaporation rate is
much smaller with no airflow. The airflow can greatly improve the final result, but it is
not necessarily present under natural conditions, nor is it considered in the work of

other researchers.
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Figure Ill. 18: The best results are obtained with the optimal 2D metafoam designed in

this work and the 3D metafoam compared to other results from the literature [10-14].

Therefore, all comparison with data from the literature should clearly mention and take

100



into account the environmental experiment conditions. If similar experimental
conditions are not ensured, it is meaningless to only look at the absolute maximum

value of the evaporation rate during the solar water vapor generation process.

In Table Ill. 5, the evaporation experiment results of 2D and 3D metafoams are listed
and compared with previously reported enhanced evaporation results obtained by
other groups under similar experimental conditions[10-14] showing that the best

performance of this work is superior to all previous reported results (Figure Ill. 18).
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Table IIl. 5: Evaporation rate of the solar water vapor generation under 1 sun illumination in literature.

Ambient
Ambient
Evaporation rate relative
Reference title BAS material temperature
[kg/(h-m?)] humidity
[°C]
[%6]

Functionalized graphene enables highly
functionalized chemically reduced
efficient solar thermal steam generation 0.56 22 60
graphene oxide
[10].

Recycled waste black polyurethane
hydrophilic treated polyurethane
sponges for solar vapor generation and 0.83 20 60
sponges
distillation [11].

Hydrophobic light-to-heat conversion polypyrrole (PPy)
membranes with self-healing ability for coated stainless 0.92 22 50
interfacial solar heating [12]. steel (SS) mesh

3D-printed, all-in-one evaporator for high-
graphene oxide/nanofibrillated
efficiency solar steam generation under 1 1.25 20 30
cellulose
sun illumination [13].
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Graphene-based standalone solar energy

3D cross-linked polymer-like

converter for water desalination and 1.3 20 25
graphene material

purification [14].
periodically perforated BSi

2D metafoam in thesis work. 1.34 20 58
metafoam
graphene and graphite mixture,

3D metafoam in thesis work. 1.32 22 36

HTL resin
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II1.4 Conclusion

In this chapter, the experimental results of enhanced solar water vapor generation
using original metafoams are presented. Based on the theoretical modeling and
numerical optimization presented in the previous chapter, optimized nano-micro
structured metafoams are design and fabricated based BSi material in a 2D
configuration. Taking advantage of the bilayer functionalization of the 2D metafoam,
the top BSi layer and the second commercial foam layer are integrated to improve the
evaporation performance. The surface optical characterization with FTIR spectroscopy
confirms the high absorption of the solar radiation by the fabricated samples. By testing
different porosity 2D metafoams, the maximal evaporation rate is obtained through a
perforated array with a pore size of 20 um, and an evaporation rate of 1.34 kg/(h - m?)
under 1 sun illumination, corresponding to an efficiency of 89% a value above state-

of-the-art.

At the same time, using 3D printing technology, another 3D printing metafoam concept
is implemented. The 3D printed metafoam is a porous medium with two different
tunable pores. 3D printed metafoam samples are designed and fabricated for solar
water vapor generation. The best performance of the 3D printing metafoam is obtained
with the open-pore size of 100 um, which is 1.32 kg/(h - m?). Finally, the experimental
results, mainly the evaporation rate, obtained with our new metafoams are compared
with those obtained with others BAS from the literature. The comparison confirms that
the bilayer meta-foams are very promising BAS candidates for enhanced solar water

vapor generation.
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PART C. PHOTOCATALYSIS FOR WATER
PURIFICATION

CHAPTER IV. PHOTOCATALYSIS FOR
WATER PURIFICATION: PRINCIPLE,

MATERIALS AND METHODS

In this chapter, photocatalysis for water purification is introduced and discussed from
different aspects including photocatalysis principles, photocatalyst materials, synthesis
and evaluation of the photocatalyst properties, the corresponding characterization

methods, and a synthetic literature review of the state of the art of photocatalysis.

IV.1 Photocatalysis principle

The photocatalysis operation principle is based on the principle of activating a
semiconductor using the energy provided by light. According to theoretical foundation
of semiconductor physics, there are a series of energy bands partially or totally full of
electrical charge carriers, separated one to another by a series of forbidden energy
bands that cannot be occupied by electrical charge carriers. The uppermost full band
is called the valence band (VB), the upper empty band (or very partially full band) is
called conduction band (CB). Accordingly, the last forbidden band in-between the VB
and the CB is called the bandgap. When irradiated with light with energy equal to or
greater than the bandgap width, electrons in the VB can be excited to higher energy
levels in the CB, and corresponding holes are generated in the VB, thus leading to the

generation of electron-hole pairs on the semiconductor surface, where most of the
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incident light energy is absorbed. Depending of the semiconductor, more or less
energy is needed to achieve this transition from the VB to the CB, depending on the
value of the bandgap. The corresponding wavelengths of incident light is usually in the

UV-visible spectral range, which make solar light ideal for this purpose.

As shown in Figure IV. 1, the principal reaction mechanism of a semiconductor
photocatalyst for organic pollutant degradation is described. The first step is the
absorption of the surface, which will greatly affect the efficiency of the following

degradation.

After the light absorption and corresponding generation of electron-hole pairs, the
chemical reaction of the photocatalysis can start leading eventually to the degradation
of the pollutant. This is done mostly under UV illumination, corresponding to higher
energy photons, which also necessitates the use of semiconductors with wide
bandgaps for efficient photocatalysis to occur. Such semiconductors are referred to

the photocatalyst material.

The corresponding standard is near heterogeneous catalysis where the oxidation-
reduction response happens on the surface of the sample. When a photocatalytic
surface is exposed to a radiation of UV light, it creates a positively charged hole in the
valance band and negatively charged electron in the CB, leading to the following typical

reactions in agueous environment:
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Figure IV. 1: Schematic of the photocatalytic mechanism for organic polltants

degradation.

The excited electrons (e”) and holes (h*) react with oxygen and water leading to the
reduction and oxidation reactions. Holes can interact with the OH™ or H20 adsorbed on
the surface of the catalyst particles to generate hydroxyl radicals (OH®). OH"is a kind
of oxide species with high oxidation power, which can oxidize and mineralize a variety
of organic substances indiscriminately. It is generally regarded as the main active oxide
species in the photocatalytic reaction system. The produced OH* and other reactive
oxygen species (0, ") contributes to a further thermal or catalytic reaction. The series

of reaction equation are listed from Equation IV. 1 to IV. 11 [1]:

semiconductor photocatalyst M e +ht a.1
h* + H,0 - OH" + H* av.2)

h* + OH™ - OH" av.3)

e”+0, > 0, av. 4)

0,” +H* - HO,"” av.s)

2HO,"™ — Hy0, + 0, av. 6)
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HO,"™ +0,"” - H,0,"” + 0, av.7)

H,0,"” + H* - H,0, + 0, (1v. 8)
H,0,+ 0, > OH' + OH™ + 0, av. 9)
H,0,+e~ = OH" 4+ OH~ V. 10)

illumination av.11)

H,0, ——— 20H"

In these reactions, the total photocatalysis interface carrier transport efficiency of the
photocatalytic reaction is mainly determined by two processes: (i) charge carrier
capture and recombination; (ii) subsequent recombination and interface transport of
trapped interface charge carriers. Therefore, for steady-state photocatalysis reactions,
extending the recombination time of charge carriers or increasing the interface
transmission speed of carriers can effectively improve the quantum efficiency of the

reaction.

After the photocatalysis chemical reaction, the pollutants are degraded into small
innoxious molecules such as water, carbon dioxide, and mineral ion, etc. The
desorption and the release of these small chemical molecules from the photocatalyst

surface are the final steps of the entire photocatalysis process.

IV.2 Photocatalyst materials and nanostructures

In the previous section, the basic photocatalysis operation principle was introduced.
Depending on the different photocatalyst materials, the photocatalyst operating
conditions are quite different from each other. Therefore, in this section, some classical

photocatalysts are brought up for the following study on photocatalysis degradation.
IV.2.1 Photocatalyst materials

1V.2.1.1 Titanium dioxide (TiO:) as a photocatalyst
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Titanium dioxide (TiO.) is a metal-oxide semiconductor compound that can be either
amorphous or crystalline, mostly polymorphic in its common forms. It is an n-type
semiconductor that has three crystal forms in nature: rutile, anatase, and brookite, in
which the brookite type is rare in nature. It belongs to the orthorhombic crystal system
and is an unstable crystal type. It can be converted into rutile at around 650°C which
has less industrial value. The other two types, rutile and anatase are the same crystal
form. Both of them belong to the tetragonal crystal system, but have different crystal
lattices as shown in Figure IV. 2. Therefore, the corresponding X-ray diffraction

patterns are also different.

® atomO

& atomTi

Rutile Anatase Brookite

Figure IV. 2: Tetragonal structures of crystalline forms of rutile, anatase and brookite

Tio: [2].

Rutile crystals are slender and prismatic crystals, usually twin crystals, while anatase
crystals are generally approximately regular octahedrons. Comparing these three
different crystal structures, the rutile phase is stable and does not undergo
transformation and decomposition even at high temperatures, while the anatase phase
and the brookite phase undergo an irreversible exothermic reaction during the heating

process and transform into the rutile phase [3]. Pressure also has a significant effect
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on the polymorphic transformation of TiO.. Under high pressure (greater than 2.6
GPa), the rutile phase and the anatase phase transform to the high-pressure phase,
and when the pressure increases to 37.2 GPa, the phase begins to transform to
another high-pressure phase. Under proper conditions, the anatase phase can also be

transformed into the rutile phase [4].

As a semiconductor material, the energy bandgap of anatase is 3.20 eV [5], while this
bandgap of rutile is 3.00 eV [6]. The higher bandgap of anatase makes the electron-
hole pairs have a more positive or negative potential, thus having a higher oxidation
ability. At the same time, the strong adsorption capacity of anatase surface results in
higher photocatalytic activity. As it mentioned in the previous section, the surface ad-

sorption capacity has a great influence on the catalytic efficiency.

However, the catalytic efficiency is also affected by some factors during the
crystallization process. When TiO; is formed under the same conditions, rutile usually
forms large crystal grains and poor adsorption performance, resulting in lower catalytic
efficiency [7]. Another factor is related to the electron acceptor during the catalytic
process. When oxygen atoms are considered as the electron acceptor, the activity of
anatase is better than rutile. However, When Fe®* is used as the electron acceptor,
rutile shows higher activity [8]. Since in the case of taking oxygen as the electron
acceptor is very sensitive to the properties of the catalytic material in the photocatalytic
reaction, this is one of the reasons why rutile often exhibits lower activity in

photocatalytic efficiency.

To summary, the photocatalytic activity of TiO. is not only determined by the light-
absorbing ability of the catalyst but also other different factors such as the efficiency of

charge separation and transfer to the substrate surface, the crystalline structures, etc.

112



The stronger the light-absorbing ability of the TiO, surface, the more electron-hole
pairs generated by light. If the separated e~ and h* are not captured by the substrate
and converted into chemical energy during the energy relaxation process, part of them
will be recombined leading to part of the energy converted back into light energy in the
form of radiation, and stronger fluorescence emission can be observed. When h* are
captured at the substrate surface, the probability of inducing a redox reaction

increases, and the photocatalyst activity increases.

IV.2.1.2 Zinc oxide (ZnO) as a photocatalyst

Zinc oxide (ZnO) is another famous photocatalyst material with a wide band gap of
3.37 eV, high exciton binding energy of 60 meV and mechanical soundness at room
temperature make it appealing for potential use in engineering and research fields such
as energy harvesting and sensing [9]. It is especially attractive because of the recent
demonstrations of possible applications as a perspective material for UV emitters and

ultra-fast UV light modulators [10-12].

atom O

@® atomZn

Figure V. 3: Three different crystal structure of ZnO: (a) rocksalt (b) zinc blende (c)

wurtzite.
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It is classified as a semiconductor in group 1l-VI, whose covalence is on the boundary
between ionic and covalent semiconductors. Similar to TiOz introduced in the previous
section, ZnO also has three different crystal structures: rocksalt, zinc blende and
wurtzite, which is shown in Figure IV. 3. Among the three crystal types, the cubic
rocksalt can be formed under high pressure conditions of about 10 GPa, which is quite
rare to see in nature [13]. And the zinc blende can only grow on a substrate with a

hexagonal crystal structure to be stable [14].
« Zn?t

02~

Figure IV. 4: Wurtzite crystal structure of ZnO [15].

Compared with other two types, the hexagonal wurtzite structure has the best stability
and is therefore the most common, which will be introduced as the typical ZnO
photocatalyst material. A detailed wurtzite crystal structure of ZnO is shown in Figure
IV. 4 with cell parameters (or lattice constant) a = 0.325 and ¢ = 0.512 nm. Each Zn
atom and the four neighboring O atoms form a tetrahedral arrangement, and each O
atom and four neighboring Zn atoms also form a tetrahedral arrangement. The
structure is composed of these two tetrahedrons overlapping along the c-axis direction
(vertical axis in the figure), but the Zn and O atoms are asymmetric in the c-axis

direction (there is no mirror symmetry plane perpendicular to the c-axis), so ZnO is a
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polar crystal, and the c-axis is the direction of polarity. From the lattice structure, the
Zn?" is having a smaller ionic radius (74 pm) than O% (140 pm) and neutral Zn (133
pm) [16]. Zn?* ions have more possibility to occupy interstitial vacancy in ZnO lattice.
And the free electrons contributed by Zn atom roam freely in crystal giving rise to the
n-type conductivity. Thus, ZnO is naturally a n-type semiconductor, which means the

position of Fermi level near the bottom of the conduction band.

IV.2.1.3 Other photocatalyst materials

Similar to TiOz2 and ZnO, there are some other metal oxide semiconductors that are
also UV-responsive photocatalyst materials, such as Tungsten trioxide (WQs) [17],
strontium titanate (SrTiOs[18]), lead titanate (PbTiO3[19,20]), etc., the related energy

band structures are shown in Figure IV. 5.
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Figure IV. 5: Semiconductor energy band structure of different photocatalysts materials

[21,22].

In this series semiconductors, the O 2p orbital constitutes the VB, and the d orbital and

sp orbital in the transition metal cation are hybridized to form the CB of the resulting
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semiconductor. Even though most of the UV-responsive semiconductor photocatalyst
have wide bandgaps which indicate the high-efficiency oxidation and reduction
reaction, however, they can only use less than 4% of the energy in sunlight. Therefore,
in order to increase the solar energy efficiency of these UV-response photocatalytic
materials, it still requires to broaden its response spectral range to light absorption.
The visible light responsive photocatalyst materials with a narrow bandgap can use

more solar energy compared to TiO; and ZnO.

Narrow bandgap semiconductor photocatalytic materials mainly include transition
metal sulfides and transition metal nitrides, such as cadmium sulfide (CdS) [23,24],
tungsten sulfide (WS,) [25], molybdenum sulfide (MoS;) and tantalum nitride (TasNs)
[26], etc. However, sulfide semiconductor photocatalysts are prone to photo-corrosion
under illumination and therefore very poor sustainability, which is the main barrier for

further development in research and engineering.

IV.2.2 Nanostructured photocatalyst

With the development of nanoscience and nanotechnology, nanomaterials are favored
by researchers in the field of photocatalysis due to their unigque structure and
performance. Different from bulk materials, nhanomaterials can exhibit rich surface
morphologies, which enhances the controllability of the specific surface area of the
material [27—29], which is much higher than bulk and thin-film materials. Such
nanomaterials can be produced through various low-cost and low-temperature

methods.

The properties of semiconductor photocatalyst are closely related to the structure and
morphology of the material, especially. Therefore, the external manifestation of the
internal microscopic properties of the material (such as grain size, crystal structure,
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etc.) has a non-negligible influence. Even though nanostructures are based on the
same type of semiconductor material, the difference in morphology will often cause
obvious differences in the band structure, specific surface area, and surface defects of

the material, which will affect the photocatalytic performance of the material.

Table IV. 1: Comparison of different ZnO nanostructures for photocatalytic applications.

Nanoparticles Nanofilm Nanowires
- Growth can be
- Can be :
well aligned on

suspended in | - Coated on solid
. most substrate.
solution. substrates.
Advantages - Larger surface
area compared to

- Large surface | - Easy to recycle.
areas.

nanofilm.
- Easy to recycle.

- Agglomeration of
particles in the
solution leads to a

decrease in surface - Growth
Disadvantages area. - Small surface cpno_li_tions

- Difficult to recycle. | area. significantly affect

- If deposited on a the morphology.

substrate, they can
easily dissolve in
aqueous media.

However, as for the semiconductor photocatalysts, the particle size of the material
does not need to be as small as possible, but it should have a suitable and optimal
size depending on the application purpose. Especially, when the particle size of the
material is reduced to the order of nanometers (< 100 nm), the inherent properties of
the material, such as lights and semiconductor properties, are significantly different
from those of the same large-sized material (um scale). Especially, the diffuse
reflection effect of the material on the light is reduced and the material’'s utilization
efficiency of UV light is improved [30]. Therefore, among different nanostructures,
nanomaterials based on the small size effect have a large surface-to-volume ratio are

favored in improving semiconductor photocatalyst performance.
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Different morphologies of nanostructured photocatalyst are obtained through various
synthesis methods, such as nanosheets [31,32], nanorods [33], nanowires (NWs) [34—
36], nanotubes [37], nanoflowers [38,39], nano-hollow spheres[40], and so on. A

comparative table is listed for different nanostructured ZnO photocatalyst (Table 1V. 1).

In this thesis work, we propose to study nanostructured photocatalysts for water
purification. Regarding the choice of the nanomaterial morphology, our primary choice
was on nanowires instead of nanopatrticles. Indeed, although it is rather simple to use
nanoparticles though their dispersion in water, however, once the purification is
complete, the separation of the photocatalytic particles and purified water is far from
easy and often requires further filtration of the effluents, adding significant time and

energy costs, and reducing the yield of the water treatment process.

To avoid those additional steps, an alternative solution is to rely on a substrate
supporting nanowire arrays with a high surface-to-volume ratio and firmly anchored to
the substrate. This strategy has been frequently used and proven as an efficiency-
enhanced photocatalyst [41]. Based on this choice, the synthesis process of ZnO
nanowires will be introduced and discussed in the next section as the starting point of
our study. Then further conformal coating of the ZnO nanowires with a TiO, nanofilm
will be introduced and studied regarding its potential enhanced sustainability of the
resulting TiO2-ZnO tandem compared to naked ZnO nanowires. The resulting

properties and photocatalytic performance are then presented and discussed.

IV.2.3 Improvement of the ZnO NW photocatalytic activity

Since the photocatalyst uses sunlight as a driving force to degrade pollutants, ZnO
NWs have the advantages of suitable wide bandgap, non-toxic, high photocatalytic

activity, and abundance in nature. However, at current state, ZnO NWs as a kind of
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photocatalyst have the following problems in the process of photocatalytic degradation
of organic matter in water purification: (a) The quantum efficiency is low, and it is not
suitable for the degradation of large amounts of industrial waste gas and waste water
with high concentration. (b) The low efficiency of utilization of solar energy. (c) ZnO
NWs are prone to photocorrosion during water treatment. During the photocatalytic
reaction, a small amount of ZnO will react with the photogenerated holes to form Zn?*,
expressed in Equation 1V. 12

27Zn0 + 4ht — 27Zn%*t + 0, av.12)
In order to solve these difficulties, researchers have devoted themselves to various
attempts to improve the performance of ZnO NWs in photocatalytic applications,
including the optimization of the synthesis process, doped with other metal ions or
metal oxide, functionalized coating, etc. Therefore, in this section, the current

development of ZnO nanowires is introduced from the aspects mentioned.

1V.2.3.1 Improved synthesis of ZnO NWs

As for the synthesis process of the ZnO NWs, one of the most important concerns is
the synthesis conditions. There are plenty of studies on vapor phase synthesis, such
as the physical vapor deposition (PVD) or chemical vapor deposition (CVD), etc. In
Kong's work [42], the process of PVD is direct thermal evaporation and oxidation of Zn
powder at a high temperature and then deposition on the substrate to form the final
product. It has the advantages of the no other pollutants during the synthesis and high
guality of the ZnO NWs. However, it requires a high temperature of 1100°C under a
pressure of about 100 Torr for 10 hours to finish the synthesis. Even it has been
improved by Lyu’'s group, the synthesis temperature still is at around 500°C, which

consumes a lot of energy shown in Figure IV. 6 [43].

Compared to PVD, CVD methods can provide a cheaper synthesis process. In
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addition, it has an advantage to synthesis the ZnO NWs on a large surface area. The
raw material undergoes a series of chemical processes such as evaporation,
oxidation-reduction, decomposition and compounding to obtain ZnO nanomaterials.
Due to the chemical reaction occurring during the reaction, ZnO can be doped and
modified by introducing certain specific elements, which will be introduced later. This
is another advantage of CVD growth of ZnO NWs compared with PVD method. Chang
reported [44] a synthesized via a vapor-liquid-solid (VLS) growth mechanism. A typical
VLS process uses nano-sized liquid metal droplets as a catalyst. The gaseous reactant
interacts with the nano-scale liquid to promote the nucleation and growth of single-

crystal rods and wires under the metal catalyst showing in Figure IV. 7.

Figure IV. 6: SEM images of aligned ZnO nanowires synthesized by PVD at different

growth temperatures: (a) 450°C, (b) 500°C, (c) 550°C, and (d) 600°C[43].

During the synthesis process, the temperature needs to be 700°C for at least 20
minutes. In addition, many studies proved that the quality and growth behavior of ZnO
NWs are strongly affected by the chamber pressure, oxygen partial pressure and the

thickness of the catalyst layer, etc [45-47]. The disadvantage of this chemical vapor
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synthesis method is that a vacuum growth environment is usually required to avoid

material contamination during the reaction process.

I — — — I
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Figure IV. 7: Schematic of the CVD system with a horizontal quartz tube placed in a
furnace. A small quartz vial inside the quartz tube is used to trap zinc vapor during the

synthesis process[44].

At the same time, the raw material gasification process usually requires a higher
reaction temperature, which is similar to PVD, likely to cause a waste of resources.
Compares to vapor phase synthesis methods, liquid-phase synthesis is a simpler and
effective method, and it is also the most important method for the growth of one-
dimensional ZnO NWs. There are two main advantages of using hydrothermal

synthesis methods:

» The deposition of the ZnO nanoseeds can be used as nucleation sites for the growth

of 1D ZnO nanomaterials to obtain a well-oriented ZnO NWs structure.

+ The reaction temperature usually is around 90°C.

In this method, the soluble zinc salt precursor and alkaline solution are mixed to
produce Zn(OH), precipitate, and then continue to produce soluble Zn(OH),* in an
alkaline environment. After the final dehydration, the ZnO NWs are prepared. The type

of precursor, growth temperature, precursor concentration, pH value of the solution,
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and reaction time in the liquid phase reaction process play a vital role in the final
morphology of the ZnO NWs [48-50].Therefore, depending on the application purpose,

a series of optimized factors are required for different studies.
1V.2.3.2 Doping of ZnO NWs

In order to improve the utilization efficiency of solar energy of ZnO NWs, doping is the
main method that can control the semiconductor bandgap shown in Figure IV. 8. This

method improves the photocatalytic activity through the following three aspects:

o
>
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Figure IV. 8: Schematic representation of the doped ZnO energy levels: (a) acceptor level
and (b) donor level with metal doping, (c) new valence band formation by nonmetal

doping[51].

« The introduction of heteroatoms can form e7/h* trapping centers so that
photogenerated carriers can be effectively separated.

+ The defect energy level formed by doping can be used as a transfer station for
electronic transitions and expand the spectral response range of photocatalysts
towards visible range, and hence take better advantage of the solar spectrum.

« The doping of heteroatoms on the surface regulates the adsorption

characteristics of the photocatalyst surface.
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Depending on these improvements, different kinds of materials doped ZnO NWs are
studied. Many non-metals have been successfully used to dope ZnO NWs through
various synthesis methods. B [52,53], C [54,55], S [56,57], F [58], CI [59], and other
non-metallic elements have gradually become a research hotspot for improving the
activity of semiconductor photocatalysts. Appropriate doping of any non-metallic
element can make ZnO semiconductors have visible-light photocatalytic activity.
Liu[55] changed the energy level distribution of ZnO by C doping. Theoretically,
because the energy of C 2p is similar to the energy of O 2p at the VB edge of ZnO,
after C replaces O into the ZnO lattice, the energy level of the ZnO VB increases, which

reduces the band gap.

Due to the reduction of the bandgap, both of the strong absorption peak in the
ultraviolet and visible light range are obtained [55]. In addition, after F enters the ZnO
lattice, a new energy level is introduced near the bottom of the CB and the existence
of oxygen vacancy defects causes the red shift of the ultraviolet-visible light absorption
peak of the ZnO photocatalyst [60]. In Kadi's work [58], the F-doped ZnO NWSs can
degrade malachite green dye aqueous solution with high efficiency no matter under
ultraviolet light or visible light. Because a large number of defect energy levels are
formed near the bottom of the CB of F-doped ZnO, the bandgap is reduced to 3.0 eV.

Therefore, the F-doped ZnO also has strong optical excitation in the visible light band.

Similarly, many metal elements can be used as dopant into ZnO to make it respond to
visible light under visible light. These metals include Ni [61], Al [62,63], Co [64,65], Cr
[66], Ag [67], Sn [68], Fe [69], etc. Metal ions combine with the lattice of ZnO to form
impurity levels in the bandgap; accordingly, the transfer of e~ and h*™ between metal
ions and semiconductors can inhibit photogenerated electron-hole recombination,

which can be expressed from following Equations,
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M™ + hv — Mn™+D* 4 e~ (CB) av.13)

M™ + hv — Mn™=D* + h*(VB) av.14)
M™ +e” — Mn™ V¥ 4 gse trap (1V. 15)
M™ + ht — Mn™+D+ 4 gs ht trap (1V. 16)

where, the M represents doped metal element, M™* represents doped metal ion. The
reduction potential of M™*/Mn(»~D+* should be more positive than the CB of ZnO, and
the oxidation potential of M™*/Mn(™*D* should be more negative than the VB of ZnO.
Benhebal's group reported on a study on 3 typical alkali metals doped ZnO [70]. The
results show that Li-doped ZnO (Li-ZnO) has stronger catalytic activity than Na-ZnO
and K-ZnO, which is mainly due to the better electron-trapping ability Li* in Li-ZnO and

the smaller grain size of Li-ZnO with a rough surface.

Besides the alkali metal-doped ZnO, the transition metal ion-doped ZnO NWs also has
been developed by researchers. In Habba’s work [69], the synthesis of the Fe-doped
ZnO NWs is synthesized by a two-step hydrothermal method and exhibits a significant
absorption in the visible range (400—600 nm), which improves the photodegradation
efficiency as it increased by 20%. Martin's work [49] reported a comparative study on
transition metal ion-doped ZnO NWs for photocatalytic efficiency, where the Fe, Co
and Ag were selected as the typical transition metal. The results show improvement of
the photocatalytic efficiency can be obtained by reducing the bandgap of the ZnO and
increasing the number of oxygen vacancies, which reduce the recombination rate of

e~ and h™.

1V.2.3.3 Constructing heterojunctions

The coupling of other semiconductors and ZnO NWs to form a heterojunction is also
an important approach for improving photocatalytic properties. It requires to choose

another semiconductor material with a higher CB and a smaller bandgap, so that the
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photogenerated electrons can quickly transfer to the CB of a lower energy level,
thereby facilitating the migration of photogenerated e~ and hA*. In addition, the
photostability of ZnO material can also be increased. There are many studies that
showed the use of semiconductor materials such as CuO [71,72], SnO2 [73], ZnS [74]
and so on for the purpose of constructing heterojunctions. Ren et al. reported a facile
synthesis of the ZnO/ZnS heterojunction for improving photocatalytic activity. After the
growth of the ZnO NWs on the Ni foam, the ZnO-coated Ni foam was sulfureted by
immersing into 50 mL thioacetamide aqueous solution to obtain the ZnO/ZnS
heterojunction. The results indicate that the enhancement of photocatalysis can be
attributed to the heterojunction photocatalysis inhibiting the combination of

photogenerated e”/h* pairs and the increased spatial separation.

IV.3 ZnO nanostructures based photocatalyst synthesis, characterization

and properties

In the previous section, the different photocatalyst materials and the nanostructure
effect are introduced. In order to take the advantage of both material and
nanostructure, the ZnO nanowires (NWSs) are selected as the core photocatalyst in this
work. In this section, from the common photocatalyst synthesis methods, a two-step

hydrothermal synthesis method is selected for ZnO NWs in the following research.

IV.3.1 Synthesis

The common methods for synthesis of nanostructured photocatalyst can be
summarized into two categories: gas phase method and liquid phase method. One of
the most famous liquid phase methods is the hydrothermal method. It has the
advantages of simple equipment, low temperature, easy operation, and low cost, etc.

It is therefore among the preferred methods of preparing nanostructure photocatalytic
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materials and it is nowadays widely used in many laboratories. There is no requirement
for a closed reactor or high reaction temperature, which not only greatly reduces the
energy consumption and cost of preparing ZnO NWs, but also improves the safety of

operation, making it easier for manipulation and mass production.

(c) (d)

Figure IV. 9: The related machine that used during the ZnO NWs growth. (a) ultrasonic

cleaner. (b) plasma cleaner. (c) spin-coating machine. (d) calcination oven.

Starting with the substrate surface cleaning, the substrate we use is a square silicon
wafer with the size of 1.2 cm x 1 cm. The choice of the substrate could be different
materials based on different applications. In this thesis work, we also prepare another
set of samples using the quartz substrate for ZnO NWs growth, which will be
introduced in the perspective chapter. Using an ultrasonic cleaner, each cleaning
process is performed at 65°C for 20 minutes and repeated 3 times. After the cleaning
of the substrate surface, we use a dryer to remove the moisture on the surface of the
sample. Then a plasma cleaning process is used to clean the substrate for 10 minutes

at 200°C to ensure the invisible organic pollutants and surface adsorption layer are
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removed. After the surface cleaning, the next procedure is seed layer deposition and
nanowire growth, slightly adapted from Chevalier-César’s works [75], which are shown

in Figure 1V. 9.

Firstly, the process of producing seed layer is initiated using a buffer solution, which
consists of a mixture of 2 g of PVA (polyvinyl alcohol) and 0.25 g of Zn(Ac). (zinc
acetate dihydrate, 99%, VWR) in 25 MI distilled water. It is spin-coated at a speed of
3000 rpm acceleration for 1 minute (Spin-coater Model WS-650SZ-6TFM/LITE,
Laurell). The buffer solution is uniformly distributed on the silicon wafers in each

surface area around 1 cm?.

Subsequently, a calcination process at 500°C for 180 minutes can remove PVA from
the seedlayer and form the ZnO nano-seeds. ZnO nano-seeds (nanocristallites) will
be formed uniformly over the substrate surface after calcination based on the following
chemical reactions:

PVA + 0, — C0,(g) + H,0 (g) av.17)

Zn(CH5C00), + 0, — Zn0 + €0, (g) + 3H,0 (9) av. 18)

The second step is the ZnO NW growth for 2 hours at 90°C in the aqueous solution
prepared by mixing the 0.075 M of Zn(NOs). (zinc nitrate hexahydrate, 98%, Sigma-
Aldrich) and the 0.0375 M of methenamine (HMTA, = 99%, VWR). The chemical

reactions can be expressed by Equation IV. 19 to IV. 22:

(CH))¢N, + 6 H,0 — 6 HCHO + 4NH, (1v.19)
Hydroxyl supply reaction:
NH; + H,0 — NH,™ + OH~ av. 20)
Supersaturation reaction:
20H™ + Zn?** — Zn(0H), v.21)
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ZnO nanowire growth reaction:

Zn(0H), — Zn0 + H,0 av. 22)

Finally, the samples were washed with distilled water to remove residues and possible
impurities. After the surface of the sample was dried, the sample was baked in an oven
at 350°C under ambient atmosphere for 30 minutes to remove any hydroxide residues.

0‘“-
S [PVA+Zn(Ac))]
200 pLicm? CO,, H,0

- rose 2 Al

[3h]
$ 3000 rpm

(a) (b) (c) (d)

Figure IV. 10: Two-step hydrothermal synthesis procedure diagram.

IV.3.2 Used characterization methods

This section briefly introduces the characterization methods used in the work of this
thesis, including the geometry, the particle size, the composition of the material, and

the content ratio.

1V.3.2.1 Scanning electron microscopy

Scanning electron microscope (SEM) is based on the interaction of electrons and
matter. When a beam of high-energy incident electrons bombards the material surface,
the excited area will produce secondary electrons, backscattered electrons,
transmitted electrons, etc. At the same time, electron-hole pairs, lattice vibrations
(phonons), and electron oscillations (plasma) can also be generated. In principle, the
interaction of electrons and substances can be used to obtain various physical and

chemical properties of the measurement, such as morphology, composition etc. In this
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work, scanning electron microscope (FEG-SEM, NEON 40-Carl Zeiss) is used to

characterize the surface morphology of ZnO NWs samples.

1V.3.2.2 Energy dispersive X-Ray analysis

Energy Dispersive X-Ray Analysis (EDX) refers to an X-rays to the sample to excite
the inner electrons or valence electrons of atoms or molecules, which can measure
the energy of photoelectrons (electrons excited by photons). The horizontal axis is the
kinetic energy of the photoelectron, and the vertical axis is the relative intensity. The
chemical composition of the analyte can be obtained from photoelectron spectroscopy.
The energy dispersive X-ray (EDX) analysis system is integrated in the HR-SEM

operating at 5 Kv (Oberkochen, Germany).

1V.3.2.3 Ultraviolet-visible absorption spectroscopy

Ultraviolet-visible (UV-Vis) absorption spectroscopy is an approach to characterize the
absorbance and transmittance of samples. It is established by testing the absorption
of radiation by molecules, which includes absorption in the ultraviolet and visible

regions.

The operation principle is that the light in the ultraviolet and visible regions is refracted
and filtered by the prism and diffraction grating to form a monochromatic light, and then
it is divided into two beams of the same intensity by the glass, and the two beams of
light are respectively irradiated to the reference sample and the test sample. For
sample measurement, there is a detector that can record the light intensity on the other
side of the two samples to record the light transmittance of the sample to be tested. By
scanning the ultraviolet and visible light regions, the light absorption and transmittance

of the sample to be tested in different wavelength ranges are obtained. Finally, by
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Beer-Lambert law (Equation (7V. 23), the concentration of the sample can be
calculated.

A= exLXc (V. 23)
where, A is the absorbance, ¢ is the absorptivity molar coefficient, L is the distance

that the light goes through the sample, and the c is the concentration of the sample.

Since absorption of light is affected by the bandgap of the semiconductor material, the
semiconductor can only selectively absorb light in a certain wavelength range, that is,
light with a wavelength smaller than the optical band gap of the semiconductor material
can be absorbed. Therefore, it also can be used for band gap measurement. In this
work, the band gap measurement of the ZnO NWs samples is done with the light
source (DH-Mini-deuterium and Halogen, Ocean Optics) and the spectrophotometer

(MAYA pro-2000, Ocean Optics).

1V.3.2.4 Photoluminescence spectroscopy

As one of the non-destructive testing methods, room temperature photoluminescence
(PL) is used to analyze the optical properties of intrinsic semiconductors and extrinsic
semiconductors, in which photons are excited by incident laser light and detect photon
radiation recombination. Due to its high sensitivity, it is widely used to assess defect
density and impurity levels in semiconductor materials. The excitation light source used
in the PL test in this work is a He-Cd laser (IK Series, KIMMON, A = 325 nm, P = 10

mW), and the spectrophotometer (MAYA pro-2000, Ocean Optics).

IV.3.3 Evaluation of photocatalyst properties and efficiency
1V.3.3.1 Choice of the pollutants

Taking advantage of the ZnO NWs photocatalyst, industrial water pollution can be
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addressed by photocatalysis degradation. One of the most common pollutants used in
research related to the water purification treatment is the family of organic dyes, which
are soluble pollutants and cannot be purified by traditional filtering approaches. They
also have the advantage of being visible to the naked eye at different stages of the
purification process until water appears clear. As examples, acid red 14 (AR 14) and
methylene blue (MB) are very common to see in the industrial fabrication they are often

used in textile, food processing and pharmaceutical industries (Figure V. 11 (a)(b)).
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Figure IV. 11: Molecular formula of AR14 (a), MB (b), and toluene (c).

Although both AR14 and MB are similar water pollutants, they belong to different types
of dyes: the AR14 is anionic dye and the MB is cationic dye. Considering the ZnO is a
n-type semiconductor, it would be a different process when degrade the
positive/negative-changed dye. Therefore, we use the AR14 and MB as the water

pollutants to evaluate the photocatalysis efficiency.

Both of the AR14 and MB are dissolved in deionized water at a concentration of 10
KUM. The reaction solution for each degradation experiment is at fixed volume, which is
30 MI. Another pollutant that cannot be purified by traditional water treatment is volatile
organic compounds (VOCs), which are our final targeting pollutant in the target
integrated device. In this work, we chose toluene in the photodegradation experiments

among the different VOCs. It is one of the most common VOCs that has the potential
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of causing severe neurological harm (Figure IV. 12 (c)) [76].

1
(c) toluene

(a) AR14

Absorbance (a.u.)
Absorbance (a.u.)
Absorbance (a.u.)

- 1 1 1 i
400 500 516 600 550 600 650 665 700 285 280 275 285 300
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure IV. 12: The UV-Vis absorbance spectrum of (a) AR 14 with the chatacteristic peak
at 516 nm, (b) MB with the characteristic peak at around 665 nm, and (c) pure toluene

with the characteristic peak at around 269 nm [77].

The UV-Vis absorbance spectrum of AR14, MB and toluene are shown in Figure IV.
12. The characteristic peaks are around 516 nm, 665 nm and 269 nm, respectively. By
measuring the residual pollutants in the water at regular time intervals, the degradation

efficiency of photocatalysis can be determined and compared.

1V.3.3.2 Experimental setup and data calculation

As shown in Figure 1V. 13, the polluted water (diluted dye solution or toluene solution)
is placed beneath the UV incident light vertically. And the distance between the surface
of the solution and the light source is maintained at 10 cm, therefore the received
irradiation on the solution surface is about 35 mW/cm?. This value is measured in
actual experiments using the UV light meter (Lutron, UV-340A). Photodegradation is
carried out in dynamic mode, i.e., under a slight magnetic stirring to enhance mass

transport in the solution [78].
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Figure IV. 13: The diagram of the experimental setup.

The sampling time is set to 15 minutes considering the high efficiency of the
photodegradation. The sample solution is poured back to the reaction container after
each UV-Vis spectrum measurement. The final degradation efficiency n can be
calculated by Equation (1V. 24:

|Ag — Al (V. 24)
=" x1009
n " %o

where 4, is the original absorbance of the solution and A, is the treated solution
absorbance. By using the UV-Vis spectrometer (Lambda 35, Perkin Elmer), the

absorbance of the solution A; and A, can be measured in arbitrary units.

To evaluate the kinetic degradation loss, a characteristic time constant 7 is defined,

which is defined as the time needed to achieve 63.2% of degradation efficiency (n =1
- g). By comparing the characteristic time constant for different samples, the kinetic

degradation loss can be clearly measured. In order to verify the measurement results,
each photocatalytic degradation experiment was repeated 3 times to obtain the
average value and error bars to ensure the accuracy of the data. After each
experiment, the sample was deposited in the calcination oven at 350°C in atmospheric

pressure for 30 minutes to remove the residual pollutants remaining on the ZnO NWs.
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IV.4 Current status and development of ZnO NW water purification

applications

The application of ZnO NWs as photocatalysts in water purification has attracted more
and more attention. It has outstanding advantages such as low energy consumption,
simple operation, mild reaction conditions, and it can effectively degrade the organic
pollutants into small harmless inorganic molecules such as H,O, CO,, SO4?-, NOs",

etc.

Many organic substances that are difficult to remove by other purification methods,
such as chloroform, polychlorinated, polycyclic aromatic hydrocarbons, organic dyes,
etc., can also be effectively degraded by this method [79-82]. Perillo reported a study
on C-doped ZnO NWs for degradation of paminobenzoic acid under sunlight. A 97%
degradation efficiency is achieved after 2 hours photocatalysis [82]. In the study of ZnO
nano-enabled microfluidic reactor for water purification by Azzouz et al [80], in Figure
IV. 14, they showed an effective method for degradation of VOCs that can provide 95%

degradation efficiency in only one pass within a residence time of 5 seconds.

: 1

ATl
. 11111

Figure V. 14: Hierarchical micro-nano structuration combining microscale structures
obtained by deep reactive ion etching of silicon and further growth of ZnO NWs using
the static method. (a) micro-nano-structure with ZnO NWs, (b) close view of the silicon

microstructure, (c) view of the reactor tree-branched inlets to the chamber/80].

Wang et al [83]. promoted the electron-hole separation of CuBiO4 and improved its
134



crystal structure through the loading of nanoparticle Ag.S and carbon quantum dots
(CQDs), which enabled the catalyst to remove 99.3% of RhB within 60 min. Xu et al
[84] significantly improved the photocatalytic degradation effect of Agin(MoOa4); on

antibiotic through the loading of noble metal Ag.

Besides the organic pollutants, the photocatalysis also has been developed in
depollute of the heavy metals in water purification in recently years. For example,
Zhang et al [85] successfully prepared nanocomposite by CQDs implanted into CdS
and it was applied to the treatment of chromium (Cr)-containing brine. The
experimental results show that when the water contains 20 mg/L chromium, the carbon
guantum dots implanted CdS show excellent photocatalytic activity, and the reduction
rate constant of Cr within 10 min is ~0.375/min; When 1200 mg/L inorganic ions were
added to the water, carbon quantum dots implanted CdS still reduced ~94% of Cr with
a reduction rate constant of ~0.262/min. After three cycle tests, the reduction efficiency

of carbon quantum dots implanted CdS to Cr remains around 78%.

In addition to the degradation of organic and inorganic chemical pollutants, ZnO NWs
can also be applied to the photocatalysis of antibiotic [86] and bacteria [87,88].
Especially, in the fields of healthcare, aquaculture, agricultural planting and
environmental management, efficient sterilization and algae removal are important
operational steps. The traditional technology (chlorine gas, chlorine dioxide, etc.) to
deal with microbial pathogens will produce harmful by-products such as chloroform;
ultraviolet disinfection technology has also been proved to be ineffective against
ultraviolet bacteria; although antibiotics are effective against most bacteria, their abuse
will accelerate drug resistance the spread of bacteria. Relevant researches show that
under UV light illumination conditions, the photogenerated electrons produced by the

photocatalyst can directly eject biochemical reactions with the walls or internal
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components of germ or pathogenic bacteria, so that the organisms are inactivated.

In recent years, nano-photocatalytic bactericidal and algicides have received more and
more attention due to their advantages of thorough sterilization, stability and durability.
Alrousan et al. [89] immobilized TiO. nanoparticles into thin films, studied the
photocatalytic killing performance of Escherichia coli, and discussed the effect of
different experimental conditions on the sterilization rate. Peller et al. [90] used the
good photocatalytic activity of TiO, under UV light to achieve the control of the
aggressive Chaetae, and studied the photocatalytic performance of TiO2 under natural
light conditions and artificial UV light illumination, confirming that TiO»> can be used to

kill and remove harmful algae.

Bindhu’'s work [91] demonstrated the antibacterial and photocatalytic activity of the
ZnO using the Escherichia coli (E. Coli) and Staphylococcus aureus (S. aureus). By
measuring the size of the inhibition zone, the antimicrobial activity of the ZnO sample
is obtained, where the higher doping of Sn in ZnO was found to exhibit a better

antibacterial and photocatalytic activities.
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Figure IV. 15: Experimental evidences of the by photocatalytic degradation of the

bacterial debris under UV light. SEM images of E. coli cells debris on hexagonal pyramid
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Zn0O NW surfaces a) in dark (no UV light) condition and under 365 nm UV light over 10
min contact time. b) The rapid bactericidal experimental results of ZnO film and two

Zn0 NW surfaces within 4 cycles. Single contact time: 1 min[87].

In Xie's work [87], an ultrafast physical bactericidal activity of ZnO NW is introduced.
Even in a dark environment, the physical bactericidal activity is strong enough to the
ultrafast bactericidal rate, where 97.5% of E. coli and 94.9% of S. aureus are
inactivated within only 1 min. However, as shown in Figure IV. 15, photocatalytic
activity actually exhibits a self-cleaning advantage which is validated by 4 cycles
experiments. In the second bactericidal experiment, the bactericidal rate of the surface
without UV photocatalysis and self-cleaning quickly dropped to 45.8%, indicating that
the physical bactericidal performance is severely affected. In the third bactericidal
experiment, the surface lost its sterilization performance. However, the experimental
group in which 10 min UV is applied after each experiments appears good sustainable

bactericidal performance.

IV.5 Conclusion

In this chapter, starting with the operating principle of photocatalysis, the common
photocatalysts were introduced. There are two aspects that affect photocatalysis
efficiency: photocatalysts material and the nanostructure of the photocatalysts.

Therefore, firstly, an introduction of different photocatalysts material was introduced.
Among different common photocatalysts, TiO, and ZnO were selected for their widely-
applied physical and chemical properties. Then, the nanowires structured
photocatalysts were compared to nanoparticles and nanofilm to show their feasibility
for water purification applications, especially. With these aimed nanostructured

photocatalysts, the related synthesis methods of the photocatalysts were also
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introduced, and also some other improved methods during the synthesis. A two-step
hydrothermal synthesis was used in preparing all the samples in this thesis work and
the necessary characterization methods, and the evaluation of the photocatalysis
efficiency was also listed and defined as the preparation of the next chapter study.

To this end, some current status of the photocatalysis used in water treatment was

listed showing it's a very promising water purification approach using solar energy.
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CHAPTER V. SUPERIOR PHOTOSTABILITY

AND PHOTOCATALYTIC ACTIVITY OF ZnO

NANOWIRES WITH TiO, ATOMIC LAYER

DEPOSITION COATING

As mentioned in chapter 1V, ZnO NWs have been used for many applications due to
their high photocatalysis degradation efficiency. However, despite its numerous
advantages, it has been reported that the nanostructures of the ZnO NWs have
sustainability issues and they get destroyed in some harsh environments, especially
in acid/alkaline solution [1]. This is identified as the only weakness of ZnO NWs, which
motivated us to explore solutions to alleviate this issue. To protect the ZnO NWs away
from dissolution in the acid/alkaline environment, we propose an ultrathin TiO, atomic
layer deposition (ALD) coating on the ZnO NWs. It is the purpose of this chapter to
introduce this idea, its implementation and the corresponding results. What's more, the
photocatalytic efficiency has been recorded for comparison study regarding different
acid/alkaline solutions and dye types. Different thicknesses of TiO, nano-coatings have

been considered in this study with a reference uncoated sample of ZnO NWs.

V.1 Synthesis and characterization
V.1.1 Synthesis

All the photocatalyst samples were synthesized in a simple 2-step method. Firstly, the
ZnO NWs samples are prepared via a hydrothermal synthesis method slightly adapted
from Chevalier-César’s work [2].

As it mentioned in chapter IV, another common method for synthesis of nanostructured
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photocatalysts is gas phase methods, such as the chemical vapor deposition (CVD),
which is a process technology reacting substances that undergo chemical reactions
under gaseous conditions, and solid substances are deposited on the surface of a
heated solid substrate to obtain solid materials. It has the advantages of being able to
prepare nanostructures with high crystal purity and highly consistent orientation.
However, it should not be ignored that this method requires complex equipment and
harsh experimental conditions. In this work, we propose to use the atomic layer
deposition (ALD) method in fabricating a thin film layer of TiO, coating onto the ZnO

NWs.
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Figure V. 1: The diagram of the ALD process. (a) Precursor deposition. (b) Purged with
N2. (¢) Self-limiting reaction. (d) Purged with No.

In the process of depositing thin films or coating, based on the self-limiting and self-
saturating characteristics of ALD technology, different precursor sources are
alternately delivered into the chamber in a certain order through pulse intervals, and
chemically react with substances on the substrate surface. In this process, the coating
is deposited atomic layer by atomic layer. Therefore, the deposition of ultrathin
films/coating by ALD technology is not a continuous process, but a series of half-
reaction alternating cycles. Due to the self-limiting effect, it has an outstanding

advantage compared to other thin film deposition methods when synthesizing the TiO»
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thin layer on ZnO NWs. It can realize the layer-by-layer growth of thin-film monoatomic
layers simply. Therefore, in this way, we can ensure an almost perfect two-dimensional
growth process of the TiO, coating, precisely controlling the coating thickness by
setting the number of cycles.

Table V. 1: Sample information.

Sample ID Sample content pH solution treatment
al ZnO NWs No treatment
a2 ZnO NWs pH 3
a3 ZnO NWs pH 5
a4 ZnO NWs pH 9
a5 ZnO NWs pH 11
a6 ZnO NWs + 2 nm ALD TiO> No treatment
a7 ZnO NWs + 2 nm ALD TiO> pH 3
a8 ZnO NWs + 2 nm ALD TiO; pH 11
ag ZnO NWs + 5 nm ALD TiO> No treatment
alo ZnO NWs + 5 nm ALD TiO; pH 3
all ZnO NWs + 5 nm ALD TiO; pH 11
al2 ZnO NWs + 10 nm ALD TiO- No treatment
al3 ZnO NWs + 10 nm ALD TiO> pH 3
ald ZnO NWs + 10 nm ALD TiO; pH 5
al5 ZnO NWs + 10 nm ALD TiO; pH 9
alé ZnO NWs + 10 nm ALD TiO; pH 11

By this precise chemical vapor deposition process, a uniform and conformal coating of
TiO2can be deposited on the ZnO samples that are prepared from the last section. As
shown in Figure V. 1, the process is carried out at temperatures of 300°C. A first
titanium tetrachloride (TiCls) precursor is injected into the reactor for 0.2 seconds. It is

intended to be adsorbed at the sample surface until saturation. Then, the reactor is
153



purged with nitrogen (N2) gas long enough to remove any trace of TiCl.. A purge
duration of 6 seconds is used. Next, water is injected into the reactor for 0.2 seconds
to start the self-limiting reaction with the TiCla. Finally, the reactor is purged again with
nitrogen for 6 seconds to finish the first deposition cycle. This cycle is repeated to reach
the targeted TiOz thickness. Finally, the information about the different samples that

have been produced for the purpose of our study is listed in Table V. 1.

Since the ALD TiO;-coated ZnO NWSs have some weakening effect on the degradation
efficiency, we explored another strategy to further increase the photodegradation
efficiency of the TiO,-coated ZnO NWs by improving the formation of oxygen vacancy
that is essentially electronic defects in the anionic framework. Therefore, annealing at
500°C under atmosphere for 1 hour is applied to the samples in order to increase the
surface oxygen vacancy [3]. The effect of the annealing for photodegradation efficiency

also studied in this chapter.

V.1.2 Characterization

The first set of characterization of the different samples under consideration relates to
their material properties. Their morphology is studied using High-Resolution Scanning
Electron Microscopy (HR-SEM) with embedded capabilities for chemical analysis
using energy dispersive X-ray analysis (EDX) integrated in the HR-SEM system. UV-

vis spectrophotometry was used to evaluate the energy bandgap.

V.1.2.1 Naked ZnO NWs used as reference (without TiO; coating)

(@) SEM observation

The SEM observation is taken at different magnifications and at different points on the

sample surface to assess the ZnO nanowires surface details shown in Figure V. 2.
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Figure V. 2: The SEM observation of ZnO NWs from the top view with different
magnifications. (a) (b) top view at different magnifications. (c) cross-section view. (d)

tilt view. (tilt angle 20°).

Homogeneous growth of ZnO NWs is observed, where the average NW diameter is in
the order of 50 nm. After the top view observation, the sample is cut, and another SEM
observation is performed from the cross-section view, which is presented in Figure V.
2(c). From the cross-section view, the average length of the ZnO NWs is evaluated to

be around 450 nm.

(b) UV-Vis spectrum
As shown in Figure V. 3, from the UV-Visible absorbance measurement, a Tauc-
Lorentz plot can be produced as an energy bandgap indicator, which is expressed in
Equation V. 1 [4]: A steep drop at the range around 368 nm the bandgap is
approximately equal to E; = 3.15 eV for this sample. It is worth mentioning that this
value is a bit smaller than typical values for ZnO NWs, which is typically 3.37 eV.

(ahv)? = A(hv — Ey) V. 1)
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Figure V. 3: (a) Measured UV-Visible absorption spectrum of ZnO NWs and (b) bandgap

evaluation using a Tauc-Lorentz plot of ZnO NWs.

V.1.2.2 TiO; coated ZnO NWs

(a) SEM observation

The characterization of the TiO., ALD coating on ZnO nanowires can give a direct

morphological observation and comparison between the different samples.

As shown in Figure V. 4, the SEM observation from the top view shows that the
morphology of the samples will is significantly affected as the TiO, coating thickness
increases to 10 nm. First, one can note that regarding the samples which have the
TiO- coating thickness of 2 nm and 5 nm (Figure V. 4 (b) (c)), their morphology remains
quite similar to the reference sample which has no coating (Figure V. 4 (a)) with only
bare ZnO NWs growth on the silicon substrate. However, considering the sample with
10 nm TiO; coating (Figure V. 4 (d)), it shows a significantly different morphology. Due
to the thicker TiO2 coating, the ZnO NWs look thicker and closer to each other leading
to a kind of clustering. Because of that, it is not straightforward for this 10 nm sample
to obtain conformal coating of TiO, over the whole NW height. This led us to conduct
additional investigations regarding the uniformity of chemical composition of the
nanowires along the z-direction perpendicular to the sample surface, which is nearly
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the direction of the NW length. This investigation is conducted using EDX and is

presented in the next section.

Figure V. 4: The top view SEM observation of ALD TiO; coated ZnO NWs. (a) ZnO NWs.
(b) ZnO NWs + 2 nm TiOz coating. (¢) ZnO NWs + 5 nm TiOz coating. (d) ZnO NWs + 10

nm TiO2 coating.
(b)  EDX analysis integrated HR-SEM observation

EDX analysis integrated HR-SEM can provide simultaneously the morphology of the
sample, and the spatially-resolved chemical elemental content of the material with sub-
micrometer resolution. Therefore, we can compare such chemical composition of the

TiOz-coated ZnO NWs at different spots.

In particular, we can compare the chemical content at the top and the bottom of the
NWs for the purpose of checking whether TiO, coating was conformally deposited or
not. Indeed, the quantification of atomic elements can be obtained at a precise location
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by focusing the electron beam on a given position of the sample. Since our main
interest is the thickness uniformity of the TiO», which is deposited onto the ZnO

nanowires, we selected an indicator, which consists of the ratio of Ti of Zn atom

numbers.
ZnO NWs Zn0O NWs + 2 nm TiO, ZnO NWs + 10 nmTiO,
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schematic
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Figure V. 5: Characterization of TiO2-coated ZnO NWs. (al,b1,c1) Schematic descriptions
of the ZnO NWs with TiO; coating in ideal cases with different thickness values and
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(a2,b2,c2) more realistic schematic descriptions. (a3,b3,c3) Cross-section SEM images
showing the morphologies as well as the 3 different measurement positions from
bottom to top. (a4,b4,c4) Top-view SEM images. (d) EDX spectra of the top position
recorded on the 2 nm, 5 nm, and 10 nm TiO2-coated ZnO NW samples. (e) The histogram
of the Ti/Zn atomic ratio for different positions, bottom, middle, and top, on each of the

3 samples.

As shown in Figure V. 5, the EDX analysis integrated HR-SEM was carried out at three
different positions different positions along the ZnO NWs height: at the bottom (@),
middle (M), and top (A). The observation points are 30-nm in diameter spots on the

sample surface.

(a) 2 nm TiOQ, coated ZnO NWs

Figure V. 6: Cross section view SEM images of 2 nm (a) and 5 nm (b) TiO2 coated ZnO
NWs.
159



By comparing the chemical composition at three different heights, the conformity of the
TiO, coating on ZnO NWs can be assessed. From the SEM cross-sectional images
shown in Figure V. 5a3, b3, c3, one can clearly see that the average diameter of bare
ZnO NW is about 40 £ 10 nm and the width of ZnO NWs gradually increases as the

TiO- coating thickness increases from 2 to 10 nm.

A comparison with bare ZnO NWs shows that the 2 nm ALD TiO, coating maintains
the NWs’ high surface-to-volume ratio and good conformity. However, as the TiO;
coating thickness increases, it starts accumulating at the top of the ZnO NWs. The

schematic descriptions of more realistic cases are shown in Figure V. 5a2,b2,c2.

In order to compare the conformity and quality of different ALD TiO» coatings, a coating
coefficient R is defined in Equation V. 2, which is the ratio between the titanium and
zinc atomic percentages for a given sample at a given position, where the titanium and
zinc are provided by ALD TiO; coating and ZnO NWs, respectively. For example, when
one measures the bare ZnO NWs, the value of R should be 0.

number of Ti atoms
= f X 100% V.2

" number of Zn atoms
Then, the coating coefficient R is calculated at three different heights for all samples.
The coating coefficient R of 2 nm and 5 nm TiOz-coated ZnO NWs samples remains
essentially unchanged from the bottom to the top position, at around 6.5 and 13,
respectively. This shows that the ALD TiO, coatings cover the entire ZnO NW uniformly

from bottom to top, as illustrated schematically in Figure V. 5a2,b2.

The cross-section view SEM image of 5 nm TiO;-coated ZnO NWs shows their very
similar behavior to 2 nm TiO,-coated ZnO NWs, which also indicates uniform coating
shown in Figure V. 6. When the coating thickness reaches 10 nm, the coating
coefficient R from the bottom to the top is 16, 17, and 22, respectively. The R value at
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the top position is much larger than the R values at the middle and bottom, which
confirms the morphological difference observed by HR-SEM of the sample shown in

Figure V. 5c4.

In addition, the EDX spectra of the samples with 2 nm, 5 nm and 10 nm TiO, coatings
are also presented in Figure V. 5d. To avoid the confusion caused by other elements
attached to the sample during the measurement process, the spectra were normalized
and only compared with the K-line for quantifying Zn and Ti, instead of the L-line. Zn
Ka and Ti Ka peaks were present at about 8.63 keV and 4.508 keV, respectively. At
these two positions, one can clearly see that the quantity of the Ti increases as the

coating thickness increases, while the quantity of the Zn remains the same.

By comparing the R value shown in Figure V. 5e, we see that as the TiO, coating
thickness increases, the ALD TiO; coating starts to accumulate on the top of the ZnO
NWs, which also reduces the uniformity of the coating in the middle and bottom
positions. This is also expected to have a severe impact on the surface to volume ratio,
which is a key parameter for photocatalysis. For the 10 nm-thick coating, it is expected

to be much lower than for the 3 other samples.

(c) UV-Vis spectrum
The optical absorbance of the samples was measured through UV-Vis spectroscopy
and the band gap was calculated through Tauc-Lorentz plot. As shown in Figure V. 7,
all the samples were conducted for the bandgap measurements, including ZnO NWs,
2 nm, 5 nm, 10 nm TiO, coated ZnO NWs samples. The results show that the bandgap
of the ZnO NWs, 2 nm and 5 nm TiO, coated ZnO NWSs remains almost the same
(which is around 3.21 eV), whereas the bandgap of the 10 nm TiO; coated ZnO NWs

is around 3.18 eV.
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Figure V. 7: The Tauc-Lorentz plot of the ZnO NWs sample (black) and the 10 nm TiO;
coated ZnO NWs (blue).

V.2 Study of the stability of ZnO NWs with TiO2 ALD coating in harsh

conditions
V.2.1 Effect of pH

After characterizing the main material properties of interest for the ALD TiO»-coated
ZnO NW samples, an experiment is conducted at room temperature to test the stability
of these samples in an aqueous solution of different pH values, varying from pH 3 to
pH 11. After exposure to the pH solution, SEM examination of each sample is carried
out both for the top view and the cross-section view. From the SEM photos taken from
the top view, the morphology of samples with different TiO, coating thicknesses are

compared before and after the pH solution bath.
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Figure V. 8: Effect of pH aqueous solution on bare ZnO NWs and 10 nm TiO;-coated ZnO
NWs.

As shown in Figure V. 8, the effect of the pH aqueous solution on TiOz-coated ZnO

NWs are tested from pH 3 to pH 11. In the acid solution treatment test, serious damage
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can be observed by comparing samples al, a2, and a3. As can be shown for sample
a2 in particular, the stronger the acidity of the test solution, the stronger the corrosion
of bare ZnO NWs. For alkaline solution treatment, as the alkalinity of the solution
increases, the bare ZnO nanowires become thinner (as can be seen on sample a5 in
particular) where ZnO can react with water and sodium hydroxide to form sodium
zincate. On the contrary, the TiOz-coated ZnO NW sample shows an ideal protective
effect on the nanostructures even after treated with pH 3 and pH11 solutions

comparing the a2/al3 and a5/al6 in Figure V. 8.

V.2.2 Effect of TiOz2 coating thickness

After submitting to pH3 After submitting to pH11

Before pH solution bath solution bath solution bath
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Figure V. 9: SEM images of the effect of TiO; coating thickness on ZnO NWs in strong
acid/alkaline aqueous solutions.
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As shown in Figure V. 9a2, significant damage to the nanostructure of bare ZnO NWs
is observed after exposure to a pH 3 solution bath. With the increase in the ALD TiO-
coating’s thickness, there is an obvious protective effect. With a 2 nm TiO- coating,
parts of the samples can survive the acid solution. For samples with 5 nm and 10 nm
TiO- coating, this protective effect of the TiO, coating is steadily improved, and almost
all samples can withstand a pH 3 solution bath. In the alkaline solution test, the sample
was less affected and damaged than in the acidic solution, and even the exposed non-
coated ZnO NWs maintained their pristine nanostructure after treatment in a solution

at pH 11.

In Figure V. 10a—c, three SEM images of the same sample under different
magnifications are shown along with a schematic to illustrate the protective effect of
the ALD TiO- coating on ZnO NWs. The whole sequence illustrates what happens in
a specific region of the sample that is accidentally exposed to mechanical damage

(Figure V. 10d).
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Figure V. 10: (a-c) Zoomed SEM views of 10 nm ALD TiO; coating on ZnO NWs after
bathing in pH 3 aqueous solution for 30 min. A comparison can be made between

pristine and broken (traumatized) nanowires (d) A schematic of the protective effect of
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the TiO; coating.

In those specific damaged regions only, the NWs are broken, and consequently, there
is no more protective TiO; coating on the topmost part of the broken NWs. This lack of
protective TiO> coating caused the ZnO NWs to react with the acid solution, eventually
resulting in the complete dissolution of the ZnO NWSs’ core. Only the ALD TiO; shells

were left, which appear translucent on the left side of Figure V. 10c.

In contrast, in the absence of mechanical damage (right side of Figure V. 10c and other
regions of the sample, except those with stripes), all the ZnO NWs protected by a fully

conformal coating remained intact, and appear opaque in the SEM image.

V.3 Evaluation of the photodegradation efficiency of water pollutant

Besides the protective effect of TiO,, we also want to evaluate whether the
photodegradation efficiency of the ZnO NWs will be affected by the protective TiO>
coating. With the experimental setup mentioned in the previous chapter,
photodegradation efficiency experiments are conducted and the corresponding results

are presented in what follows.

V.3.1 Photodegradation of acid red 14

The photodegradation process of AR14 is recorded by UV-Vis spectrophotometer
every 15 minutes along the whole sequence. During this sequence, we follow the
magnitude of the maximum absorption of AR14 is localized at 516 nm, which is
represented by the red dashed line in Figure V. 11. As the absorbance of the sample
decreases, it can be inferred that the concentration of AR14 decreases. In Figure V.

12, the degradation efficiency is calculated by Equation /V. 7 in the previous chapter
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and it's plotted versus degradation reaction time.

Comparing the different degradation results shown in Figure V. 11 (a) (b) (c) (d), the

best degradation efficiency performance is obtained by the samples which have only

bare ZnO NWs with no TiO. coating. It takes less than 180 minutes to reach the

98.54% degradation while the other samples that have TiO, coating need more

reaction to reach the 100% degradation. This indicates that theTiO, coating on the

ZnO NWs has an effect of weakening the degradation process to some extent.
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However, as theTiO; thickness increases, the degradation efficiency is still significant
although it slightly decreases when increasing the TiO thickness. This sustained
efficiency can be explained as the TiO; is another highly efficient photocatalytic
material that also contributes to the degradation of the AR14. After 180 minutes of
reaction, the degradation efficiency of bare ZnO NWs, 2 nm, 5 nm and 10 nm TiO;

coated ZnO NWs reached 98.54%, 93.64%, 81.05% and 78.10% respectively.

From the previous research work on dye degradation, the degradation result might be
not the same regarding the different organic dyes [5]. Especially, the AR14 is a
positively charged dye, where the H* has more chance to combine with the free
electrons e” in ZnO NWs (n-type semiconductors). For a more comprehensive study,
another organic dye is used in the degradation experiments which is methylene blue

(MB).
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Figure V. 12: Comparison of the degradation efficiency of AR14 between the different
TiO2 ALD coating thickness.

V.3.2 Photodegradation of methylene blue

Similar to AR14 photodegradation experiments, the photodegradation process of MB
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is also recorded by UV-Vis spectrophotometry every 15 minutes, and the maximum
absorption of MB is localized at 665 nm, which is represented by the red dashed line
in Figure V. 13 is monitored. As shown in Figure V. 15 the best photodegradation
efficiency of MB is obtained with samples of bare ZnO NWs, that is without any TiO,
coating at the end of the 3-hour experiment. Almost 100% degradation is achieved
using such bare ZnO NWs in less than 120 minutes, while the samples with TiO, ALD
coatings lead to slower degradation kinetics and require more reaction time to achieve

a 100% degradation of MB.
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Figure V. 13: UV-Vis absorption spectra recorded during MB photocatalysis
degradation. (a) Bare ZnO NWs. (b) ZnO NWs + 2 nm ALD TiOz. (¢) ZnO NWs + 5 nm
ALD TiOz. (d) ZnO NWs + 10 nm ALD TiOz.

To evaluate the kinetic degradation loss, a characteristic time constant 7 is defined,

which is defined as the time needed to achieve 63.2% of degradation efficiency (n =
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1- é), showing in Figure V. 15.

As the thickness of the TiO, coating on the ZnO NWs increases from O (bare ZnO
NWSs) to 10 nm, the characteristic time constant t also increases, which are 43, 83,

106, and 91 minutes, respectively.

Overall, our results indicate that ALD TiO. coating on ZnO NWs is very useful for
ensuring chemical robustness, it also has the side effect of weakening and limiting the
degradation process to some expect. It is a good compromise considering both

aspects being very important.

In fact, the catalytic activity of ZnO catalysts appears slightly higher than that of TiO,.
Even though the bandgaps of titanium and zinc oxide are very similar, the mobility of

charge carriers of ZnO is higher by a factor of 100 than that of TiO2 [6-8].
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;7
K G s
-, + P
« v hv ~ S
* ™, a CB . . v S CB ¥ S
£y
* s CB c L. e ,/ < hv
N, ~ , , s
NN s, S o
~ o
R iy ¥ 5

woe 0P - y

*x

(a) (b)

Figure V. 14: Schematic of the charge transfer in ZnO-TiO; interface. (a) the isolation of
reaction sites in heterojunction configuration. (b) the charge transfer in TiO; coated ZnO

samples.

At the same time, the decreasing of the effective surface-to-volume ratio could also be
another reason behind the reduction of TiO,-coated ZnO photodegradation efficiency.
In addition, one can speculate that the formation of the ZnO-TiO; interface may prevent
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the separation of charge carriers, thereby increasing the electron-hole recombination

rate and hence, affecting the photocatalytic activity, as shown in Figure V. 14 (b).

Another possible mechanism is the defects that might be on such interface and their
role in trapping the charge carriers limiting their diffusion to the surface. Finally, it is
not obvious that the TiO2 nanolayer, which was deposited by ALD has good crystalline

properties.
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Figure V. 15: Comparison of the degradation efficiency of MB between the different TiO»
ALD coating thicknesses. NWs increases from 0 (bare ZnO NWs) to 10 nm, the
characteristic time constant t also increases, which are 43, 83, 106, and 91 minutes,

respectively.

However, as the thickness of the ALD increased (i.e. for 10 nm TiO, coating), the
photodegradation efficiency was shown to exhibit a slight increase. This can be
explained as TiO: is another well-known photocatalysis material that also contributes
to the degradation of the MB. The bandgap measurements of the samples also confirm
the contribution of the 10 nm TiO, coating to ZnO NWSs. In fact, the results show that
the bandgap of the ZnO NWs, as well as the 2 nm and 5 nm TiO,-coated ZnO NWs,
remained almost unchanged, at around 3.21 eV, whereas the bandgap of the 10 nm
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TiO2-coated ZnO NWs was around 3.18 eV.

At this stage of our study, in Figure V. 15, our experiments have shown that as the
thickness of the TiO, coating increases, the photodegradation efficiency is shown to
exhibit a decrease. After 180 minutes of reaction, the degradation rate of MB reached
100%, 97.24%, 89.02%, 92.20% for 0 nm, 2 nm, 5 nm, and 10 nm TiO, coating,

respectively.

V.4 Effect of annealing for photodegradation improvement

Since the ALD TiO2-coated ZnO NWs have some weakening effect on degradation
efficiency, one explored another strategy to target increasing further the

photodegradation efficiency of the TiO,-coated ZnO NWSs.

It has been already proved that in the photocatalysis process, oxygen vacancies can
be used as important adsorption and active sites, thereby affecting the efficiency of
photodegradation [9]. Depending on different methods, oxygen vacancies formed at
different positions have different effects on electric charge separation [10,11].
Considering that photocatalysis degradation is almost entirely a surface chemical
reaction process, annealing at 500 °C during 1 hour is applied to the samples in order

to increase the oxygen defects.

V.4.1 Characterization

In order to evaluate the formation of defects in the sample, some characterization
methods were used for determining of sample microstructure. The common
determination methods can be roughly divided into microscopic characterization and
spectral characterization. Microscopic technology is the most direct and broadest

method of insight into microstructures. Through microscopic characterization, we can
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observe the detail microstructures with defects that are impossible to observe with the
naked eye. Commonly, HR-SEM can effectively observe some defects on the surface
of the sample. Different from microscopic characterization, spectral measurement is
another characterization method to identify the detailed microstructure including the

crystallographic defects, such as photoluminescence (PL).

In this section, the SEM observation of the sample surface and photoluminescence

spectrum was recorded before and after annealing.

V.4.1.1 SEM observation

w100 Nnm

Figure V. 16: The SEM photos of the ZnO NWs before a) and after annealing b), 2 nm
TiO2-coated ZnO NWs before c) and after annealing d).

After the annealing, the SEM photos are taken for comparison observation. From
Figure V. 16 (a) (b), compared with before annealing, increases in the tiny pore
structure of the exposed ZnO nanowires can be observed, and these are probably
formed by the oxygen vacancy under the ambient atmosphere conditions. However,
when annealing is applied to the 2 nm TiO2-coated ZnO NWs samples, as shown in

Figure V. 16 (c) (d), there is no obvious increase in the tiny pore structure of the
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samples.

V.4.1.2 Photoluminescence

As shown in Figure V. 17 (a), the photoluminescence (PL) spectrum of ZnO NWs
sample is mainly composed of two parts, namely near-band edge (NBE) luminescence
at the near-ultraviolet wavelength and luminescence in the visible wavelength range
which is called deep level emission (DLE). NBE luminescence is produced by exciton
recombination, and DLE can be seen that light luminescence is produced by defect-
level carrier recombination. In order to evaluate the formation of defects in the sample,
the photoluminescence spectrum is recorded before and after annealing, which shows
a good agreement with the increase in oxygen vacancy defects benefiting from the

annealing process.
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Figure V. 17: (a) The diagram of the ZnO PL spectrum with related defects. (b) The PL

spectrum of ZnO NWs samples. Black line: before annealing. Red line: after annealing.

Since there are two different materials in the sample, it is necessary to perform PL
measurements on TiO; and ZnO separately. In this case, a 30 nm TiO, ALD coating is
fabricated on a sample with a thickness of 100 nm SiO, for PL measurement showing

in Figure V. 18.
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Since all silicon substrates have an initial oxide layer, therefore, in order to clarify the
thickness of this oxidation layer, a 100 nm thermal oxidation layer is fabricated before
the TiO; coating. However, no clear and obvious PL signal is received from this 30 nm-
thick TiO2 ALD coating, which implies that TiO, coating has a weak PL reaction at room
temperature and atmospheric pressure. It is also confirmed by Suriyaraj’s study [12]

showing in Figure V. 19.
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Figure V. 18: SEM photo from cross section view of the 30 nm TiO2 ALD coating on 100

nm SiOzlayer on silicon substrate.

The PL result shows that it is almost a flat line after the wavelength of 410 nm, which
shows that the naive TiO, has almost no PL effect after 410 nm. From this point, the
PL measurement results we get from our samples is actually the PL effect of the ZnO
NWs. Compared to ZnO NWSs, the PL effect of TiO, can be negligible in the visible
spectral range. Therefore, in the following analysis of the PL results, only the defects

formed in ZnO NWs are considered.
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Figure V. 19: Photoluminescence spectra of various phases of titania nanoparticles [12].

As shown in Figure V. 20, the PL spectrum comparison before and after annealing at
500 °C for four samples. It is worth noting that the relative defect peak (in the visible
region) is much larger after annealing than before annealing for each sample. Here, all
PL measurements have been normalized with NBE peak (in the UV region).
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Figure V. 20: The photoluminescence spectrum comparison before (a) and after (b)

annealing at 500°C.

The deconvolution of the PL spectra can give a straight way of the different defects’
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formation. In literature, three different Gaussian curves are used, which indicate the

green luminescence (GL), yellow-orange luminescence (YOL), and red luminescence

(RL), respectively [13,14].
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Figure V. 21: The deconvolution of the PL spectra of samples before annealing @ 500°C.
(a) bare ZnO NWs sample. (b) 2 nm, (c) 5 nm and (d) 10 nm TiO; coated ZnO NWs

sample.

As shown in Figure V. 17, the GL band is observed from 500~550 nm, which can be

related to recombination of electrons in the singly ionized oxygen vacancies with photo

excited holes in the VB [15,16]. The YOL band at 610 nm may be due to the

recombination of electrons with deep holes in the oxygen gap about 2.03 eV below the

CB [17,18]. The RL band at 750 nm can be attributed to the transition of electrons from

the conduction band to oxygen interstitials located at 1.65 eV above the VB [19]. In

this deconvolution of the PL spectra, the GL, YOL are represented by D1 (525 nm),
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D2 (595 nm), respectively. RL is represented by D3 (670 nm) and D4 (750 nm). The

related defects are listed as follow:

D1: 525 nm - Oxygen vacancies D3: 670 nm - Excess oxygen

D2: 595 nm - Interstitial oxygen D4: 750 nm - Double gap

It is shown in Figure V. 21, the defect peaks are normalized where the NBE peaks are
at the same magnitude. Compared to the bare ZnO NWs sample, TiO, coated ZnO

NWs samples show less PL intensity signal as the coating thickness increase.

Table V. 2: Comparison of UV-visible intensity ratio before and after annealing.

Sample content Before annealing (luv/lvis) After annealing (lu/lvis)
Bare ZnO NWs 1.44 0.24

ZnO NWs + 2 nm TiOz2 2.68 0.34

ZnO NWs + 5 nm TiOz2 1.66 0.58

ZnO NWs +10 nm TiO2 3.01 1.08

By analyzing the PL spectrum results in Figure V. 21, it is worth mentioned that the
annealing introduced the oxygen vacancies increasing leads to more defects of the
sample. The photoluminescence intensity ratio between the UV and visible range is
listed in Table V. 2. This increase of defects after annealing can help to improve

photodegradation efficiency [20,21].
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Figure V. 22: The deconvolution of the PL spectra of samples after annealing @ 500°C.
(a) bare ZnO NWs sample. (b) 2 nm, (c) 5 nm and (d) 10 nm TiO; coated ZnO NWs

sample.

V.4.2 Photodegradation of acid red 14

The comparison of the AR14 photodegradation efficiency with the different samples is
shown in Figure V. 23. After annealing treatment, the photodegradation experiment of
the AR14 is conducted again (during 180 min) and the degradation efficiencies of bare
Zn0O samples and ZnO NWs samples coated with 2 nm, 5 nm and 10 nm are 100%,

65%, 66% and 78%, respectively.

Besides the 10 nm TiO2 coated ZnO NWs sample remains almost the same
photodegradation efficiency, the other 3 different samples appear lower efficiency after

annealing compared to before annealing. This can be explained through the formation
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of the oxygen vacancies during the annealing. When the vacancies formed in ZnO
NWs where oxygen atoms (oxygen ions) in the crystal lattice break away, resulting in
oxygen deficiency. It refers to the defects left by the escape of oxygen ions from its

crystal lattice and for each oxygen vacancy has two positive charges. As it mentioned

in chapter 1V, the AR14 is anionic dyes which is also positive charged [22,23].
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Figure V. 23: Comparison of AR 14 photodegradation efficiency of different samples
before and after annealing @500°C.

Therefore, the formation of the oxygen vacancies is very probably like the reason that
reduced the degradation efficiency of the positively charged dye. This reason can also
be confirmed by testing the photodegradation efficiency with another negative charged

dye such as methylene blue.
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V.4.3 Photodegradation of methylene blue

In Figure V. 24, one can see the photodegradation efficiency of the samples with
different TiO- coating thicknesses before and after annealing. The ZnO NWs samples
coated with 2 nm and 5 nm TiO. exhibit a better photodegradation efficiency after

annealing, which are 100% and 98.83%, respectively, while the efficiency of 10 nm

TiO2-coated ZnO NWs remains almost unchanged.
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Figure V. 24: Comparison of MB photodegradation efficiency of different samples before

and after annealing.

The introduction of surface oxygen vacancies can not only form a defect state under

the conduction band of the photocatalyst to reduce the bandgap and increase the
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absorption of visible light but also it can serve as a trapping center for photogenerated
electrons to inhibit the recombination of photogenerated electron-hole pairs, thereby

improving the photocatalytic performance [24].

For the bare ZnO NWs sample, the dynamic degradation efficiency is slightly lower
than previously. This difference might be due to the different processes of oxygen
vacancy formation. When the concentration of oxygen vacancies is larger than a given
threshold, the oxygen vacancies behave as charge recombination centers and

reducing the mobility of free charges and photocatalytic activity [25].

V.5 Conclusion

In summary, an investigation is reported on the protective effect of an ALD TiO- coating
on high aspect-ratio ZnO NWs with the aim of enhancing lifetime and chemical stability
in harsh aqueous solution pH conditions, targeting mainly water purification

applications.

It is demonstrated that the ALD TiO, coating exhibits a sustainable protective layer
thanks to its good conformal deposition onto the ZnO NWs surface, even with a small
TiO, coating thickness. With the help of EDX analysis integrated HR-SEM

measurements, the conformal coating quality of the ALD TiO- is confirmed.

This study also revealed that as the coating thickness increases, the coating starts to
accumulate on the top surface of the ZnO NWs, which prevents the conformal coating
on middle and bottom positions along the NW length, leading to an optimal value of
around 5 nm for the TiO, coating with this respect. There is no doubt that even for pH
3 solutions, the ALD TiO, coating has a significant protective effect on ZnO NWSs.
Especially when there are no mechanical defects in the coating, the protected ZnO
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NWs remain intact.

The photodegradation efficiency of different thicknesses of TiOz-coated ZnO NWs is
also tested. Two organic dyes were selected as water pollutants, and the
photodegradation efficiency is measured by the reduction of solution concentration
over time. The photodegradation efficiency of the TiO.-coated ZnO NWs has a slight

reduction when the TiO; coating thickness increases, compared to bare ZnO NWs.

In the case of MB degradation experiment, we finally proved that this degradation
efficiency reduction can be minimized by a simple annealing. However, we obtained a
weaken effect on AR14 degradation when the annealing is applied to the TiO»-coated
ZnO NWs sample, which required a further study for an explanation. Although more
research is needed to reveal the photocatalytic mechanism of TiOz-coated ZnO
nanowires, our findings is expected to provide a good reference for researchers

interested in ZnO nanowires for practical applications.
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CONCLUSION AND PERSPECTIVE

Conclusion

In this thesis research work, we provided contributions to address the global issues on
water scarcity, also taking into account energy shortage, which translate in the need
to provide clean water resources for all with energy autonomy and low-cost. To this
end, we explored two complementary technological solutions for water purification,

both being based on the use of solar energy:

@ Water distillation, and more specifically by taking advantage of enhanced
water vapor generation to produce cleaner water through solar-driven
evaporation.

(i) Chemical degradation of residual pollutants, by photocatalysis, which also

takes benefit of solar energy.

For both approaches, we carried out theoretical and experimental investigations to

make progress beyond the state-of-the-art.

Regarding enhanced water vapor generation, our achievements include:
e Theoretical analysis of the different mechanisms involved in enhanced water
vapor generation: photothermal conversion, heat and mass transfer, wettability

and evaporation.

¢ A multi-physical numerical model of a bilayer black absorbing sheet enhanced
solar water vapor generator has been developed and used for optimization

purposes. The black absorbing sheet appeared as the key component to
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increase the water vapor generation efficiency which requires optimization for

the purpose of achieving maximum evaporation rate.

Using the numerical model, a series of parametric studies of enhanced water
vapor generation have been conducted to guide the design optimized novel
metafoam for solar water vapor generation. This resulted in meta-foams
including a black absorbing sheet coupled to an array of micro-holes to ensure

capillary water pumping from the water reservoir and water evaporation.

Based on the optimization study, a set of 2D metafoams with different pore size
have been fabricated using silicon micromachining technology. Both
nanostructured black silicon and micro-perforated hole arrays have been
achieved to produce the optimized metafoam. It has been combined with a
commercial foam material to form a bilayer sheet with an additional thermal

insulation property.

The fabricated optimized silicon meta-foam has been used for an experimental
evaluation of the evaporation rate using a dedicated experimental setup. The
obtained experimental results showed a good consistency with the simulation
results. Compared to the literature results, we have achieved a performance
beyond the state- of-the-art, that is an evaporation rate of 1.34 kg/h/m? and an

efficiency of 89% under 1 sun illumination and similar experimental conditions.

A set of 3D metafoams have been designed and fabricated using 3D printing
of graphene/graphite/HTL resin materials. The experimental results obtained

with these 3D metafoams shown an enhancement of water vapor generation
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rate. The use of 3D printed metafoams can be consequently a promising
method of water purification, potentially at lower cost than micro-fabricated

materials, and still benefiting from its optimized physical properties.

Regarding photocatalysis for water purification our achievements include:

ZnO NWs growth on silicon substrates has been successfully realized using a
two-step hydrothermal method. Characterizations have been carried out to
assess the quality of the ZnO NWs. We have found that despite their excellent
photocatalytic properties, ZnO NWs suffer from severe corrosion in water under

extreme pH conditions.

To improve the chemical resistance to corrosion of the ZnO NWs and enable
their use for water purification, a series of TiO,-coated ZnO NWs have been
fabricated using Atomic Layer Deposition (ALD) method with a precisely
controlled coating thickness of 2 nm, 5 nm, and 10 nm. Characterization by
SEM and EDX have been also performed to verify the conformal TiO; coating
on ZnO NW, where 2 nm and 5 nm TiO coatings have been found to be
uniformly coated and preserving the initial topography of the ZnO NWs, while
an opposite behavior has been observed with 10 nm TiO; coating, which then

has been appeared as the maximum thickness to not exceed.

A comparative study has been performed while varying the TiO, coating
thickness and the pH value of the harsh water environmental solution. Obtained
results show that the TiO2 coating can preserve the ZnO NWs in a very efficient

manner even in a pH3 harsh environment. This result was a first successful
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demonstration of ZnO NWs sustainability improvement in aqueous media.

¢ A photodegradation study of the TiO2-coated ZnO NWs has been conducted to
compare the effect of TiO, coating thickness on the photodegradation efficiency
of organic dyes. The best photodegradation efficiency was obtained with the
bare ZnO NWs sample. Compared to this value, around 5% to 20% efficiency
reduction was obtained as the coating thickness was increased from 2 nm to
10 nm. However, it also has been proved that this degradation efficiency
reduction of MB can be improved by a simple vacuum annealing operation of

the TiOz-coated ZnO NWs.

Perspectives: towards two-in-one functional water purification device

based on solar energy

Figure C. 1: The schematic diagram of the targeted water purification device.

In addition to the core studies mentioned in the previous paragraphs, some preliminary

attempts have also been made in order to start building a prototype of a two-in-one
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(dual approaches integrated into one) water purification device using solar energy.

Our goal was to demonstrate the purification of the VOCs pollutants diluted in water,
using a portable water treatment device. A model of a conical shape was designed as
the top part of the water panel, as shown in Figure C. 1. With the experimental setup
shown in chapter 3, this top part should be fixed directly on top of the enhanced water
vapor generation part, where the water and the metafoam are sited. The selected
material to build this model should be transparent to UV-Vis light. It could be quartz or

plexiglass.

At the same time, the nanostructured photocatalysts material in coated on the other

side of the quartz or plexiglass.

Synthesis of ZnO NWs on quartz substrates

Similar to what we previously did on silicon substrates, we used a two-step
hydrothermal method for the synthesis of ZnO NWs on a quartz substrate. The quartz
substrate is chosen because it's transparent to UV light, which is essential for

photocatalysis to occur in the structure of the two-in-one water purification device.

Before ZnO NWs After ZnO NWs
growth growth

Figure C. 2: Photos of quartz substrates Before and after synthesis of ZnO NWs and the
quartz surface area is around 55 cm?.

Photos of the quartz substrate before and after the growth are shown in Figure C. 2
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where a visible change of the quartz surface can be observed. The quartz surface has

been changed from transparent to translucent after the ZnO NWs growth.

m— \firgin quartz
s Quartz with ZnO NWSs on the surface
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Figure C. 3: The transmittance of a quartz substrate before and after the growth of ZnO
NWs.

To clarify this translucent appearance (light filtration effect) of ZnO NWs on the quartz
samples, a comparative measurement has been done of these two samples by using
the UV-Vis transmittance measurements. Obtained results are shown in Figure C. 3.
The transmittance of ZnO NWs on quartz in the UV-Vis range (from 200 nm to 750

nm) is significantly reduced compared to pristine quartz substrate.

In addition, scanning electron microscope (SEM) observations were performed to
characterize the ZnO NWs on quartz. The SEM photos were taken with different
magnification levels to assess the ZnO nanowires surface details. From SEM images,
we can confirm that ZnO NWs have been homogeneously and uniformly grown on the

quartz surface (Figure C. 4).
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J

Figure C. 4: SEM images of ZnO NWs on quartz from 5K X magnification to 30K X
magnification.

Trial of VOC Photodegradation

The verification of the ZnO NWs effect for the photodegradation of VOCs has also

been studied. The used experimental setup is illustrated in Figure C. 5.

UV light
WL

Water film 7,0 NWs on
quartz surface

structure

Zoom in the

side view

i

Polluted water

Figure C. 5: A schematic of the experimental setup used for VOCs photodegradation.

The VOC-polluted water sample was prepared by dissolving toluene (selected as one
volatile organic compound). The solution concentration of toluene is 530 ppm. With the
help of the flow rate controller, the macro water film flow is controlled with a given flow
rate of 0.684 ml /min, which flows above the ZnO NWs on the quartz surface. The
incident UV light illuminated the water surface vertically, which is one of the control
variables. The UV-Vis spectrometer records the solution absorbance at the beginning
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(t = 0), after the 1% pass and after the 2" pass respectively.
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Figure C. 6: The solution recorded absorbance (a) without UV light and ZnO NWs. (b)
with UV light but without ZnO NWs, (c) without UV light but with ZnO NWs and (d) with
UV light and ZnO NWs.

By comparing the absorbance of the solution after each pass, we can deduce that the
concentration of the toluene gradually decreased. Using recorded UV-Vis spectra, the
degradation effect can be obviously confirmed. Three controlled experiments were
conducted to compare as a blank reference to indicate the impact of UV light and the

surrounding ambient conditions (Figure C. 6).
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Figure C. 7: UV-Vis spectra of treated water samples after two-pass.

After the second pass, the absorption spectrum of the treated water sample shows that
the best degradation effect of toluene in water is obtained with UV light and ZnO NWs
as shown in Figure C. 7.The UV light also have a significant effect on toluene

degradation.

Although it is not the primary objective of this thesis, we started doing this exercise,
targeting to make progress on building a prototype taking advantage of the
photocatalysis. Our initial attempts obviously raised some challenges that need

additional work to tackle them.

Regarding enhanced water vapor generation, our conclusive results beyond the state-
of-the-art are promising, not only regarding water purification by evaporation but also
for energy conversion applications. Still the scalability of the proposed metafoams at

low-cost need to be proven and will require additional work. The improvement of BAS
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enhanced SWVG by concentrating solar radiation can also be considered. Indeed, all
the work we performed so far was done under 1 sun illumination and we are currently

planning for a comparative study with concentrated BAS enhanced SWVG.

Finally, one of the important next steps of the current work is to build a prototype
including both black absorbing sheet enhanced water vapor generation for a first water
purification step followed by a photocatalysis purification step using TiO, coated ZnO
nanowires. Integration of the two steps in the same device also requires the
development and integration of a condensation compartment to enable the
condensation of generated water vapor before photocatalysis. Integration of the three
sub-parts of the systems (water vapor generator, condenser and photocatalysis

reactor) is one of the next challenges of our work.
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APPENDIX 1. GOVERNING EQUATIONS IN

NUMERICAL MODELING

Based on the physical model and the assumptions that were described in chapter I,
the governing equations and boundary conditions are studied layer by layer regarding

the different functions considered in the enhanced water vapor generation process.
1 First layer governing equation

The first photothermal layer absorbs the incident solar radiative energy for light-to-heat
conversion which is defined by Equation A. 1:

—Nn-q = &qsolar (A.2)
where n is the normal vector, q is the heat flux vector. « is the average surface
absorptivity, and the q,,;4- is the incident solar radiation, which is the normal radiation

with the value of 1000 W/mZ.

2 Second layer governing equation

In the second porous layer, it contains 3 different mass transport: liquid phase water
transport, vapor phase water transport and the airflow. The liquid phase water transport
and the vapor phase water transport are modeled as a result of the equivalent diffusion

process. And the air-flow is described by Navier-Stokes equations.

(a) Water saturation content in porous media

Regarding the two-phase fluid flow in the porous media, we define the gas phase
content and liquid phase content in the porous media:

Sg+Si=1 (A1)

where the gas content S, and the liquid content S; are used to present the saturation

state, which can be calculated by,
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_am
S=2 (A2)

where the ¢ is the liquid water concentration which is an auxiliary variable, the M; and
p; are the molar mass and the density of liquid water, ¢ is the porosity of the second

layer.

(b) Liquid phase water transport in porous media

The liquid phase water velocity is described by Darcy’s law in Equation A. 4 in terms

of the vapor pressure gradient to calculate the liquid water velocity in porous media.

K
u= —;Vpg (A 3)

where u is the velocity of liquid, ¥ and u are the permeability and the dynamic viscosity
of the liquid phase and the Vp, is the pressure distribution of air in the porous media.
In our special case, the two-phase flow in porous media includes the liquid phase of
water and vapor phase of water. Thus, velocity of liquid water is depending on the
content saturation and porosity of the porous media. So, velocity of water can be

expressed by:

u=—-=—Lvp, (A 4)

Siem

where k; is the liquid related permeability, which can be obtained experimentally or
empirically and y; is the viscosity of liquid phase water. The liquid water transportation

in porous media is described in the following equation:

aCl

StV (=DeapVer) +uy - Ve, =E,  (A.5)

where E; is the phase change rate of the liquid phase water and the capillary effect is
described as an equivalent formulation of the capillary diffusivity D.,, of liquid water

can be obtained by empirical equation [1].
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(o) Vapor phase water transport in porous media

The vapor phase water transport governing equation is similar as the liquid water

transport governing equation:

dcy,

LtV (—=DepfVey) +uy, - Ve, =E, (A 6)

where the effective diffusion coefficient —D is described by the Millington and Quirk

equation,

4_1()

Deff = Da£55v3 (A 7)

with the vapor-air diffusivity D, = 2.6 - 107> m? - s~1, the ¢ is the porosity and the S, is
the vapor content saturation. The velocity field of the water vapor u, is given by
Brinkman equation, which is determined by the velocity field both in convection
diffusion and water vapor diffusion in Equation A. 9 [2]:

u;  MyD
-9 _ Vel

u, =
VoSge Mgpg 9

(A. 8)

where M,, and M, are the molecular weights of the water vapor and air.

(d) Air transport governing equations
The air transport conservation and continuity equations are shown in Equations A. 10
and A. 11, where the thermal properties are considered in describing the conservation
equations [3]:
p I T 21 —
% gty - Vitg = 7 - [l + (“2((Vtg) + (75)") = 222 (Patg)1)] = (segre +

Blug|)u+ pg(A. 9)
V-(pgug) =0 (A.10)

where pg, ug; and u, are the density, the dynamic viscosity and the velocity of air,
respectively. p, is the gas pressure. £ and k are porosity and air permeability in the

porous media. B is the Forchheimer drag option, which adds a viscous force
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proportional to the square of the fluid velocity [4].

(e) Heat transfer and evaporation in porous medium

Porous media matrix definition

Considering the different phase contents in the porous media also have non-negligible
impact on the heat transfer [5]. A volume-average based material property is applied

to the porous media matrix, including the fluids and the bulk material:

Prot = SgPg + Sipy (A.11)

SgPgCp,gt+Si1P1Cp,1
_ 29Pgtpg D,
Cp,tot = Deoe (A. 12)

ktot = Sgkg + Slkl (A 13)

where po: , Cp ror @Nd k¢or represent the total density, the total heat capacity and the

total thermal conductivity of the fluids in the porous media respectively.

In addition, we also need to define the effective thermal properties using the volume-
average based model. It's calculated by the fluid thermal properties and the bulk

material thermal properties:

pecp,e = S.Dtotcp,tot +(1- S)ppcp,b (A. 14)
ko = €ktor + (1 — €)ky (A. 15)

where C, . is the effective heat capacity and k. is the effective thermal conductivity

which are used in porous matrix. The original bulk material heat capacity and thermal

conductivity are noted as C, ,and kj, respectively.

With the thermal properties of the porous media, the heat transfer and evaporation can
be modeled by heat conduction and convection that described by the velocity field that

calculated in the laminar flow. According to the study of Darcy flow and the diffusion
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model, the total average mass flux is composed by the mass flux of water vapor m,, ,
the mass flux of air m, and the mass flux of liquid water m; , which is present in the

following Equation A. 17 [6-8]:

_ mgCp a+myCp,+miCyp
Ugper = (A- 16)

PtotCp,tot

Heat transfer in the second layer is described by the conservation equation in Equation

A. 18,

aT
peCp,e E + ptotcp,totuaver VT — keVZT = Qevap (A- 17)

where the Q.4 is the heat of evaporation, which also can be present by:

Qevap = _Hevap X M; X E, (A.18)

where the H,g, is the latent heat of water which is 2415.9 k]J/kg at room temperature,

M;, is the molecular weight of liquid water. The evaporation rate E,, is calculated by the
increasing amount of water vapor that spread into the ambient air, showing in Equation
1. 20

E, = K(ayCsar —¢») (A 19)
To keep the same quantity of the evaporation rate and the water liquid transport in
porous media, the E; in Equation A. 6 is opposite to the E, in Equation A. 7 and
Equation A. 20. The saturation concentration is derived by ideal gas equation in

Equation A. 21,

Psq
Csat = R_Tpt (A 20)

where the saturation pressure is expressed by Tentens formula [9],

7.5%(Tp)—-274.15

Psqr = 610.7 x 10" T-3585 (A. 21)
3 Ambient air governing equation
Compared with Zhong’s work [10], we use a natural convection flow, which is more in
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line with the real condition, instead of the forced air flow in the ambient air model. The
continuity equation of the ambient air is shown in Equation A. 23

V- (pattg) =0 (A. 22)

where the p, and u, are the density and the velocity of ambient air. The air transport
equation is similar to the water vapor transport in the porous media mentioned in the

Equation A. 24,

2cq

P V-(=DyVcy)+u, Ve, =0 (A 23)

The ambient air flow model is calculated in laminar flow using the compressible Navier-
Stokes equations which are described by Equation A. 23 and Equation A. 25

depending on the temperature gradient:

Pa(ity - Mg = =Vpg + V- pa(Tatg) + (Vu)” = 2o (V- ug) +pg (A 24)

The buoyancy term is included to account for the buoyancy force caused by the
thermal expansion that causes the density variation. The heat and mass transfer

equations are given by Equation A. 26,

pvcp,v Z_: + vap,vuv VT — kvVZT =0 (A. 25)

The first term is the energy for vapor transport, the second term is the energy converted

by vapor and the third term is the energy consumption due to the conduction.

202



References

1. Choi, J.-G.; Do, D.D.; Do, H.D. Surface Diffusion of Adsorbed Molecules in
Porous Media: Monolayer, Multilayer, and Capillary Condensation Regimes. Industrial
& engineering chemistry research 2001, 40, 4005-4031.

2. Raja Sekhar, G.P.; Padmavathi, B.S.; Amaranath, T. Complete General
Solution of the Brinkman Equations. Zeitschrift fir angewandte Mathematik und
Mechanik 1997, 77, 555-556.

3. Datta, A.K. Porous Media Approaches to Studying Simultaneous Heat and
Mass Transfer in Food Processes. Il: Property Data and Representative Results.
Journal of food engineering 2007, 80, 96-110.

4. Tosco, T.; Marchisio, D.L.; Lince, F.; Sethi, R. Extension of the Darcy—
Forchheimer Law for Shear-Thinning Fluids and Validation via Pore-Scale Flow
Simulations. Transport in porous media 2013, 96, 1-20.

5. Kaviany, M. Principles of Heat Transfer in Porous Media; Springer Science &
Business Media, 2012;

0. Zienkiewicz, O.C.; Shiomi, T. Dynamic Behaviour of Saturated Porous Media;
the Generalized Biot Formulation and Its Numerical Solution. International journal for
numerical and analytical methods in geomechanics 1984, 8, 71-96.

7. Champoux, Y.; Allard, J.-F. Dynamic Tortuosity and Bulk Modulus in Air-
Saturated Porous Media. Journal of applied physics 1991, 70, 1975-1979.

8. Joekar-Niasar, V.; Hassanizadeh, S.M. Analysis of Fundamentals of Two-
Phase Flow in Porous Media Using Dynamic Pore-Network Models: A Review. Critical
reviews in environmental science and technology 2012, 42, 1895-1976.

9. Murray, F.W. On the Computation of Saturation Vapor Pressure.; Rand Corp
Santa Monica Calif, 1966;

10. Zhong, J.; Huang, C.; Wu, D.; Lin, Z. Influence Factors of the Evaporation Rate

of a Solar Steam Generation System: A Numerical Study. International Journal of Heat

203



and Mass Transfer 2019, 128, 860—-864.

204



ACHIEVEMENTS

Journals

GAO, Lan, NEFZAQOUI, Elyes, MARTY, Frédéric, et al. TiO,-Coated ZnO
Nanowire Arrays: A Photocatalyst with Enhanced Chemical Corrosion
Resistance. Catalysts, 2021, vol. 11, no 11, p. 1289.

GAO, Lan, NEFZAOQOUI, Elyes, MARTY, Frédéric, et al. Two-dimensional
metamaterials as meta-foams for optimized surface-enhanced solar steam
generation. Solar Energy Materials and Solar Cells, 2022 (Major revision)

Conferences

GAOQ, Lan, NEFZAOUI, Elyes, GNAMBODOE-CAPOCHICHI, Martine, et al.
Enhanced steam generation based on a bilayer water and light absorber:
Modelling and optimization of capillary imbibition and water evaporation. In:
9th International Multidisciplinary Conference on Optofluidics (IMCO2019).
2019.

GAO, Lan, GNAMBODOE-CAPOCHICHI, Martine, NEFZAOUI, Elyes, et al.
ZnO nanowires-on-quartz for efficient water purification: The issue of Volatile
organic compounds (VOCs) degradation using solar energy. In: The 9th
International Multidisciplinary Conference on Optofluidics (IMCO2019). 2019.

GAO, Lan, NEFZAOUI, Elyes, MARTY, Frédéric, et al. A nanostructured

silicon foam for surface-enhanced steam generation using solar energy. GDR-
NAME, 2021.

205



Résumé

Dans le contexte de la réduction de la ressource en eau potable a échelle mondiale, un intérét
croissant est porté au développement de technologies efficaces de putification de l'eau. Dans les
travaux de cette these de doctorat, nous avons exploré le potentiel des micro- et nanotechnologies
afin de proposer et évaluer deux méthodes de purification de l'eau, toutes deux entiérement
autonomes en énergie et n'utilisant que 1'énergie solaire pour leur mise en ceuvre. La premiere
méthode consiste en la génération de vapeur d'eau de fagon accélérée grice a la mise en ceuvre
d'une méta-mousse que nous avons congus, dont nous avons modélisé et simulé le fonctionnement,
puis optimisé pour la rendre la plus efficace en termes de quantité de vapeur générée par unité de
temps et par unité de surface. Une série de méta-mousses ont été réalisées et évaluées et les résultats
ont montré une efficacité de conversion de 89% et une vitesse d'évaporation de 1.34 kg/(h'm?), ce
qui représente une performance au-dela de I'état de l'art et proche de la limite théorique. La
deuxiéme méthode est basée sur la photocatalyse. Pour répondre aux exigences du traitement de
l'eau a grande échelle, il y a deux points importants : L'un est la durabilité du matériau
photocatalyseur. L'autre est la facilité de synthese de tels photocatalyseurs avec une nano-structure
spécifiques. Sur la base de 'expérience du laboratoire en matiére de croissance de nanofils (NWs)
de ZnO, connu pour ses excellentes propriétés photocatalytiques, notre principale contribution
dans cette thése a consisté a le rendre plus durable et robuste aux environnements chimiques
agressifs. Cet assemblage original du tandem TiO»/ZnO nanostructuré a été caractérisé puis nous
avons évalué sa durabilité et sa fonctionnalité de putification de l'eau. De plus, l'expérience de
purification photocatalytique de I'eau des colorants organiques a été démontrée avec succes. Les
résultats engrangés dans cette these offrent la perspective de valorisation en vue de la réalisation
de systemes de purification d'eau complétement autonomes et a bas cott.

Mots clés: Purification de l'eau, génération de vapeur d'eau, méta-mousse, ZnO NWs,
photocatalyse

Abstract

In the context of the reduction in drinking water resources on a global scale, there is growing
interest in the development of efficient water purification technologies. In the work of this doctoral
thesis, we explored the potential of micro-and nanotechnologies in order to propose and evaluate
two methods of water purification, both entirely energy-autonomous and using only solar energy
for their implementation. The first method consists of the generation of water vapor thanks to the
implementation of a meta-foam that we have designed, modeled and simulated, then optimized to
make it the most efficient in terms of the amount of water vapor generated per unit time and per
unit area. A series of meta-foams were produced and evaluated and the results showed a conversion
efficiency of 89% and an evaporation rate of 1. 34 kg/(h-m?), which represents a performance
beyond the state of the art and close to the theoretical limit. The second method is based on
photocatalysis. To meet the demands of large-scale water treatment, there are two important points:
One is the durability of the photocatalyst material. The other is the ease of synthesis of such
photocatalysts with specific nanomorphology. Based on the laboratory's experience with growing
nanowires (NWs) of ZnO, known for its excellent photocatalytic properties, our main contribution
to this thesis has been to make it more durable and robust to aggressive chemical environments.
To this end, we have proposed and evaluated a combination of ZnO and TiO». The experiment of
photocatalytic purification of water from organic dyes has been successfully demonstrated. The
results gathered in this thesis offer the prospect of valorization with a view to the realization of
completely autonomous and low-cost water purification systems.

Keywords: Water purification, water vapor generation, meta-foam, ZnO NWs, photocatalysis
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