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ABSTRACT 

Rational Design of Photothermal Material for Clean Water Generation  

Driven by Solar Energy 

 

Le Shi 

An ancient technology of solar-driven water evaporation and distillation has recently been 

revived due to the concept of interfacial solar evaporation and the development of 

photothermal materials. There have been many research interests in improving solar light 

harvesting and solar-to-water evaporation efficiency within these systems, including new 

photothermal materials search, structural engineering, and thermal management. The 

application horizon of both solar-driven water evaporation and distillation has been broadly 

expanded beyond their conventional domain, including now wastewater treatment, 

seawater desalination, steam sterilization, electric generation, and chemicals/fuels 

productions. This dissertation focused on designing of photothermal materials and their 

applications to clean water production. More specifically: (1) a bi-layered porous rGO 

membrane with a polystyrene (PS) foam as the heat insulator was designed and proved to 

be effective for reducing heat conduction to the bulk water and to improve the solar-to-

water evaporation efficiency, (2) a tandem-structured SiC-C ceramic monolith was 

prepared and demonstrated to be mechanically and chemically stable to withstand physical 

or chemical cleaning during long-term use in real seawater and wastewater, (3) in order to 

simultaneously treat the contaminated water and get clean distillate water, multi-functional 

SiC foam modified with mesoporous Au/TiO2 nanocomposites has been prepared, which 

was demonstrated to possess both photocatalytic reduction and oxidation abilities for 
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complex wastewater treatment, and (4) when the water source was contaminated by VOCs, 

another efficient multi-functional photothermal material was designed with a honeycomb 

ceramic plate as the matrix material, and a CuFeMnO4 nanocomposite coating layer acting 

as both photothermal material and Fenton agent for VOCs removal. Therefore, the light 

absorption property of photothermal material could be improved by using a porous 

structure, tandem-structure, porous foam or 3D structure. The solar-to-water evaporation 

efficiency was improved by including a heat insulator and the reduction of the water 

channels’ dimension. The ceramic-based material showed potential for long-term use with 

high mechanical strength to endure physical cleaning. Multi-functional photothermal 

materials were successfully developed for complex wastewater treatment and clean water 

generation.    
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Chapter 1. Introduction and Motivation 

1.1 Background 

Water scarcity is one of the most serious global challenges for modern society.2,3  At present, 

over one-fifth of the world’s population lives in water-stressed areas and 1.6 billion people 

are living in areas with difficulties in getting freshwater due to the technical or financial 

limitations.4 By 2025, about two-thirds of the world’s population will have water scarcity 

(Figure 1.1). On one hand, freshwater demand will certainly increase in the coming years 

because of the fast-growing population (Figure 1.2). On the other hand, a growing number 

of contaminants are entering water supplies systems from human activities, which reduce 

the available fresh water resource.3,5,6 

Seawater accounts for 97.5% of all water resources on Earth and therefore seawater 

desalination has been increasingly recognized as a needed and viable solution to water 

scarcity. It is predicted that the world-wide-desalinated water supply will reach 54 billion 

tons per year by 2020.7 Desalination can be accomplished by thermal technologies and 

membrane technologies, such as multi-stage flash (MSF), multi-effect distillation (MED), 

reverse osmosis (RO), and membrane distillation (MD). Currently, MSF, MED, and RO 

are commercially applied in huge capacities in cities and account for about 95% of the 

global desalination capacity.8-9 However, desalination is a highly energy-intensive process, 

majorly driven by conventional energy resources (gas, oil, electricity).10 In Saudi Arabia, 

more than half of domestic oil consumption is required to run the seawater desalination 

plants alone, which supply around 70% of the total water use of the country.11-12 Recently, 

desalination powered by renewable energy resources is becoming attractive due to its 

reduced environmental impact and CO2 emissions.13-14  
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Figure 1.1 Projected global water scarcity in 2025.6  

 

 

 

 

 

 

 

Figure 1.2 Per capita water consumption in 1995 and 2025.6 
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1.2 Solar-driven water desalination 

Among all of the alternative energy resources, solar energy stands out with its infinite 

abundance and easy access (Figure 1.3).15 The amount of sunlight that arrives at the Earth 

in an hour is more than the total energy consumption by the entire world in a year. 

Fortunately, solar energy is abundantly available in these regions with water scarcity. 

Among various strategies of using solar energy for clean water production, direct solar 

distillation in a simple form of a solar still possesses great advantages in reducing capital 

and operation cost for small-scale distributed desalination plants, because it does not 

involve moving parts, pressure containers, and electrical devices.  

 Solar distillation is a good solution for remote areas and small communities 

(demand < 200 m3/d) in arid and semi-arid regions with a lack of water but abundant solar 

irradiation, especially in developing countries.16-17 For example, the average daily solar 

radiation in India is 4-7 kW h/m2,18 compared with the global average of 2.5 kW h/m2. In 

addition to seawater desalination, a solar still is versatile for potable water generation from 

a variety of water sources, including lake or river water and contaminated source waters. 

Solar distillation is a very simple process and it replicates the way nature makes 

rain.19 A schematic diagram of a conventional solar still is shown in Figure 1.4. As shown, 

the basin of the solar still is filled with source water and the sunlight warms up water to 

accelerate the evaporation. As the water evaporates, it leaves impurities and contaminants 

behind. The water vapor rises and then condenses on the inner side of the basin as it cools. 

The liquid water gets collected for further use.20, 8, 21 The first recorded solar still was 

invented by Arab alchemists in the 1550s.22 The first solar still plant was built in 1872 by 

the Swedish engineer Charles Wilson in the mining community of Las Salinas in northern 
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Chile, with a capacity of about 23 m3/d in clear weather.16 Many solar still systems were 

developed over the years using the above principle for water purification in many parts of 

the world. A solar still output could be affected by many factors including brine depth, 

vapor leakage, thermal insulation, cover slope, shape material, and climate.23-24  

 

 

 

 

 

 

Figure 1.3 Solar energy distribution around the world.25 

Overall, the use of conventional solar stills has been limited due to their low solar-

to-water vapor efficiency and low water production rates, which inspired research efforts 

to investigate various methods to improve their efficiency over the years.19 Diverse 

configurations of solar stills have been constructed and experimentally tested. The common 

configurations are V and L shapes, which are simple from the maintenance perspective and 

low construction cost. Based on the simple solar still unit, Bilal and co-workers found that 

fresh water productivity by a solar still can be increased by the presence of some absorbing 

materials, such as rubber.26 Nafey and co-workers used black rubber27 and black gravel 

materials27-28 for increasing the water productivity of the solar still. Sebaii designed a baffle 

suspended absorber.29 Double glass was used and studied by Zurigat.30 Hermann developed 
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a corrosion free solar collector for seawater desalination.31 However, the improvement on 

the overall water production efficiency of the conventional solar still has been sluggish.32 

 

Figure 1.4 Schematic of solar still.14     

1.3 Solar-driven interfacial water heating  

Solar-driven water evaporation is one of the essential processes in a solar still. However, 

traditional solar evaporation approaches generally deliver low photothermal conversion 

efficiency.33-34 Some of the previous works have included light absorbing materials, 

referred to as photothermal materials, into solar still to improve the efficiency. However, 

these solar light absorber materials were totally immersed in the water. Water evaporation 

occurs at the air-liquid interface and only water molecules located in a very thin surface 

layer are actively transported to the overlying vapor phase.35,36 Based on this, the 

conventional solar stills all fall into the category of bulk water heating in which the entirety 

of the bulk water body within the solar stills is uniformly heated up. Bulk water heating is 

considered ineffective.14,34  
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In the past few years, interfacial heating based solar distillation has been gaining 

popularity. In an interfacial heating scheme, both the solar energy harvesting and water 

vapor generation are localized at the air-water interface using a non-submersible 

photothermal material system. In this way, the converted thermal energy is confined at the 

interface and heats up only the water at the air-water interface.  

For a desirable interfacial heating system, having good light-to-heat conversion 

(photothermal) material is essential. For the purpose of simple operation, a self-floating 

photothermal material is usually designed by modification of surface wettability or 

selecting materials with low densities. In such a system, the following requirements are 

typically fulfilled: (1) a top photothermal layer to absorb a wide spectrum of solar 

irradiation and to effectively convert solar energy to heat; (2) a thermal barrier layer with 

low heat conductivity underneath the photothermal layer to minimize the heat transfer to 

the bulk water and to localize the heat at the interfacial heating region, and (3) a water 

transport mechanism, known as water pumping mechanism, to supply water to the top 

photothermal layers (Figure 1.5). However, it is very difficult to integrate all of the above 

properties into a one-component material. All these considerations will be discussed in the 

following section 1.4 and 1.5.  
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Figure 1.5 Schematic diagram of the structure and operation of an interfacial heating 

system floating at the air-water interface.37 

1.4 Photothermal material for solar-driven water evaporation 

The heat generation by photothermal materials involves absorption of incident photons and 

heat transfer from the materials to surrounding media. The light-induced alternating 

electric field drives mobile carriers inside crystals of the material and the energy gained by 

the carriers turns into thermal energy. The heat diffusing from materials leads to the 

increase of temperature of the surrounding medium.38 The commonly used photothermal 

materials include the following categories: (1) carbon-based materials,39 including carbon 

black,40 carbon dots,41 carbon nanotube,42 graphite,43 graphene,44 graphene oxide,45 
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reduced graphene oxide;46 (2) plasmonic metals, including gold nanoparticles47,48 and 

aluminum nanoparticles,49 and (3) inorganic and organic semiconductors.50  

1.4.1 Carbon-based material 

Carbon-based materials are widely used as photothermal materials. Its effectiveness in 

broadband light absorption is due to the closely spaced energy levels of the loosely held π 

electrons, which can be excited with a small energy input. The heat is released when the 

excited electrons relax back to its ground state.51 An effective method to overcome the 

limitation is to use porous nanostructures, such as vertically aligned carbon nanotubes or 

porous graphene.52-56 By including the porous nanostructures, light reflection is reduced 

through the multi-reflection mechanism and light absorption is improved through light 

trapping.57 In addition, carbon-based materials have advantages of stability, low cost, and 

easy availability. All of these properties make carbon materials widely used photothermal 

materials for practical water applications in literatures. Various forms of carbon-based 

photothermal designs include carbon-black-based superhydrophobic gauze,40 floating 

carbon,39 hollow carbon spheres,58 porous graphene,44 graphene oxide-based aerogels,45 

and porous polymer coated with exfoliated graphite.59  

1.4.2 Plasmonic materials 

The plasmon resonance is a unique optical phenomenon occurring on metallic structures. 

When the frequency of the incident light matches the oscillation frequency of delocalized 

electrons on the surface of metals, it triggers a collective excitation of the electrons and 

generation of hot electrons. These hot electrons oscillate coherently with the incident 

electromagnetic field, resulting in heat generation by a Joule mechanism.60-61 
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Many works have employed plasmonic nanoparticles to solar-driven water 

evaporation. For example, Halas’ group first made use of bulk-water dispersed Au 

nanoparticles as the solar light absorber for solar-driven evaporation, which produced a 

solar-thermal-conversion efficiency of 24%.62 A plasmonic film of nanoparticles was also 

used for solar-driven interfacial water heating.47 However, the directly assembled 

plasmonic film was too fragile to be transferred between different evaporation systems. 

Others works added structural support for the photothermal materials, including paper-

supported Au films,63,64 AAO membrane supported Au film,65 3D self-assembly of 

aluminum nanoparticles,49 and 3D mesoporous natural wood decorated by metal 

nanoparticles.66 Other metals such as aluminum, copper, molybdenum, cobalt, nickel, and 

platinum have also been developed for plasmonic applications.67  

Generally, the light absorption and light-to-heat conversion properties can be 

improved by changing the shape and size of plasmonic nanoparticles over a wide range of 

distribution to enable multiple wavelength light absorption.68-71 For example, recently, 

Zhu’s group demonstrated self-assembly broadband plasmonic absorber was highly 

efficient for solar steam generation (Figure 1.6).68-71 The high efficiency and broadband 

absorption was obtained by: 1) random size and distribution of gold nanoparticles in the 

closely packed pores enabling a high density of hybridized localized surface plasmon 

resonance to absorb light in a wide wavelength range, and 2) nanoporous templates 

providing an impedance match for efficient reflection reduction and coupling to the optical 

modes. 
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Figure 1.6 (a) Schematic of an ideal plasmonic absorber. (b) Self-assembly of gold 

nanoparticles on nanoporous templates to form plasmonic absorbers. (c) Digital images of 

a 1-inch-diameter bare nanoporous template sample and a ≤ 90 nm thick Au/NPT sample 

(observed from the template side).68-71 

1.4.3 Semiconducting materials 

The photothermal conversion ability of semiconducting materials is controlled by their 

band gap. In these materials, heat generation due to the heat dissipation fulfills through an 

inter-band absorption process with the excitation of a single electron and hole. As for 

narrow band gap semiconductors, most photons from solar emission have higher energy 

than the band gap of the semiconductor, which leads to the creation of above-band gap 

photo-generated electrons and holes in the semiconductor under irradiation. These above-

band gap electrons and holes then relax to the band edges and convert the extra energy into 

heat through a thermalization process (Figure 1.7a).72-73 As for broad band gap 
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semiconductors (Figure 1.7b), the heat is released when the photo-generated electron-hole 

recombination happens. 

  Narrow band gap semiconductors, such as black organic semiconductors (i.e. 

ppy)50 and inorganic (e.g., black Ti2O3,
73 hydrogenated black titania,74 Fe3O4,

75 oxygen-

deficient MoO3 quantum dots,76 and copper materials50, 73, 77-79) have been tested for solar-

driven water evaporation. Their light absorption and light-to-heat conversion properties 

can be improved by changing the band structure of the semiconductors by self-doping, 

adding impurities, or introducing disorder to the surface layers to generate donor or 

acceptor states in the band gap and/or reduce band gap to enable light absorption across a 

wide wavelength range.80 For example, a broad absorption in the magnesium-reduced TiO2 

nanoparticles was observed by Ozin’s group.77 The color of TiOx changed from white TiO2 

to dark, which indicated the extended photoresponse from the UV to the NIR spectral 

regions. 

 

Figure 1.7 Illustration of the electron-hole generation and relaxation in (a) a narrow band 

gap semiconductor nanocrystal and (b) a normal semiconductor.73  
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1.5 Thermal management for solar-driven water evaporation  

In addition to the light-to-heat conversion ability of a photothermal material, the thermal 

management is crucial to the energy efficiency in a solar distillation system. The energy 

balance scheme in a typical interfacial solar-driven water evaporation system is 

demonstrated in Figure 1.8. In this system, solar radiation (Psun) is the only energy input 

which is split into and balanced by five energy output pathways: 1) reflective solar 

radiation (Prf), 2) water evaporation (Peva), including the sensible heat and the latent heat 

of the evaporating water, 3) radiative heat loss from the photothermal material/water 

interface (Prd), 4) convective and conduction heat loss to the overlying air (Pcv), and 5) heat 

conduction loss to the underlying bulk water (Pcd).
81  

Heat conduction occurs when heat transfer from a source with higher temperature 

to one with lower temperature by passing through a medium, passing on the energy by 

collisions between neighboring particles. 

𝑃𝑐𝑑 = 𝑘𝐴
(𝑇1−𝑇2)

𝐿
              (1.1) 

where Pcd is the heat transfer by conduction, k is the thermal conductivity of the material, 

A is the surface area of heat transfer, T1 and T2 are the temperatures of the two different 

bodies (assuming steady-state temperatures) and L is the thickness if the medium. 

Heat convection occurs by the motion of a mass of fluid carrying the energy away 

from the source of heat into a cooler part of the fluid. The convection heat transfer at a 

constant temperature in a fluid can be expressed as the following equation: 

𝑃𝑐𝑣 =  ℎ̅ (𝑇𝑏𝑜𝑑𝑦 − 𝑇𝑐)        (1.2) 
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where Pct is the heat transfer by convection, ℎ̅ is the average heat transfer coefficient, Tbody 

is the temperature of the body and Tc is the temperature of the surrounding fluid.  

As for the thermal radiation (Prd), it is quantified by the Stefan-Boltzmann equation: 

𝜙 = 𝜀𝐴𝜎(𝑇1
4 − 𝑇2

4)         (1.3) 

where 𝜙 is the radiation heat flux, 𝜀 and A are the emissivity and surface area of the water 

evaporation surface, respectively, 𝜎  is the Stefan-Boltzmann constant, T1 is the 

temperature of the photothermal material surface, and T2 is the ambient temperature.81 

 

 

Figure 1.8 Energy balance diagram of a solar-driven water evaporation system based on 

interfacial heating. Note: water evaporation is in the open air in this case.81  
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1.5.1 Thermal insulator design 

Due to the high temperature locally at the air-water interface in the interfacial heating 

system, the heat conduction loss (Pcd) from the photothermal materials into the underlying 

bulk water is an issue (Figure 1.8). Therefore, the thermal insulator as a heat barrier 

between the photothermal material and the bulk water becomes necessary. 

Foam structure is an outstanding thermal insulator and thus has been used as 

thermal insulator support by many. In 2014, Chen’s group reported heat localization with 

a double-layered carbon structure, consisting of a carbon foam support and an exfoliated 

graphite layer (Figure 1.9a).1 The bottom layer was carbon foam with a smaller pore size 

for water supply, while the top exfoliated graphite layer had a larger pore size for the vapor 

to escape. The two layers of the carbon structure possessed different thermal properties. 

By adding the thermal insulator layer, heat can be mainly localized on the evaporative 

surface, producing higher evaporation efficiency than single layer exfoliated graphite to 

reduce the heat conduction loss to the underlying bulk water (Pcd).  

In 2015 and 2016, Deng’s group used gold nanoparticles as a photothermal material 

by depositing on air-laden paper (Figure 1.10a) 63 and an anodized aluminum oxide (AAO) 

membrane (Figure 1.9b)65, 82 as a heat barrier. Wang’s group used multi-wall carbon 

nanotubes as the top photothermal layer and macroporous silica as the heat barrier.42 

Singamaneni and Naik’s group demonstrated cellulose foam was efficient for water 

transport and good thermal management due to its low thermal conductivity.46 Furthermore, 

polystyrene (PS) foam, polyurethane (PU) as easy accessible commercial thermal 

insulators were also widely used as heat barrier in solar-driven interfacial heating system.83-

87 Different insulating materials have been developed for minimizing heat conduction loss, 
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which improve the solar-to-water evaporation efficiency significantly due to their low 

density and heat insulating properties. 

 

Figure 1.9  (a) A dual-layer structure for steam generation, which consisted of carbon foam 

supporting a graphite layer for heat localization.1 (b) Schematics depicting floating double-

layered film (top: light-to-heat plasmonic conversion layer; bottom: supporting AAO 

membrane) with varying wettability.63 

1.5.2 3D, 2D, and 1D water channel design  

The design of water transport channels to supply water to the evaporation surfaces is 

another key factor in interfacial solar-driven water evaporation system. In some cases, the 

heat barrier was deliberated designed to be a three-dimensional (3D) interconnected porous 

structure so as to include in one material both functions of the heat barrier and water 

transport channel. Deng’s group reported a heat barrier of an air-laden paper, which acted 

as a substrate and the porous microstructure inside paper acted as the water transport 

channels (Figure 1.10a).63 More recently, nature-inspired designs with a 3D interconnected 

porous structure providing efficient water supply were demonstrated on a wood-based solar 

evaporation device (Figure 1.10b).88  
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However, the water filling in the pore space of the porous heat barriers was found 

to compromise their role as a heat insulator due to the fact that water in the open pores 

greatly increased the materials’ thermal conduction.81, 87 Therefore, the role of the thermal 

insulator was later separated from the water channel, which led to a better heat localization 

effect. Zhu’s group developed a two dimensional (2D) water transport channel by placing 

the water transport outside of the single-function heat barrier of polystyrene foam with 

closed pores (Figure 1.10c).86 Compared with the porous insulator substrate, the 2D water 

transport channel reduced the volume of the water path, which minimized the heat 

conduction loss to the bulk water.  Furthermore, inspired by natural plants, a confined one 

dimensional (1D) water transport channel was demonstrated using a living organism, a 

fungi mushroom (Figure 1.10d).89 It was efficient for light absorption and for minimizing 

the heat loss by further reducing the heat conduction loss through water transport channel, 

heat radiation, and convection losses.    

Figure 1.10 (a) Schematic illustration of the structure of air laid paper-based Au 

nanoparticles film. 63 (b) Schematic illustration of the nature-inspired artificial tree with a 
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3D water transport channel.88  (c) Schematic illustration of conventional solar evaporation 

with direct water contact and with 2D water transport channel.86(d) Schematic illustration 

of the heat behavior in a mushroom based structure with 1D water transport channel and 

maximum and average temperatures of surfaces for natural and carbonized mushrooms as 

a function of time.89 

1.5.3 Other considerations for thermal management  

In order to reduce the reflective solar radiation (Prf), photothermal materials are rationally 

designed with the microstructure to reduce the light diffusion reflection and transmittance 

by multi-scattering mechanisms such as a porous rGO membrane,87 rGO-MWCNT 

composite,90 and vertically aligned graphene sheets,91 etc.  

Based on this, rationally choosing the photothermal material with a small emissivity, 

and reducing the photothermal material surface temperature by making a 3D structure is a 

possible solution.90 Zhu’s group reported a 3D umbrella structure with suppressed radiation 

and convection loss inspired by the natural transpiration process in plants.92 Another work 

from the same group reported a pillar structure which can keep a lower temperature for the 

non-irradiated surface of the photothermal material than the surrounding environment.93 

More recently, Wang’s group presented a 3D cylindrical structure, which can reduce the 

thermal radiation loss because the outer wall of the structure possesses a temperature lower 

than the surrounding even when the structure was exposed under one sun illumination.94  

1.6 Solar-driven water evaporation for different applications 

The prosperity and development of photothermal materials have made it possible for 

extending the solar-driven water evaporation into different practical applications. The 
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phase change and mass transfer processes in the solar water evaporation system provide 

the ability to treat different water sources such as seawater, river water, wastewater, and 

contaminated water. 

1.6.1 Photothermal structural design for seawater desalination  

Different requirements need to be considered for different water sources. As for seawater 

desalination, interfacial solar-driven water evaporation is limited by its long-term stability 

due to the fact that the accumulation of salts on the surface of photothermal material 

decrease the light absorption and light-to-heat conversion and also blocked the water 

supply path.95-96 Recently, a salt-rejection photothermal structure was reported to deal with 

salt crystallization issues and the design of the structure promoted the back diffusion of the 

salt ions back into the source water.97-99 For example, Chen’s group reported a salt-

rejecting and heat localization design (Figure 1.11a). In this design, expanded polystyrene 

was used as the thermal insulator and it rejected salt at the wick structure through advection 

and diffusion mechanisms.100 Very recently, accumulated salts on the surface of the 

photothermal material was considered as an opportunity for achieving a zero liquid 

discharge (ZLD) water desalination and brine treatment.101 In 2018, Wang’s group 

demonstrated that a 3D cup photothermal structure could satisfactorily separate salt 

accumulation from the light absorption surface without compromising the light-to-thermal 

efficiency (Figure 1.11b).100, 102  
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Figure 1.11 (a) Scheme illustration of salt rejection and heat localization.100 (b) Scheme 

illustration of salt precipitation on 2D disk and 3D cup structured solar evaporator for 

ZLD.102  

1.6.2 Multi-functional photothermal materials for contaminated water treatment 

When source water is contaminated by pollutants, such as organic pollutants and heavy 

metals, the integration of other decontamination functions into the solar-driven water 

evaporation process is necessary for clean water generation.80 Solar energy has been used 

for water decontamination through advanced oxidation processes (AOP), such as photo-

catalysis and photo-Fenton process. 82, 103-115 AOPs exploiting the high reactivity of OH 

radicals in driving oxidation processes are well known for both potable and residual 

wastewater treatment due to their performance for oxidizing and mineralizing many 

organic contaminants to produce small nontoxic molecules.82, 103-115  

1.6.2.1 Photocatalytic reaction 

The photocatalytic oxidation of aqueous and gaseous contaminants has been extensively 

studied since the research of photocatalytic water splitting on TiO2 electrodes was 

conducted in 1972.116 TiO2 as one of the most promising photocatalysts has attracted 
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special attention because of its wide band gap, non-toxicity, chemical and light stability.117-

118 The process occurs when the illumination of a semiconductor forms photogenerated 

electrons and holes. The photogenerated holes could react with contaminants molecules 

adsorbed on the surface of the photocatalyst. The primary steps in the photocatalytic 

mechanism are as follows: (1) formation of charge carriers by a photon; (2) photo-

generated charge-carrier recombination to liberate heat; (3) initiation of an oxidative 

pathway by a valence-band hole; (4) initiation of a reductive pathway by a conduction-

band electron; (5) further thermal and photocatalytic reactions to yield mineralization 

products; (6) trapping of a conduction band electron in a dangling surficial bond to yield 

Ti3+; and (7) trapping of a valence-band hole in a surficial titanol group. 119 The photo-

generation of radical species can be represented by the following reactions (Figure 1.12): 

𝑇𝑖𝑂2 + ℎ𝑣 →  𝑒𝐶𝐵
− + ℎ𝑉𝐵

+             (1.1) 

ℎ𝑉𝐵
+ + 𝑂𝐻− (𝑠𝑢𝑟𝑓𝑎𝑐𝑒) → 𝑂𝐻 ∙               (1.2) 

ℎ𝑉𝐵
+ + 𝐻2𝑂 (𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑) → 𝑂𝐻 ∙ + 𝐻+             (1.3) 

𝑒𝐶𝐵
− + 𝑂2 (𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑) → 𝑂2

− ∙               (1.4) 

𝑂2
− ∙  + 𝐻+ → 𝐻𝑂2 ∙      (1.5) 

2𝐻𝑂2 ∙ → 𝑂2 + 𝐻2𝑂2      (1.6) 

𝐻2𝑂2 ∙  + 𝑂2
− ∙ → 𝑂𝐻− + 𝑂𝐻 ∙  + 𝑂2      (1.7) 

𝑒𝐶𝐵
− + ℎ𝑉𝐵

+  → ℎ𝑒𝑎𝑡             (1.8) 
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where hv represents UV radiation, 𝑒𝐶𝐵
−  represents conduction-band electrons, ℎ𝑉𝐵

+  

represents valence-band holes, an 𝑂2
−
, represents a superoxide ion. H2O2, which can also 

be generated from the superoxide ion by various mechanisms, can also be a source for 

hydroxyl radicals by further reacting with electrons or superoxides ions. The radical species 

resulting with the most active in carrying out oxidation, were often found to be 𝑂2
−
, OH, 

and 𝐻𝑂2.   

 

 

 

 

 

Figure 1.12 Excitation of an electron from valence band to conduction band; 

semiconductor potential of TiO2.
119 

The valence band holes are powerful oxidants (+1.0 to +3.5V vs NHE depending 

on the semiconductor and pH), while the conduction band electrons are good reductants 

(+0.5 to -1.5 V vs NHE).120 Most organic photodegradation reactions utilize the oxidizing 

power of the holes directly or indirectly; however, to prevent a buildup of charge, one must 

also provide a reducible species to react with the electrons. In small semiconductor 

particles, both species (electrons and holes) are present on the surface. Therefore, careful 

consideration of both the oxidative and the reductive paths is required.118 
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Figure 1.13 (a) Schematic illustration for clean water generation by floating air laid paper-

based rGO composite under solar irradiation and the RhB removal with paper-based rGO-

TiO2 composites.121  (b) Bifunctional TiO2-Au AAO membrane with three layers integrates 

both photocatalytic degradation and solar vapor generation functions.82 

Reusing polluted water has been considered as one of the most practical approaches 

to address the global shortage of clean water. Rather than relying on single 

decontamination mechanism, recent works from Deng and Shang’s group reported a multi-

functional paper-based rGO composite (Figure 1.13a)121 and bi-functional TiO2-Au AAO 

membrane (Figure 1.13b)82 for efficient interfacial solar-driven water evaporation and dye 

degradation. The rGO membrane with an incorporation of TiO2 composites was able to 

photocatalytically degrade organic dye contaminants under UV light. Meanwhile, the 

solar-driven water evaporation process accelerated the upward diffusion of contaminants 

toward the floating composites and thus significantly improved the pollutants adsorption 

removal performance.  
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1.6.2.2 Photo-Fenton reaction 

Another widely studied AOP is the Fenton reaction. The Fenton oxidation reaction was 

first defined in 1894 by Henry J. Fenton when he discovered that hydrogen peroxide (H2O2) 

could be activated by ferrous ions to oxidize organics.122 The process consists mainly of 

the addition of iron salts in the presence of H2O2 solution, preferably at acid medium, for 

the generation of OH free radicals (Equation 1.9, 1.10).123-124 

𝐹𝑒2+ + 𝐻2𝑂2 → 𝐹𝑒3+ + 𝐻𝑂 ∙ + 𝑂𝐻−         (1.9) 

𝐹𝑒3+ + 𝐻2𝑂2 → 𝐹𝑒2+ +  𝐻+ + 𝑂𝐻2 ∙        (1.10) 

Perhydroxyl radicals (𝑂𝐻2 ∙) are also generated via the Fenton reaction. However, 

𝑂𝐻2 ∙ radicals have lower oxidation power than OH.125 Furthermore, during the Fenton 

reaction, the consumption of free OH radicals can take place. Some excess of H2O2 and/or 

iron ions at the beginning of the reaction, with respect to the amount of pollutant to be 

treated, limits the efficiency of the process (Equation 1.11, 1.12).123 

𝐻2𝑂2 + 𝑂𝐻 ∙ → 𝑂𝐻2 ∙ + 𝐻2𝑂          (1.11) 

𝐹𝑒2+ + 𝑂𝐻 ∙ → 𝐹𝑒3+ + 𝑂𝐻−       (1.12) 

Similarly, the recombination of free OH radicals and/or the reaction of these with 

OH2radicals can result in the reduction of the Fenton reaction yield. (Equation 1.13, 

1.14) 

𝑂𝐻 ∙ + 𝑂𝐻 ∙ → 𝐻2𝑂2                (1.13) 

𝑂𝐻 ∙ + 𝑂𝐻2 ∙ → 𝐻2𝑂 + 𝑂2       (1.14) 
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Iron can be added in its ferrous (Fe2+) or ferric (Fe3+) form. Ferrous iron salts are used in 

minor proportion as a consequence of the slow generation of OH radicals in the initial 

stages of the process because this would start with Equation 1.10. 

The regeneration of Fe2+ is favored (Equation 1.15) when a combination of H2O2 

and ultraviolet (UV) or solar irradiation, commonly called the photo-Fenton reaction,111 

and at the same time, a great amount of OH radicals is produced.125 This fact can be 

explained by the formation of aqueous Fe3+ and oxalate complexes (Fe(OH)2+),126 which 

are capable of absorbing UV and visible radiation, suffering photoreduction, and 

generating OH.125, 127Additionally, it is possible to carry out the UV/H2O2 reaction where 

there is cleavage of the molecule into hydroxyl radicals with a quantum yield of two 

OHradicals formed per quantum of radiation absorbed (Equation 1.17). A reason of the 

positive effect of irradiation on the improved Fenton reaction rate include the 

photoreduction of Fe3+ to Fe2+ ions, which produce new OH radicals with H2O2 (Equation 

1.9).128 

𝐹𝑒(𝑂𝐻)2+ + ℎ𝑣 → 𝐹𝑒2+ +  𝑂𝐻 ∙          (1.15) 

𝐹𝑒3+ + 𝐻2𝑂 + ℎ𝑣 → 𝐹𝑒2+ +  𝑂𝐻 ∙  +𝐻+       (1.16) 

𝐻2𝑂2 + ℎ𝑣 → 2𝑂𝐻 ∙       (1.17) 

However, engineers encounter two drawbacks when implementing the Fenton reaction in 

water treatment. First, the working pH for the reaction is confined to 2.0-4.0.129-130 At pH 

higher than 4.0, the Fenton reaction appears to terminate due to the precipitation of Fe3+. 

Second, the amount of iron ions decreases because Fe3+ precipitates after use due to its 

extremely low solubility product constant even at the pH 4.0.  
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The release of iron ions can be prevented and the range of the working pH can be 

widened once the Fenton reaction evolves into a heterogeneous Fenton reaction that utilizes 

solid iron oxides as a catalyst, instead of the homogeneous Fenton reaction using free iron 

ions. The heterogeneous method also prevents the formation of iron sludge by 

immobilizing iron oxide, acceleration Fe2+ regeneration by light illumination, and enables 

the reusability of iron oxides after separation.131  

 

 

 

 

Figure 1.14 Reaction that occurs when the Fenton process is irradiated with UV 

irradiation.132 

The basic difference between the homogeneous and heterogeneous Fenton 

processes involves the different positions where the catalytic reactions occur. In the 

homogeneous system, the catalysis process can occur in the whole liquid phase, while in 

the heterogeneous system, the catalysis process always happens on the surface of the 

catalyst. The position at which catalysis occurs in the heterogeneous system determines 

that the diffusion and adsorption processes of H2O2 and other reactants to the surface of 

catalyst could be significant for the catalysis process.133-134  

The heterogeneous Fenton reaction and the photo-Fenton reaction are considered 

effective for water and wastewater treatment from toxic or non-biodegradable organic 
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pollutants,135 and they have been applied to treat many kinds of wastewater such as highly 

concentrated phenolic wastewater,136 pharmaceutical wastewater,137-138 textile 

wastewater,139-140 and surfactant wastewater.141 Therefore, the integration of the Fenton 

reaction with the photothermal material is an alternative method to treat contaminated 

water source.  

1.7 Objective of this dissertation  

Through the review of recent research work, we have come to the belief that solar 

distillation is a promising all-in-one green technology to provide fresh water, especially on 

small to medium scales. However, the efficiency of solar-to-water evaporation is still a 

limiting factor, which this dissertation is inspired to further improve by designing 

photothermal materials, photothermal structures, and thermal management. At the same 

time, most of the photothermal materials in literature are unsatisfactory for long-term 

operation due to the expected fouling and scaling issues when dealing with real source 

waters. In light of the potentially co-existing water pollutants in impaired source waters to 

be used for solar distillation, contaminant removal designs are required in the solar 

distillation process for the purpose of producing safe potable water.    

This dissertation covers the following topics:  

1) Improving the solar-driven water evaporation efficiency by adding a non-porous 

heat barrier to minimize the heat loss to the bulk water;  

2) Investigation of the fouling and corrosion issues for photothermal materials in real 

seawater instead of synthetic seawater for solar-driven interfacial water evaporation;  

3) Integration of interfacial solar-driven water evaporation with photocatalyst for 

complex wastewater treatment;  
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4) Integration of interfacial solar-driven water evaporation with a photo-Fenton agent 

for VOCs removal and clean water generation;  

1.8 Organization of the dissertation 

This dissertation is arranged into five chapters based on the research articles that have either 

been published or are currently under review/preparation. Each chapter presents:  

1) Background introduction and objective  

2) Material synthesis methods and characterization results 

3) Results and discussion  

In more detail: in chapter 2, we prepared a bi-layered reduced graphene oxide composite 

membrane with a heat barrier as the bottom layer to localize heat at the interface between 

air and water. This non-porous heat barrier improved the solar-to-water evaporation 

efficiency significantly, by removal of the water transport channel inside the heat barrier 

to minimize the heat loss from the top photothermal layer to the bulk water. Moreover, 

although the interfacial-heating concept is well accepted in this field, there lacks a 

systematic study and thorough experimental evidence on the relationship between the 

system energy efficiency and the thickness of the heating water layer. 

In chapter 3, the corrosion and fouling concerns of photothermal material applied in solar-

driven interfacial water evaporation were first investigated by using real seawater instead 

of synthetic seawater. A tandem-structured SiC-C monolith photothermal material was 

prepared by using the sacrificial template method, which possessed good light absorption 

ability and highly stable mechanical strength for frequent fouling cleaning. 
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In chapter 4, a SiC-based foam was prepared by incorporation with Au/TiO2 mesoporous 

nanoparticles to include photocatalysis ability for complex wastewater treatment (water 

source was contaminated by RhB as a model of organic dyes and Cr as a model of heavy 

metal). SiC is a p-type semiconductor showing a significant effect on Cr (VI) reduction 

and Au/TiO2 is an n-type semiconductor to degrade organic dye. Therefore, the 

multifunctional SiC foam can be used for complex wastewater treatment through both 

photocatalytic oxidation and photocatalytic reduction process. 

In chapter 5, even though the organic dyes, heavy metals, and salts can be left behind during 

the water evaporation process, volatile organic compounds (VOCs) could contaminate the 

quality of distillate water. A honeycomb ceramic coated with CuFeMnO4 nanocomposites 

was prepared by simple deposition of nitrate metal precursors, which was demonstrated to 

be highly efficient for light absorption and light-to-thermal conversion. CuFeMnO4 

nanocomposites showed great activity for photo-Fenton reaction and VOCs could be 

effectively removed from the distillate water.  
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Chapter 2. Bi-layered Reduced Graphene Oxide Film on Polystyrene Foam for 

Solar-driven Interfacial Water Evaporation 

(Paper published in Journal of Material Chemistry A)87 

2.1 Introduction  

As mentioned previously, solar-driven water evaporation efficiency can be improved by 

choosing effective photothermal materials and having proper thermal management. Among 

all the considerations for the thermal management, heat conduction loss to the bulk water 

can represent a major energy loss. Therefore, a heat barrier is necessary for an effective 

interfacial heating system. As for the heat insulator design, in most of the previous reports 

in literature, common is that the bottom heat barrier and water transport channel were 

combined together, necessitating highly macroporous structures of the heat barrier layers 

to pump water from the bulk water to the top photothermal layers. However, overlooked 

in this design is that the high macroporosity of the heat barrier layers results in there a high 

content of water, whose heat conductivity (0.6 Wm-1 K-1 at 20oC)142 is generally much 

higher than that of the heat barrier materials143, leading to a worsened heat barrier 

performance than originally expected. In a sense, the integration of heat barrier and water 

pumping into one entity can be counterproductive and should thus be avoided. Moreover, 

although the interfacial-heating concept is well accepted in the field, there lacks a 

systematic study and thorough experimental evidence on the relationship between the 

system energy efficiency and the thickness of the heating water layer. 

Based on these discussions, the objectives of this project are two folders: (1) to 

further improve energy efficiency of photothermal water evaporation system by rational 

design of material and system; (2) to provide a systematic experimental evidence of 
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interfacial heating. More specifically, in this project, we fabricated a bi-layered composite 

membrane with porous reduced graphene oxide (rGO) film as top photothermal layer and 

solid polystyrene (PS) foam as heat barrier. The rGO was rationally chosen as photothermal 

material because of its broad light absorption, high heat conductivity and excellent 

photothermal conversion efficiency.144-148 PS foam was used as the thermal barrier due to 

its extremely low heat conductivity (0.033 Wm-1K-1) and also its low density, leading to its 

self-floating ability in water.149 The solid PS foam, through which no water could be 

transported upward to the photothermal layer, was rationally chosen to purposefully 

decouple the functions of heat barrier and water transport. 

2.2 Experimental 

2.2.1 Chemicals and materials 

Sulfuric acid (H2SO4), phosphoric acid (H3PO4), graphite flakes, potassium permanganate 

(KMnO4), ethanol (C2H6O), hydrogen peroxide solution (H2O2), Triblock copolymer 

Pluronic P123 (EO20PO70EO20; Mn ca.5800 g mol−1), hydrochloric acid (HCl), and 

tetraethyl orthosilicate (TEOS) were purchased from Sigma Aldrich. All chemicals were 

used as originally received. All water was deionized (DI) water produced by a Millipore 

system with a resistivity of 18.2MΩ cm. Polystyrene (PS) substrate was purchased as 

commercial plastic foam food container and was cut into pieces in round shape with a 

diameter of 4.5 cm. PS substrate was abraded with 1200 grit silicon carbide paper to 

remove the top hydrophobic surface in order to improve the bonding stability between the 

top rGO layer and the PS layer. 
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2.2.2 Fabrication of rGO/PS bi-layered membrane 

Graphene oxide was synthesized based on the improved Hummers’ method 150,151 while 

SBA-15 was synthesized using the conventional method.152-153 An aliquot of 4 ml of 1.9 

mg ml-1 GO solution was mixed carefully with a known amount of SBA-15 powder (0.1, 

0.2, 0.3, 0.4, 0.5g) to obtain a uniform mixture, which was then coated on the PS substrate 

by simple bar coating to form a film with a thickness of 0.5 mm. Then, the fabricated bi-

layered membrane was heated in an oven at 60 oC to dry. The dry bi-layered membrane 

was sealed in a plastic container and treated with HI vapor to reduced GO to rGO.154 The 

SBA-15 was later removed by treating the bi-layered membrane with 3M NaOH solution 

for 8 h. For the purpose of comparison, a nonporous rGO/PS bi-layered membrane and a 

self-supporting porous rGO membrane were prepared in the similar way. The nonporous 

rGO/PS bi-layered membrane was prepared in the absence of SBA-15 in the initial mixing 

step while the self-supporting porous rGO membrane was fabricated by coating the same 

amount of GO/SBA-15 mixture onto a silica wafer with the same area (15.89 cm2). The 

NaOH treatment removed the SBA-15 and also helped to peel off the top rGO layer from 

the silicon wafer. It should be pointed out that the GO coating process onto the PS foam 

was carefully conducted so that there was a GO and thus rGO coating layer on the 

peripheral edge sides of the PS foam. While the composite membrane self-floating on top 

of water, the rGO coating on the peripheral edge made contact with the underlying water 

and assured continuous water supply to the top rGO photothermal layer (Figure 2.1). 

2.2.3 Characterizations 

Scanning electron microscope (SEM, FEI Quanta 600) was used to characterize the 

materials’ surface morphologies. The reflectance and absorption properties of the materials 
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were measured using spectrophotometer (Shimadazu, UV 2550), with fine BaSO4 powder 

as reference baseline and contact angles were obtained by OCA 35 (Data-Physics, 

Filderstadt, Germany). Raman spectra were obtained on Horiba LabRAM HR and the 

temperature gradient and thermal images were collected by using FLIR A655 infrared 

camera. 

2.2.4 Water evaporation performance measurement 

A homemade system was used to measure water evaporation performance. In more details, 

a cylindrical polystyrene (PS) container with a mouth diameter of 4.5 cm and filled with 

DI water was first prepared. Solar irradiation was provided by a solar simulator (Oriel® 

Sol1A Class ABB Solar simulators, Newport), with intensity adjusted to one sun (AM 1.5, 

1000 W m-2). The prepared bi-layered round photothermal membrane with a diameter of 

4.5 cm was self-floating on the surface of water or mechanically fixed in the PS container 

at different water depth (0.2 cm to 7.0 cm). The PS container was placed on an electronic 

analytical scale to monitor real-time water mass loss due to evaporation. A white paper was 

used as a cover around the measurement system to minimize the effect of ambient airflow 

turbulence on water evaporation measurement (Figure 2.1). For the purpose of comparison, 

an aluminum foil cover was also tested and was found to over-estimate the water 

evaporation rate due to high light reflection by the aluminum foil. 
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2.3 Results and discussion 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 Photographs of the prepared GSin-PS bi-layered photothermal membranes (n=0, 

0.1, 0.2, 0.3, 0.4 and 0.5 g) (a1-f1) with diameter of 4.5cm and the same membranes after 
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HI reduction (i.e., rGSin-PS) (a2-f2). Porous rGSin-PS bi-layered photothermal membrane 

after SBA-15 removal by NaOH (g1).  rGO layer is coated on the peripheral edge (g2). 

Homemade water evaporation performance measurement system, with white paper as 

cover (h1), without cover (h2). 

 

Figure 2.2 Scheme of the preparation process of the bi-layered photothermal membrane 

with porous reduced graphene oxide (rGO) film on the top and polystyrene (PS) foam at 

the bottom. The GO film with interconnected channels was synthesized with SBA-15 

powder as template. GO/SBA-15 mixture solution was coated on top and edge area of 

commercial PS substrate by bar coating and reduced to rGO with HI vapor. Finally, SBA-

15 template was removed by washing with NaOH solution and a porous structure of rGO 

was obtained. The bi-layered membrane was floating at the interface of water and air, 

capturing light and converting it to thermal energy for water evaporation. 
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The material preparation is presented in Figure 2.2. Briefly, the graphene oxide 

(GO), synthesized by improved Hummers’ method, was first mixed with SBA–15 powder 

in aqueous suspension. The aqueous mixture was then coated on a commercial flat PS foam 

(diameter = 4.5 cm, thickness = 2 mm) by simple bar coating method. The prepared bi-

layered composite membrane was dried in 60oC oven before being reduced to rGO in 

hydriodic acid (HI) vapor. The SBA-15 was then removed by NaOH solution to produce 

the top porous rGO film and bottom PS composite membrane.  

The highly porous structure of the rGO layer is desirable for photothermal application due 

to the following reasons: (1) it increases the surface roughness, reduces the light reflection, 

and thus enhances the light trapping capability by the top layer; (2) the highly porous 

structure enhances contact between the photothermal material (i.e., rGO) and water and 

thus enhances heat transfer efficiency.  

In our study, a series of samples was prepared by mixing the solution of 4.0 ml GO 

with a concentration at 1.9 mg ml-1 with varying amount of dry SBA-15 powder (i.e., 0 g, 

0.1 g, 0.2 g, 0.3 g, 0.4 g and 0.5 g) and the samples were denoted as GSin, with n being the 

dry mass of SBA-15. Among all samples, the GSi0, GSi0.1, GSi0.2, and GSi0.3 exhibited 

smooth and uniform top layers while the GSi0.4 and GSi0.5 showed some major cracks on 

their (Figure 2.1). Similarly, the samples after HI reduction are designated as rGSin, the 

samples with the SBA-15 being removed are denoted as porous rGSin, and the bi-layered 

composite samples as rGSin-PS, etc. It was found that the surface morphology of the porous 

rGSin was a strong function of the amount of SBA-15 (Figure 2.3). SBA-15, which has 

unique bar structures (with bar diameter ~ 0.3 μm (Figure 2.3)), was judiciously chosen as 

pore-making template and the removal of SBA-15 left behind uniformly interconnected 
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macroporous channels in the rGO layer. The thickness of the rGO top layer can be 

controlled by varying the amount of GO/SBA-15 mixture during the bar coating. However, 

for the purpose of simplicity and easy presentation, in the synthesis, the amount of the 

GO/SBA-15 mixture solution was fixed at 3.0 ml as it led to the thinnest top layer (i.e., 2.5 

µm) (Figure 2.3) with a uniform surface.  

Figure 2.3 SEM images of the top layer of rGSin-PS (n=0, 0.1, 0.2, 0.3, 0.4 and 0.5g) bi-

layered photothermal membranes before SBA-15 removal in (a1-e1) respectively, and after 
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SBA-15 removal in (a2-e2) respectively; insets in a-e are magnified views; (f) the cross 

sectional images of the porous rGSi0.2 (i.e., after SBA-15 removal); (g) the top view of the 

PS substrate. 

 

Figure 2.4 SEM images of top view of (a) rGSi0-PS, (b) rGSi0.2-PS, (c) and porous rGSi0.2-

PS membranes; the inset figures show the contact angle of these samples. (d) The Raman 

spectra of the GSi0.2-PS (black) and rGSi0.2-PS (blue) samples. (e) The absorption and (f) 

diffuse reflection spectra of uncoated PS substrate, rGSi0-PS, and porous rGSi0.2-PS 

membranes.  

Figure 2.4 presents a top view SEM image of the nonporous rGSi0-PS sample, in 

which a generally smooth rGO sheet structure is observed. It is clear to see the mixture of 

rGO sheet and SBA-15 bar structure in Figure 2.4b of rGSi0.2-PS sample before SBA-15 

removal. With SBA-15 removal by NaOH treatment, obvious porous structure in the rGO 

top layer is obtained in Figure 2.4c of porous rGSi0.2-PS sample. Figure 2.4d presents the 
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Raman spectra of the GO and rGO top layer, which confirm the successful reduction of the 

GO to rGO by the HI treatment. As can be seen, there are two prominent peaks at 1359 and 

1609 cm-1 observed with the GO, which correspond to the.95 Upon reduction, the G and D 

bands still exist, but the intensity ratio of the D and G bands (ID/IG) increases significantly 

from ID/IG ≈ 0.88 in the GO to ID/IG ≈ 1.03 in the rGO, which is resulted from the increased 

number of isolated sp2 domain after reduction. The insets in Figure 2.4a-c show the images 

of static water contact angles on the surface of bi-layered rGSi0-PS, rGSi0.2-PS and porous 

rGSi0.2-PS membranes respectively. The contact angle change before (0o) and after (80o) 

SBA-15 removal indicates successful SBA-15 removal by NaOH.  

Figure 2.4e and f show the light absorption and diffuse reflection spectra of the nonporous 

rGSi0-PS, porous rGSi0.2-PS, and uncoated PS. In comparison, the nonporous rGSi0-PS 

membrane shows a reflection up to 10 %, much higher than porous rGSi0.2-PS, implying 

that the porous structure is beneficial for light harvest. The uncoated PS has negligible light 

absorption and thus contributes little to the light absorption by the bi-layered composite 

material. The light absorption and reflection spectra of all the porous rGSin-PS samples are 

presented in Figure 2.5 As can be seen, the porous rGSi0.2-PS exhibits higher light 

absorption and less reflection than the other porous rGSin-PS, indicating that there is a 

balance between the amounts of GO and SBA-15 in the synthesis to optimize the light 

harvesting properties of the top layer.  
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Figure 2.5 The absorption (a) and diffuse reflection (b) spectra of (porous) rGSin-PS, n=0, 

0.1, 0.2, 0.3, 0.4, and 0.5 g. 

Having confirmed light absorption enhancement of the top photothermal rGO layer, 

the photothermal properties of the bi-layered membranes were then investigated. A 

simulated solar light source with an intensity of 1000 W m-2 (AM 1.5) was shined directly 

from the top on the bi-layered membrane in air and an infrared (IR) camera was used to 

monitor the temperature of the membrane surface. Upon illumination, the surface 

temperatures of the materials quickly rose to a steady-state temperature zone, which is 

defined as the temperature when the heat generation under light illumination and heat 

dissipation due to irradiative heat flux is at equilibrium, which is an important indicator of 

material’s photothermal property. Figure 2.6a presents the steady-state temperature of the 

materials, which was measured based on the IR images obtained after illumination for 100s 

(Figure 2.7), as a function of SBA-15 amounts in the synthesis. As can be seen, the steady-

statement temperature of the porous rGSi0.2-PS was the highest among all samples (i.e., 83 

± 2oC), which, to our best knowledge, is one of the highest steady-state temperatures among 
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all photo-thermal materials tested under the otherwise same conditions in the literature. 

This high steady-state temperature of the porous rGSi0.2-PS demonstrates its efficient light 

to thermal conversion. Figure 2.6b presents the materials’ surface temperatures as a 

function of illumination time. The uncoated PS substrate (i.e. without top rGO layer) 

exhibited a low steady-state temperature of 26 ± 1oC while a self-supporting porous rGSi0.2 

membrane with the same thickness (i.e., without the supporting PS foam) produced a 

steady-state temperature of 73 ± 1oC, which, when compared with the steady-state 

temperature of the porous rGSi0.2-PS (i.e., 83 ± 2oC), demonstrates the role of the heat 

barrier layer in confining the heat in the top layer region. Upon illumination off, all 

materials showed quick drop in their surface temperatures in response.  

 

 

 

 

 

 

 

 

 

Figure 2.6 Photothermal property of (porous) rGSin-PS. (a) The steady-state temperatures, 

under the solar illumination, of the (porous) rGSin-PS bi-layered membranes in the air as a 
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function of the dry mass of the SBA-15 used in the preparation. The IR images of (a-1) the 

porous rGSi0.2-PS bi-layered membrane and (a-2) uncoated PS substrate under the solar 

illumination after 100s. Sp1 and Sp2 in a-1 and a-2 are two spots on the samples used for 

temperature monitoring. (b) Time-course of the temperature of the porous rGSi0.2-PS bi-

layered membrane (red), which was measured based on the average temperatures at Sp1 

and Sp2 of the sample. For comparison, a self-supporting porous rGSi0.2 membrane (blue) 

and an uncoated PS substrate (black) were also measured here. (c) Schematic illustration 

for the setup of solar-driven water evaporation measurement system with porous rGSin-PS 

bi-layered membrane floating on the surface of water. 

 

Figure 2.7 IR images of the (porous) rGSin-PS bi-layered photothermal membranes after 

100s illumination: PS substrate (a) uncoated, coated (b) with rGSi0, (c) with porous rGSi0.1, 

(d) with porous rGSi0.2, (e) with porous rGSi0.3, (f) with porous rGSi0.4, (g) with porous 
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rGSi0.5 respectively. As a control experiment, the PS substrate coated with 4.0 ml GO/0.2 

mg SBA-15 without SBA-15 removal was in (h) (i.e. rGSi0.2). 

Figure 2.8a shows the mass of the water evaporated by the (porous) rGSin-PS bi-

layered photothermal membranes (0.1, 0.2, 0.3, 0.4 and 0.5) as a time function of light 

illumination. As can be seen, the amount of water evaporated increased with increasing 

amount of SBA-15 in the preparation first peaked with the rGSi0.2-PS, and then declined 

thereafter with further increasing in the amount of SBA-15 and this result is consistent with 

the results from the surface temperature measurement in air (Figure 2.6a). All of the porous 

rGSin-PS (n=0.1, 0.2, 0.3, 0.4 and 0.5) show much better water evaporation performance 

than the nonporous rGSi0-PS, which demonstrates the important role of the porous structure 

in promoting water evaporation performance. This, when combined with the fact that the 

rGSin-PS is more hydrophilic than its porous counterpart (porous rGSin-PS), suggests that 

surface wettability is secondary to enhanced light adsorption by the porous rGO layer in 

this work when it comes to the total water evaporation efficiency.31 

It is worth highlighting that the porous rGSi0.2-PS bi-layered membrane evaporated 

3.96 kg m-2 for 3 h under light, which was 316% that of the case in the absence of the 

membrane (1.25 kg m-2 for 3 h) and 223% that by the self-supporting porous rGSi0.2 

membrane (i.e., without PS support) (1.77 kg m-2 for 3 h). The comparison between these 

samples with and without the PS support emphasizes the heat barrier role of the PS layer 

in the bi-layered membranes. The real time and continuous water mass loss measurement 

in this project make possible the calculation of instantaneous water evaporation rate, which 

is the slope of each time point on the water mass loss curve (Figure 2.8a), and the 
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comparison of the calculated water evaporation rates of different materials is presented in 

Fig. 8b, which further confirms that the porous rGSi0.2-PS is the best among all samples. 

 

Figure 2.8 (a) Time-course of water evaporation performance under various conditions for 

comparison, (b) the instantaneous water evaporation rates corresponding to the samples 

under various conditions. The lines of 0.0, 0.1, 0.2, 0.3, 0.4 and 0.5 were the amounts of 

SBA-15 in the material preparation. 

To experimentally confirm the heat barrier role of the PS substrate, Figure 2.9a 

compares the temperature profiles of water columns in the presence of porous rGSi0.2-PS 

bi-layered membrane and the self-supporting porous rGSi0.2 without PS support. In the dark, 

the water columns in both beakers with and without the membranes showed almost the 

same and homogeneous temperature profiles (Figure 2.9a-1 and a-2) while under the light 

illumination, the interfacial water temperature in the presence of the porous rGSi0.2-PS bi-

layered membrane increased immediately to 43.9 oC after 15 min (Figure 2.9a-3) and the 

one without the membrane rose to only 26.9oC with a homogenous temperature profile 

(Figure 2.9a-4), confirming its bulking heating scheme. For comparison, a bare PS 

substrate without rGO coating was also measured here (Figure 2.9a-5).  
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More importantly, the self-supporting porous rGSi0.2 membrane without PS 

substrate led to a interfacial water temperature of 33.6 oC under light illumination (Figure 

2.9a-6) and a much deeper high temperature zone in the water column than the porous 

rGSi0.2-PS bi-layered membrane (Figure 2.9a-3), which resulted in a much sharper 

temperature gradient in the latter (Figure 2.9b). Fig. 9b compares the water temperature 

variation under light as a function of distance from the water surface and as can be clearly 

seen, the heat was confined within a small region in the case with the porous rGSi0.2-PS bi-

layered membrane, which led to a heating zone with higher temperature than the case with 

the self-supporting rGSi0.2. The comparison of these samples provides clear and strong 

evidence that there is a great heat loss into the non-evaporative bulk water if there is not an 

efficient heat barrier layer. The judicious selection of the PS foam as the heat barrier in this 

study makes the bi-layered porous rGSin-PS membranes effective materials for solar-

driven water evaporation.  

Figure 2.9 The temperature profile comparison of a bottle of DI water in the presence of 

porous rGSi0.2-PS bi-layered membrane, versus self-supporting porous rGSi0.2 membrane 

under solar light illumination for 15min. IR thermal images of the beakers with DI water 

in dark with (a-1) and without bi-layered membrane (a-2). IR images of the beaker under 

solar light illumination for 15 min: with the porous rGSi0.2-PS bi-layered membrane (a-3), 
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pure water (a-4), with bare PS substrate (a-5), with self-supporting porous rGSi0.2 

membrane (a-6). (b) Temperature profiles of the marked lines in the Figure 2.9a-3, 9a-4 

and 9a-6. Inset in Figure 2.9b shows the beaker used for IR image capture. 

The light to evaporation conversion efficiency (η) of the (porous) rGSin-PS bi-

layered photothermal membranes is calculated using Equation (2.1): 

η =
𝑄𝑒

𝑄𝑠
          (2.1) 

where Qs is the power density of solar illumination (1000 W m-2) and Qe is the power 

needed for water evaporation, which is further defined by Equation (2.2): 

Q =  
𝑑𝑚 × 𝐻𝑒

𝑑𝑡
= 𝜐 × 𝐻𝑒    (2.2) 

where m is the mass of evaporated water, t is time, He is the heat of water evaporation 

(≈2270 kJ kg-1)155 and υ is the water evaporation rate, which is calculated by using Equation 

(2.3). 

υ =
𝑑𝑚

𝑆×𝑑𝑡
          (2.3) 

 where 𝑚  is the mass of evaporated water, 𝑆  is the surface area of the photothermal 

membrane, and 𝑡 is the duration time. The dynamics of η with respect to time is presented 

in Figure 2.10. Clearly, with the bi-layered membranes self-floating on top of water, η 

quickly peaked and then stayed relatively stable thereafter. The porous rGSi0.2-PS was the 

best among all, having the highest η and the shortest time to reach its peak η simultaneously.  

The υ of porous rGSi0.2-PS after 3h illumination was 1.31 kg m-2 h-1 (Figure 2.10) and η 

was 83%, which is among the best and compares favorably against the photothermal 

materials reported in the literature (Table A1). The η of the self-supporting rGSi0.2 was 37% 
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(Figure 2.10) while the case without any photothermal membrane, namely the bulk water 

heating case, produced η of only 26.4% (Figure 2.10), consistent with the reported value. 

For the purpose of comparison an aluminium foil, instead of the white paper, was employed 

as the cover in water evaporation performance measurement of the porous rGSi0.2-PS 

membrane and the solar to water evaporation efficiency increased to 93% (vs. 83% with 

white paper cover), presumably due to the high light reflection by the aluminium foil. Thus, 

we believe that use of aluminium foil tends to overestimate the energy efficiency of the 

system. In addition, the water evaporation performance measurement without any cover 

was also conducted and no significant difference was observed than the case with the white 

paper cover (Figure 2.10). These results point out the importance of choosing an 

appropriate cover in light-driven water evaporation measurement. The cycle stability of the 

porous rGSi0.2-PS was tested and a good recyclability was achieved (Figure 2.11). 
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Figure 2.10 (a) Light to evaporation conversion efficiency of the (porous) rGSin-PS bi-

layered photothermal membranes prepared with different ratio of GO and SBA-15 (4.0 ml 

GO with 0, 0.1, 0.2, 0.3, 0.4 and 0.5g SBA-15 respectively), under the otherwise same 

conditions. As a control experiment, the self-supporting porous rGSi0.2 membrane was also 

tested. (b) Light to evaporation conversion efficiency of rGSi0.2-PS bi-layered 

photothermal membrane in the different systems with aluminum foil, white paper and 

without cover. Insect was the time-course of water evaporation performance of each system.  

 

 

 

 

 

Figure 2.11 The cycle stability test for 

light to evaporation conversion efficiency for 4 cycles. In each cycle, light is on for 3 hours 

and light is off for 1.5 hours.  
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Figure 2.12 Experimental results of (a) time-course of water evaporation performance of 

our optimized porous rGSi0.2-PS bi-layered photothermal membrane with different 

immersed depth in water, (b) instantaneous water evaporation rates corresponding to the 

samples with different immersed depth in water. Simulation results of (c) instantaneous 

water evaporation rates as a function of illumination time, with photothermal materials 

being at different depth underwater 

Although the interfacial-heating concept is being accepted in the field, there lacks 

a systematic study and thorough experimental evidences on the relationship between η and 

the thickness of the heating water layer, which this study invested effort to examine. In 

doing so, the best-performing material, porous rGSi0.2-PS, was employed and fixed at 

various depth of water column in the beaker (0.2, 1.0, 2.0, 4.0 and 7.0 cm below water 

surface). The measured water evaporation and the calculated υ under these conditions can 

be found in Figure 2.12a and b, respectively.  The results were as expected: water 

evaporation weight and υ decreasing with increasing depth of the photothermal membranes 

in water and thus increasing thickness of heating water column, but we would like to stress 

the case with the porous rGSi0.2-PS being fixed at 0.2 cm below water surface, which 

satisfactorily achieved υ as high as 1.23 kg m-2 h-1 (Figure 2.12b) and η as high as 77% 
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(Figure 2.13). The significance of this finding is that this is the case with the photothermal 

material being shallowly submerged underwater and there was a thin water film on top of 

the membrane. Namely, this case eliminates the need of providing water transport 

mechanism to continuously pumping water from the bulk phase that would be otherwise 

essential for self-floating cases. By proper engineering design to fix photo-thermal material 

at a shallow depth underwater, the requirement on the photothermal material design part is 

much loosened, which can be enlightening for practical application of photothermal based 

water evaporation. 

 Furthermore, a theoretical simulation was conducted to ascertain water evaporation 

rate υ and light to evaporation conversion efficiency η as a function of immersed depth of 

photothermal material (Figure 2.12c and Figure 2.13b). Figure 2.14 shows a schematic 

representation of the simulation and the details of the simulation can be found in the 

Supporting Information section. Some of the major simplifying assumptions in the 

simulation are: (1) a perfect heat barrier is assumed and thus no heat is transported to water 

column; (2) a uniform temperature profile is assumed for the overlying water column, 

namely heating water layer, at all time; (3) the 10% energy loss and thus 90% of the light 

to evaporation conversion efficiency (i.e., η) of the system is assumed, which is reasonable 

based on the experimental results in this study. Based on the assumptions, the major factors 

affecting water evaporation in the system are: water temperature, and the temperature, 

humidity and velocity of the air above the water surface, which are all considered in the 

simulation.155-156 
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Figure 2.13 Light to evaporation conversion efficiency of the porous rGSi0.2-PS bi-layered 

photothermal membranes at different depth under water: (a) experimental efficiency 

corresponding to the water evaporation performance in Figure 2.12b and (b) simulated 

efficiency corresponding to the simulated performance in Figure 2.12c. 

The results from the simulation matched experimental results well: the thinner the 

heating water layer is, the higher the υ and η are. Thus, we believe that this study provides 

both experimental and theoretical evidences in support of the concept of interfacial heating.  

 In the end, seawater evaporation was tested with the rGSi0.2-PS bi-layered 

photothermal membrane self-floating on the water surface under otherwise the same 

conditions and a similar level of water evaporation performance was obtained (Figure 2.14 

and Figure 2.15), indicating the material’s high potential in the solar-driving seawater 

desalination.  
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Figure 2.14 Evaporation of synthetic seawater by the porous rGSi0.2-PS under various 

conditions. 3.5% NaCl solution was used and the porous rGSi0.2-PS bi-layered 

photothermal membrane self-floating on the surface of seawater in the experiment. 

 

Figure 2.15 Synthetic seawater evaporation rate and light to evaporation conversion 

efficiency of the porous rGSi0.2-PS bi-layered photothermal membranes, which was self-

floating on the surface of simulated seawater with 3.5% NaCl solution. 

Finally, the model simulation is presented in the appendix to investigate the relation 

ship between the immersing depth and the evaporation efficiency. In brief, solar light is 

shined directly from the top and is captured by photothermal material with a surface area 
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of A, which is placed underwater at a fixed depth. The heating range (D) is the water 

column directly above the photothermal material. In the model, the driving force to move 

water molecules from the water surface is the difference between the water vapor pressure 

at the water surface and that of the bulk air above the water surface and the water vapor, 

which in turn is dependent on temperature of the air, the surface water, and the movement 

of air.  

2.4 Conclusions 

In conclusion, we have demonstrated that the rationally designed porous rGSin-PS bi-

layered photothermal membrane, consisting of a top porous rGO film and PS bottom layer, 

was highly efficient for solar-driven water evaporation, with light to evaporation 

conversion efficiency being as high as 83%. The selection of rGO, judiciously produced 

porous structure of the rGO top layer, and low heat conductivity of solid PS foam all 

contributed to high-energy utilization efficiency. In addition to the experimental work, also 

conducted was theoretical simulation whose results coincided with the experimental ones 

and provided theoretical basis for interfacial heating. This study shines light on the 

practical application of photothermal water evaporation.  
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Chapter 3. Tandem-structured SiC Composite with High Mechanical Strength for 

Water Evaporation 

(Paper published in ACS sustainable Chemistry and Engineering) 95
 

3.1 Introduction 

As known, the composition of natural water is much more complex than pure water or 

synthetic seawater. The natural water generally contains such species as bacteria, dissolved 

organic and inorganic species, etc., which would lead to material fouling.157-161 Fouling is 

generally defined as the accumulation of unwanted compounds/substances on a material’s 

surface, which is one of the biggest concerns in all kinds of water treatment processes and 

degrades the performance and shortens the service lifetime of the materials. Thus, in 

practical solar-driven water evaporation applications, the photothermal materials would 

have to face the similar fouling problems to other water treatment processes. Therefore, 

regenerable property should be considered in any photothermal material intended for 

practical solar-driven water evaporation, which unfortunately is missing in the majority of 

the previous photothermal materials. Envisioning typical foulants in solar-driven water 

evaporation, a photothermal material ought to be mechanically strong to withstand washing 

with flushing water, periodical physical cleaning/brushing or sonication, and potential heat 

treatment to remove biomass as basic foulant cleaning approaches.162-165  

In the previous photothermal designs, composite materials are typically fabricated 

in which light-adsorbing materials are physically deposited onto a porous structural support, 

such as paper,63 metal mesh,50 macrosporous silica,42 AAO membrane,65 wood,166 etc. The 

necessity of the porous substrates is due to their ability to enhance light absorption by 

reducing light reflection and to increase the material/water interface for fast heat transfer. 
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However, the weak interaction between the light-adsorbing materials and the structural 

support makes the light-adsorbing materials easily come off the substrate during 

applications and also many of porous substrate supports are not mechanically strong 

enough, both of which would lead to these photothermal materials not able to withstand 

the basic foulant cleaning measures as listed above.  

In searching for a porous support substrate suitable for practical photothermal 

applications, we were attracted by porous ceramics, which typically possess such desirable 

properties as high mechanical strength, excellent corrosion resistance, low cost, and 

desirable porous structure, etc. These attractive properties have led porous ceramics to 

various applications, including catalyst supports, heat exchangers, filters, among others.167 

Recently, porous silicon carbide (SiC) ceramics have been intensively studied due to their 

excellent mechanical and chemical stability, low density, high thermal shock resistance, 

and excellent corrosion resistance at high temperature.168-170 Very fortunately, during the 

preparation of SiC ceramics, carbon, a highly effective light-absorbing material, is 

typically coproduced as by-product, which makes the commercial products of SiC appear 

deep black. The carbon content in the SiC ceramics is generally uniformly distributed and 

more importantly is locked within the skeleton of SiC, thus representing an effective anti-

carbon-particle loss mechanism.169, 171 Therefore, we believe that SiC and carbon 

composite (SiC-C) have a possibility of being a good photothermal material with a highly 

stable property.  

Herein, we rationally design a SiC-C composite monolith as an effective 

photothermal material where carbon acts as the light absorber and heat converter and SiC 

serves as a heat conductor and strong structural support. The high mechanical strength of 
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the monolithic composite makes it able to withstand repeatedly high strength physical 

cleaning by brush scrubbing and sonication and the anti-carbon-loss mechanism generates 

zero carbon loss during the physical cleaning. Moreover, this work, for the first time, 

reveals that the natural seawater (Red Sea water) would form on the photothermal material 

surface the precipitation of CaCO3, MgCO3 and CaSO4, which, once formed, are difficult 

to totally remove by simple water flushing. In the case of the domestic wastewater 

evaporation, the bio- and organic foulants on the SiC-C composite monolith can be totally 

removed by annealing at 1000 oC in N2 atmosphere. We believe that the SiC-C composite 

monoliths are promising photothermal materials in practical solar-driven water evaporation 

applications thanks to their highly stable and easily regenerable properties and therefore 

more research efforts are warranted to further improve their performances.  

3.2 Experimental 

3.2.1 Chemicals and materials 

Silicon carbide (SiC, small particle, beta-phase, nanopowder, 45-55 nm, 70-90 m2 g-1, Alfa 

Aesar), silicon carbide (SiC, big particle, beta-phase, 99.8%, metals basis, 1 Micron 

powder, 14-19 m2 g-1, Alfa Aesar), polycarbomethylsilane (PCMS, Sigma-Aldrich), carbon 

nanotube (CNT, multi-walled, O.D. ×L 6-9 nm ×5 μm, >95%), aluminum oxide (Al2O3, 

40 – 50 nm, 99.5%, Alfa Aesar), yeast extract (Fluka), glutinous rice flour (AFTA brand, 

from Shaflout Group), and toluene (Fluka). 

3.2.2 Fabrication of tandem-structured SiC ceramic monolith composite 

SiC ceramic monolith composites were synthesized by nano-casting method, using PCMS 

as a preceramic polymer and SiC raw powders as precursor (two sizes of beta-phase SiC 
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powders are used, which are 45-55 nm and 1 micron respectively in proper ratio).  In a 

typical process, 1.4 g SiC powders (1 micron) and 0.6 g SiC powders (45-55 nm) were 

mixed with 0.4 g PCMS in an onyx mortar and dissolved with 20 ml toluene.  The gray 

color paste-like mixture was evaporated on 60 oC hotplate to generate gray powdery 

composites. Then the dried composites were grinded with 0.1 g Al2O3 powders in the onyx 

mortar and followed by 400 mesh sieve. To make the tandem structure, sacrificial template 

method was used to fabricate porous SiC structure. Different amounts of sacrificial 

templates were used as pore forming agents, mixed with SiC powders, forming a biphasic 

composite. With the final annealing treatment, all the sacrificial templates were removed 

to create pores structure. In this work, yeast and rice flour powders were used as the 

sacrificial templates, due to their low costs, easy accessibility and easily to be removed 

simply by applying thermal treatments at temperatures between 200 and 1000 oC.170, 172 In 

more details, the sieved particles were separated into two parts: 0.45 g of sieved SiC 

mixture powders mixing with different amount of yeast and rice flour (0.03 g, 0.06 g, 0.09 

g and 0.12 g) and the rest part of mixture powders were transferred into a stainless steel 

mould (diameter = 4 cm). Then the mixture with yeast and rice flour were transferred into 

the same stainless steel mould on the top of the last part of the mixtures to press into a 

tablet-like monolith under a pressure of 80 MPa for 20 min. Then the polymer-SiC 

monolith composites were transferred into a horizontal ceramic tube furnace and subjected 

to the thermal treatment in N2 atmosphere at a heating rate of 2 oC min-1 up to 1200 oC and 

kept 2 h to generate monolith SiC composites and remove sacrificial templates to get 

tandem structure with a porous top layer and a dense bottom layer. For a comparison, 

samples of a single layer SiC monolith with dense structure, a single layer SiC-Al2O3 
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monolith with dense structure and a single layer SiC-Al2O3 monolith with porous structure 

were prepared at using the similar method.  The single layer SiC-Al2O3 monolith with 

dense structure was prepared in the absence of mixing any sacrificial templates in the initial 

mixing step, while the single layer SiC-Al2O3 monolith with porous structure was prepared 

by mixing all the sieved powders (1.4 g SiC (1 micron) + 0.6 g SiC (45-55 nm) + 0.4 PCMS 

+ 0.1 Al2O3) with yeast and rice flour in the same mass ratio as the tandem-structured SiC-

Al2O3 monolith.  Single layer of dense SiC monolith or single layer of SiC-Al2O3 monolith 

is denoted as SiC s-d or SiC-Al2O3 s-d, and single layer of porous SiC-Al2O3 monolith is 

denoted as SiC-Al2O3 s-p. The porosity of the tandem-structured SiC-Al2O3 can be 

controlled by using different amounts of sacrificial templates, which were denoted as SiC-

Al2O3 (0.03y+0.03r), SiC-Al2O3 (0.06y+0.06r), SiC-Al2O3 (0.09y+0.09r), and SiC-Al2O3 

(0.12y +0.12r).  

3.2.3 Material characterization 

Scanning electron microscopy (SEM, FEI Quanta 600) was used to characterize the 

morphology of single layer or tandem-structured SiC ceramic monoliths and the precursor 

powders. Powder X-ray diffraction (XRD, Bruker D8 Discover diffractometer) was used 

to characterize the crystal properties of the samples. The scanning of 2θ angle (degree) was 

made in the range of 20o to 80o with a scanning rate of 3.5o/min. Olympus BX51 (5x, 

Olympus America, Melville, NY) was used to get the microscopic images of surface of 

materials and also get the observation of the fouling behavior on the surface of materials. 

The UV/visible/infrared reflectance properties of the materials were measured 

using a spectrophotometer integration sphere (UV-Vis-IR Cary 5000), with fine BaSO4 

powder as a reference baseline in the spectral range of 300 – 2000 nm at room temperature. 
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Contact angles were obtained by using an OCA 35 (Data-Physics, Filderstadt, Germany). 

Thermal images and temperature gradients were collected by using a FLIR A655 infrared 

camera.  

3.2.4 Water evaporation performance measurement 

A solar simulator was used to provide the solar irradiation (Oriel Sol1A Class ABB Solar 

simulators, Newport), with intensity of one sun (AM 1.5, 1000 Wm-2). A homemade 

system was used in the water evaporation performance measurement. In more details, a 

cylindrical polystyrene (PS) container and was filled with tested water, which had a mouth 

diameter of 4.2 cm. The tested SiC-based monolith composite was put onto a PS substrate, 

floating on the surface of water. Since there is an unavoidable gap between the PS substrate 

and the SiC-based monolith composite, it is necessary to provide an extra water pumping 

system. In this work, water-pumping system was provided by adding two strips of 

orthometric cotton cloth, connecting from the bottom of the PS substrate to the top of the 

SiC monolith layer. The water container was placed on an electronic analytical scale to 

monitor real-time water mass loss due to evaporation. A white paper was used as a cover 

around the measurement system to minimize the effect of the ambient airflow turbulence.  

3.3 Results and discussion 

The design of SiC-C composite monolith and its fouling cleaning during practical water 

evaporation is presented in Figure 3.1.  The SiC is designed to have a monolith tandem 

structure with a porous top layer and a dense bottom layer, and this structure is beneficial 

to improve the light absorption through multiple light trapping. At the same time, this 

structure is providing a strong mechanical property and thus the ability to withstand strong 

physical forces during physical cleaning.  
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In this synthesis process, Al2O3 is added as a sintering aid, which could lower the 

calcination temperature of SiC-C monolith to 1200 oC from otherwise 1500 oC without the 

sintering aid.  PCMS is the carbon source in the synthesis and acting as cross-linker to help 

cross-linking and thus the generation of compact SiC monolith. The fabrication process is 

presented in Figure 3.2. 

 

 

 

 

 

 

 

Figure 3.1 Conceptual diagram of SiC-C monolith designing and its fouling cleaning 

during water evaporation process. 
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Figure 3.2 Synthesis process of tandem-structured SiC-C monolith. 

 

Figure 3.3 Microscopic images of yeast and rice flour powder (5X). a-1 and a-2 are the 

rice flour powder in dry and wet conditions. b-a and b-2 are the yeast in dry and wet 

conditions. The wet condition is created by soaking the powders in toluene solvent. 

The samples prepared with different amount of sacrificial templates (Figure 3.3) 

are presented and discussed (Figure 3.8-3.10). All the samples have the same diameter of 

~ 3.93 cm and thickness of ~1.1 mm (Figure 3.7a), which appears visually deep black. 
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From the cross-sectional SEM image of SiC-C (0.09y+0.09r) (Figure 3.7b), it is clear to 

see the clear boundary between the top porous layer (~300 μm thickness) and the bottom 

dense layer (~800 μm thickness). The porous top layer expectedly consists of macro-pores 

(1-70 μm) while the bottom dense layer contains only nano-pores (50-400 nm). Two 

different sizes of SiC precursor powders are used in order to get the highly compact 

structure and the sizes of the SiC precursor powders are presented in Figure 3.4. As 

comparisons, single layered dense (Figure 3.8a) and porous (Figure 3.8f) SiC-C monoliths 

are prepared, showing relatively uniform pore thorough the entire monoliths. Inset in 

Figure 3.7b shows that the surface of SiC-C monolith is hydrophilic with a contact angle 

of 10o.  

 

Figure 3.4 SEM images of two different SiC precursor powders: (a) big SiC particle, 

micronpowder, 14-19 m2 g-1, (b) small SiC particle, nanopowder, 44-45 nm, 70-90 m2 g-1. 

 

 

 

 

 

Figure 3.5 SEM images of cross section of single layer porous SiC-C (0.09y +0.09r) 

monolith with yeast and rice flour as sacrificial templates (a) and single layer porous SiC-

C (0.18y) monolith with yeast as sacrificial templates. 
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SEM images of cross section of single layer porous SiC-C (0.09y+0.09r) and the sizes of 

yeast and rice flour are presented in Figure 3.3. In comparison, a single layered porous SiC-

C monolith with only yeast as a sacrificial template is prepared with the same mass ratio 

as sacrificial template used in Figure3.5. It is clear to see from Figure 3.5 that the sample 

prepared with yeast and rice flour has a much compact structure support, while the sample 

prepared with only yeast has a lot of visible racks inside the monolith, which are 

unfavorable for a highly mechanical stable.  

For a comparison, the single layer dense SiC-C monolith without Al2O3, tandem-

structured SiC-C composite monolith before annealing and single layer porous SiC-C 

composite monolith are also presented. It is observed that the visual color of the samples 

is darker as the amounts of sacrificial templates increase. However, there is no visible 

cracks in the materials until the quantities of the sacrificial templates is increased to be 0.12 

g yeast and 0.12 g rice flour (Figure 3.6-f). The annealed sample shows darker color than 

the same sample before annealing (Figure 3.6-g), which means the free carbon content in 

the monolith is increased by the annealing treatment.  
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Figure 3.6 Digital photos of SiC-C dense monolith without Al2O3 (a), SiC-C dense 

monolith (b), SiC-C (0.03y +0.03r) monolith (c), SiC-C (0.06y +0.06r) monolith (d), SiC-

C (0.09y +0.09r) monolith (e), SiC-C (0.12y +0.12r) monolith (f), SiC-C (0.09y +0.09r) 

monolith before annealing treatment (g), and SiC-C (0.09y +0.09r) porous monolith (h). 

Diameter and thickness of SiC-C (0.09y +0.09r) monolith (i). 
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Figure 3.7 Digital photos of SiC-C (0.09y+0.09r) monolith with a diameter of 39.3 mm 

and a thickness of 1.1 mm (a). SEM images of cross-section of SiC-C (0.09y+0.09r) 

monolith. Inset in Figure 3.7 is the contact angle of the surface of SiC-C monolith (~ 

10o)(b). (c) and (d) zoomed in images of the bottom dense layer of SiC-C (0.09y+0.09r) 

monolith.  

 

Figure 3.8 SEM images of cross section of SiC-C dense monolith (a), SiC-C (0.03y +0.03r) 

monolith (b), SiC-C (0.06y +0.06r) monolith (c), SiC-C (0.09y +0.09r) monolith (d), SiC-
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C (0.12y +0.12r) monolith (e) and SiC-C (0.09y +0.09r) porous monolith with yeast and 

rice flour as sacrificial templates (f). 

 

Figure 3.9 Top view microscopic images (5X) of SiC-C dense composite monolith without 

Al2O3(a), SiC-C dense monolith (b), SiC-C (0.03y +0.03r) monolith (c), SiC-C (0.06y 

+0.06r) monolith (d), SiC-C (0.09y +0.09r) monolith (e), SiC-C (0.12y +0.12r) monolith 

(f). 

 

 

Figure 3.10 Top view SEM images of SiC-C dense monolith without Al2O3 (a), SiC-C 

dense monolith (b), SiC-C (0.03y +0.03r) monolith (c), SiC-C (0.06y +0.06r) monolith (d), 

SiC-C (0.09y +0.09r) monolith (e), SiC-C (0.12y +0.12r) monolith (f). 
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 The crystalline phases present in the raw SiC powders as well as in the sintered 

ceramic SiC-C composite monolith are identified by X-ray powder diffraction (XRD) in 

Figure 3.11. XRD spectra of SiC XRD spectra of SiC precursor powders and the monolithic 

samples annealed at 1200 °C show that the SiC−C monolith samples are single phase, 

having the crystal structure of β-SiC (Powder Diffraction File no. 74−2307, Joint 

Committee on Powder Diffraction Standards, [1999]). No peaks related to the isolated 

hexagonal SiC polytypes are observed.  

 

Figure 3.11 XRD spectra of SiC-C monolith before annealing treatment and after 

annealing treatment: (a) two different SiC precursor powders, and (b) SiC-C dense 

monolith without Al2O3 (b-1), SiC-C dense monolith (b-2), SiC-C porous monolith (b-7) 

and tandem-structured SiC-C composite monolith with different amount of sacrificial 

templates: 0.03y +0.03r (b-3), 0.06y +0.06r (b-4), 0.09y +0.09r (b-5) and 0.12y +0.12r (b-

6). 

The amount of free carbon content, which is the photothermal component of SiC−C 

monolith, is investigated through thermal air oxidation behavior of the residue obtained 
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from TGA curve (Figure 3.12). The TGA curve in the temperature range of 25−1000 °C 

shows the succession of two steps. The initial weight loss (4.6%) occurring in the 

310−76 °C temperature range is assigned to the air oxidation of the free carbon, which 

indicates the content of free carbon in SiC−C (0.09y+0.09r) monolith is sufficiently high 

and around 4.6%. 

 

Figure 3.12 (a) TGA result of SiC-C (0.09y+0.09r) monolith in air atmosphere in the 

temperature range of 25-1000oC with a heating rate of 5oC/min. (b) Raman spectra of SiC-

C (0.09y+0.09r) monolith measured with 473 nm laser wavelength excitation, obtained 

from the top surface and the cross sectional surface. 

The weight increase above 776oC is due to air oxidation of SiC into SiO2 as 

determined by XRD results in Figure 3.13. The amount of free carbon is a good 

compromise between light absorption and the material’s hardness. The free carbon content 

in the synthesis of SiC-C composite can be potentially adjusted, but it can drastically affect 

the hardness and mechanical strength of the SiC-C monolith far beyond a simple effect of 

porosity.171 
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Figure 3.13 XRD spectra of SiC-C (0.09y +0.09r) monolith residues after TGA analysis.  

Raman spectroscopy is used to determine the carbon structure with a laser of 473 

nm wavelength excitation. The set of two large bands located at 1358 cm-1 (D1 band) and 

1593 cm-1 (G band) is typically encountered for an amorphous structure of carbon. Raman 

spectra obtained from the top surface and the cross section of the monolith show the similar 

typical bands from C−C, meaning that the free carbon in tandem-structured SiC−C 

monolith distributes quite uniformly. For comparison, Raman spectra of SiC precursor 

powders are also presented in Figure 3.14. Regarding the chemical stability, a sample of 

SiC−C monolith is immersed in sulfuric acid (0.2%), nitric acid (0.3%), and NaOH (0.4%), 

respectively.173 Judging from the photos taken before and after the chemical treatment 

(Figure 3.15), SiC−C corrosion is observed after NaOH treatment; however, there was not 

an obvious visual difference in the appearance of the sample after acid treatment, which 

shows its stability in acid and is in agreement with the literature results.174-175 
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Figure 3.14 Raman spectra of SiC precursor powders in big size and small size. Raman 

spectra measured with 473 nm laser wavelength excitation. 

Typical bands from C-C are observed in SiC precursor powders, which mean that there is 

by-product carbon in the commercial SiC powders. 

 

Figure 3.15 Freshly prepared SiC-C monolith sample (a-1), SiC-C monolith sample 

immersed in 0.2% H2SO4 (a-2), 0.3% HNO3 (a-3), and 0.4% NaOH (a-4), for 10 min 

respectively. Chemical agents (0.2% H2SO4, 0.3% HNO3 and 0.4% NaOH) before (b-1) 

and after (b-2) the SiC-C monolith cleaning.  
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The UV−Vis−IR reflectance measurement results show that the SiC−C monoliths have a 

relatively low light diffusion reflection in both UV−Vis spectra (Figure 3.16a) and IR 

spectrum (Figure 3.16b), indicating that the SiC−C monoliths have a good light absorption 

within almost the entire spectral range of solar irradiation, i.e., from ∼300 nm to ∼2.0 μm. 

As seen from Figure 3.16, the tandem structure shows less diffusion reflection from 300 to 

800 nm than that of either SiC−C dense monolith or SiC−C porous monolith, indicating 

the role of the rationally designed tandem structure on the light adsorption enhancement. 

As can be seen, the diffusion reflection is decreasing as the increasing amounts of the 

sacrificial templates, which is consistent with the visual color changes of the samples. In 

contrast, the difference in the IR absorption by the structural design is not as significant 

(Figure 3.16b) 

 

Figure 3.16 Diffusion reflectance measurements of SiC-C monoliths in UV-Vis range (a) 

and in IR range (b). (c) Time-course of the temperature of SiC-C (0.09y+0.09r) monolith 

and SiC-C dense monolith. Inset images are the steady-state temperature under solar 

illumination (AM 1.5) of SiC-C (0.09y+0.09r) monolith and SiC-C dense monolith. 

Having confirmed the light absorption enhancement of the SiC−C monoliths, their 

photothermal properties are investigated. Figure 3.16c presents the materials’ surface 

temperature in air as a function of illumination time under solar simulation of one sun. 
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Upon light illumination, the surface of SiC−C monolith rises quickly to a steady-state 

temperature after around 700 s. Inset in Figure 3.16c is IR images of the SiC−C monolith 

and SiC−C dense monolith obtained after illumination for 900 s. The IR images of other 

samples after illumination for 60 and 900 s are presented in Figures 3.17 and 3.18. The 

SiC−C dense monolith has a lower surface temperature of ∼60.1 °C compared to that of 

the SiC−C (0.09y+0.09r) monolith (∼68.3 °C), which indicates that the tandem-structured 

SiC−C monolith has a better photo-thermal conversion performance, partly due to the 

tandem monolith having higher light absorption. Upon the light turning off, both materials 

have a quick drop in their surface temperatures in response. 

 

Figure 3.17 IR images of tandem-structured SiC-C monolith samples under illumination 

for 60 s: SiC-C dense monolith without Al2O3 (a), SiC-C dense monolith (b), SiC-C (0.03y 

+0.03r) monolith (c), SiC-C (0.06y +0.06r) monolith (d), SiC-C (0.09y +0.09r) monolith 

(e), SiC-C (0.12y +0.12r) monolith (f). 
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Figure 3.18 IR images of tandem-structured SiC-C monoliths under illumination for 900 

s: SiC-C dense monolith without Al2O3 (a), SiC-C dense monolith (b), SiC-C (0.03y +0.03r) 

monolith (c), SiC-C (0.06y +0.06r) monolith (d), SiC-C (0.09y +0.09r) monolith (e), SiC-

C (0.12y +0.12r) monolith (f) 

Figure 3.19a,b presents the time course of DI water evaporation by SiC−C 

monoliths with different amounts of sacrificial templates under solar irradiation. As can be 

seen, the amount of water evaporated increases with the increase of the sacrificial templates 

in the preparation process. All of the tandem-structured SiC-C monoliths evaporate more 

water than SiC-C dense monolith. Evaporation of 3.5% NaCl solution, a simplified 

surrogate of seawater, is tested and presented in Figure 3.19c,d. The solar-to-evaporation 

efficiency η of DI water and 3.5% NaCl solution evaporation are calculated by following 

literature method and Figure 3.20 and Figure 3.21 present η as a function of illumination 

time. Generally, SiC-C monoliths all show satisfactory energy efficiency. For example, the 

η of SiC-C (0.09y+0.09r) is ~71% for DI water and is 65% for 3.5% NaCl solution, which 

make them promising for practical applications.  
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Figure 3.19 Time-course of (a) DI water and (c) 3.5% NaCl solution evaporation 

performance by SiC−C monoliths under various conditions. The average evaporation rate 

of (b) DI water and (d) 3.5% NaCl solution for final 30 min.  

The dynamics of 𝜂  as a function of illumination time for DI water evaporation and 

synthetic seawater evaporation are presented in Figure 3.20 and Figure 3.21. It is important 

to mention here that the surface area used for calculation is 12.13 cm2 with a monolith 

diameter of 3.93 mm. The water pump provided by two orthometric strips of cotton cloth 

on the surface of the SiC-C monolith supposedly affects the light absorption, which means 

the effective surface area for water evaporation is smaller than 12.13 cm2. As a result, the 

calculation results obtained here for water evaporation rate and water evaporation 

efficiency are supposedly smaller than the actual value of evaporation rate and efficiency. 
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Figure 3.20 The average DI water evaporation efficiency of final 30 minutes by SiC-C 

monoliths. The inset shows the surface temperature of SiC-C (0.09y+0.09r) monolith 

during evaporation. 

Figure 3.21 The average synthetic seawater evaporation efficiency of final 30 minutes by 

SiC-C monoliths. (3.5% NaCl). 
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Figure 3.22 Images of SiC-C (0.09y+0.09r) monolith with salts precipitation from 3.5% 

NaCl solution (a) and after water flushing cleaning (b); salts precipitation from during the 

evaporation of the commercial synthetic seawater (c) and after water flushing cleaning (d). 

There is clearly a layer of solid precipitates on the surface of the SiC−C monolith 

after 3.5% NaCl solution evaporation for 3 h (Figure 3.22a), which is further confirmed by 

microscopic images (Figure 3.23a-2). The XRD spectra (Figure 3.23a-1) determine that 

the salt crystals are only NaCl. Simple flowing water flushing is applied to clean the surface 

salt off the material. It turns out that the surface salts can be easily removed this way (Video 

S1). The SiC−C monolith after the water flushing shows a visually clear surface (Figure 

3.22b). The XRD spectra (Figure 3.23b-1) and microscopic image (Figure 3.23b-2) further 

confirm that all the peaks from NaCl disappear after the cleaning. The results of easy NaCl 

removal are consistent with the literature reports.96 Later on, the water evaporation test was 

conducted by using commercial synthetic seawater whose ion composition is shown in 

Table 3.1. The SiC−C monoliths after the commercial synthetic seawater evaporation were 

further investigated by XRD, the results of which show that the salt crystals on the SiC−C 

surface were NaCl, MgCO3, CaCO3, and CaSO4 (Figure 3.23c-1). After water flushing 
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cleaning, highly soluble salt precipitate, such as NaCl, was removed, suggesting that the 

less soluble salts on the surface of material are potential scaling species. 

 

Figure 3.23 XRD spectra of SiC−C (0.09y+0.09r) monolith with salts precipitation from 

3.5% NaCl solution (a) and after water flushing cleaning (b); salts precipitation from 

commercial synthetic seawater (c) and after water flushing cleaning (d). Insets are 

microscopic images of top view of each sample. (∧ indicates SiC, * indicates NaCl, ∼ 

indicates MgCO3, @ indicates CaCO3, and # indicates CaSO4).  
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Table 3.1 Ion composition of commercial synthetic seawater 

 

The natural Red Sea water is then sampled and used for the water evaporation test 

under the otherwise same conditions and different results are observed. In order to 

investigate the effect of the fouling layers on the water evaporation performance over long-

term operation, cycle stability is investigated, and the water evaporation performance is 

tested for 6 cycles, with each cycle consisting of a light-on step of 3 h and a light-off step 

of 1 h. 

Figure 3.24a presents the water evaporation rate as a function of evaporation time 

for 6 cycles without any surface foulant cleaning. The water evaporation rate decreases 

from 1.05 kg m−2 h−1 in cycle 1 to 0.82 kg m−2 h−1 in cycle 6, representing a 21.9% 

performance decline. Figure 3.25a presents digital photos of the material surface after each 

cycle and clearly show thick fouling layers on the surface of the SiC−C (0.09y+0.09r) 

monolith. The presence of the fouling layers and more importantly significantly reduced 

performance warrants certain foulant cleaning methods to be taken on the materials. In this 

Species Formula Concentration 

Sodium Chloride NaCl 24.52 g/L 

Magnesium Chloride MgCl2 5.20 g/L 

Sodium Sulfate Na2SO4 4.09 g/L 

Calcium Chloride CaCl2 1.16 g/L 

Potassium Chloride KCl 0.695 g/L 

Sodium Bicarbonate NaHCO3 0.201 g/L 

Potassium Bromide  KBr 0.101 g/L 

Boric Acid H3BO3 0.027 g/L 

Strontium chloride SrCl2 0.0025 g/L 

Sodium Fluoride NaF 0.003 g/L 

Water  H2O 988.969 g/L 

Total  1025g/L 
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case, water flushing and brush-scrubbing are taken to clean the foulants off the materials 

(Figure 3.25b-1 to b-4; Videos S2 and S3). 

 Figure 3.24b presents the water evaporation rates as a function of evaporation time 

for 6 cycles, with the foulant cleaning via water flushing and brushing after each cycle. The 

water evaporation rate decreases in this case from 1.06 kg m−2 h−1 in cycle 1 to 0.96 kg 

m−2 h−1 in cycle 6, showing a much smaller 9.4% decline compared with the 21.9% decline 

in the case without any foulant cleaning. Figure 3.26 presents the microscopic images of 

Si−C monolith with fouling layer, after cleaning with water flushing and after cleaning 

with brushing. The obvious difference between the two cases indicates the importance of 

periodical physical cleaning of the photothermal material in order to keep a relatively stable 

performance.  

 

Figure 3.24 Water evaporation performance of Red Sea water by the SiC−C (0.09y+0.09r) 

monolith. (a) Water evaporation rate as a function of evaporation time lasting for 6 cycles 

(c-1 to c-6). In each cycle, the light is on for 3 h and off for 1 h. (b) Water evaporation rate 

as a function of evaporation time for 7 cycles, with water flushing and brush scrubbing at 
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the end of each cycle of the first 6 to clean surface foulants and additional sonication before 

cycle 7. 

 

Figure 3.25 The digital photos (a-1 to a-6) present the fouling layer growing after each 

cycle. The digital photos (b-1 to b-4) present the fouling layer cleaning after each cycle 
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with water flushing and brushing under tap water. The digital photos c-1 and c-2 present 

the water beaker with SiC-C monolith before sonication and after sonication cleaning 

process. (d) High resolution XRD results for the salts precipitation on the surface of SiC-

C monolith after water evaporation by using Red Sea water. 

 

Figure 3.26 Top view microscopic images of SiC-C (0.09y+0.09r) monolith under 

different conditions: after water evaporation in raw Red Sea water for 6 cycles (a), after 

physical fouling cleaning by flushing DI water (b), and after physical fouling cleaning with 

brush (c).  

The same SiC−C monolith is further cleaned by sonication in DI water for 30 min 

(Video S4), and the evaporation performance is presented in Figure 3.24b, cycle 7, where 

the evaporation rate is recovered to 94.3% of the evaporation rate in first cycle. It is worth 

emphasizing that the sonication water container does not show any significant color change 

before and after sonication the SiC−C monolith in it (Figure 3.25c-1 and c-2), implying 

there are not carbon particles coming out of the SiC−C monolith and into the water. The 
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anti-carbon-loss mechanism in the SiC−C monolith effectively locks the photothermal 

carbon into the matrix of SiC securely. It has to be pointed out that most of the previous 

photothermal materials in the literature cannot withstand water flushing or sonication 

treatment for an extended time without losing their structural integrity or losing their 

photothermal components (Figure 3.27).45 More tests have been done to investigate the 

mechanical property of SiC−C monolith by a simple pressure test (Figure 3.28), whose 

results show that a SiC−C (0.09y+0.09r) monolith sample (with diameter of 39.3 mm and 

thickness of 1.1 mm) can hold a relative high pressure as high as 0.84 × 106 Pa. 

 

Figure 3.27 comparison of mechanical structure stability between different photothermal 

materials: (a) carbon black deposited on the support of AAO membrane, (b) rGO foam 

prepared by ice-dried method, (c) rGO foam cleaning under water flushing, and (d) rGO 

foam is broken after water flushing. 
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 As for comparison, another two samples prepared in different way following the 

previous literatures are presented in Figure 3.27. One experiment involved depositing a 

carbon layer on an AAO membrane via a common vacuum filtration method42(Figure 3.27). 

The carbon black in this case could easily come off the AAO support layer. The other 

experiment involved preparing a rGO sponge by freeze-drying176 and it turned out that the 

rGO sponge was very fragile and was not able to undergo a flow-water washing process 

(Figure 3.27b). 

 

Figure 3.28 Pressure test for the SiC-C (0.09y+0.09r) monolith sample (the pressure is 

calculated as p=mg/A, where p is pressure, m is weight, A is contact area): (a) with a 

column (contact area of 13.98 mm2); (b) with a weight of 200 g (0.14×106 Pa); (c) with a 

weight of 400 g (0.28×106 Pa); (d) with a weight of 500 g (0.35×106 Pa); (e) with a weight 

of 600 g (0.42×106 Pa); (f) with a weight of 700 g (0.49×106 Pa); (g) with a weight of 800 



 108 

g (0.56×106 Pa); (h) with a weight of 900 g (0.63×106 Pa); (i) with a weight of 1 kg (0.7×106 

Pa); and (j) with a weight of 1.2 kg (0.84×106 Pa). 

In order to further confirm the mechanical strength of the SiC-C monolith in this 

work, additional test was conducted. A sample of the tandem-structured SiC-C monolith 

was directly put onto the mouth of a bottle, whose mouth’s outer diameter is exactly same 

as the diameter of SiC-C monolith  (Figure 3.28). Then a series of weights were put on the 

center of the SiC-C monolith sample to test the biggest pressure it could hold. Since the 

pressure is evaluated by the force applied perpendicular to the surface of an object per unit 

area over which that force is distributed, all the weights are put on a same column (with an 

inner diameter of 8.4 mm and outer diameter of 9.4 mm) to keep a same contact area (13.98 

mm2) between the weight and the surface of SiC-C monolith sample. Then the increase of 

the pressure is simplified by increasing the weight on the surface of SiC-C monolith sample. 

It turns out that the SiC-C monolith sample was able to withstand a relatively big pressure 

as high as 0.84×106 Pa. 

To ascertain the fouling species and their removal during the above experiments, 

more detailed surface morphologies and XRD based speciation analysis are conducted. 

Figure 3.29 presents the digital photos and top view microscopic pictures of SiC−C 

(0.09y+0.09r) monolith under different conditions: monolith freshly prepared (Figure 

3.29a), monolith with fouling layer after water evaporation with Red Sea water for 6 cycles 

(Figure 3.29b), monolith after cleaning by flushing DI water (Figure 3.29c), monolith after 

cleaning with brush scrubbing (Figure 3.29d), and monolith after cleaning with sonication 

for 30 min (Figure 3.29e). 
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 From Figure 3.29b-2, there is a severe surface fouling of SiC−C (0.09y+0.09r) 

monolith after 6 cycles of Red Sea water evaporation. The XRD analysis reveals that the 

fouling species are crystals of NaCl, MgCO3, CaCO3, and CaSO4 (Figure 3.29b-3), which 

is in agreement with the ion composition of Red Sea water (Table 3.2). A peak from SiO2 

(Cristobalite) was found interestingly at around 22°, which is different from the 

commercial seawater. Simple flowing water flushing, the same as that in the previous 3.5% 

NaCl solution case, is applied to clean the material (Video S2), after which there are still a 

lot of solid residues left on the surface of the monolith (Figure 3.29c-1 and c-2). However, 

the XRD results show that the simple water flushing successfully removes NaCl out of the 

material as the peaks from crystals of NaCl disappear entirely after the flushing (Figure 

3.29c-3). Apparently, these leftover fouling species after the simple flushing are these 

carbonate and sulfate species, which cannot be removed from the materials by the simple 

water flushing probably due to their low water solubility. 

 

Figure 3.29 Top view of digital photos and microscopic pictures of SiC−C (0.09y+0.09r) 

composite monolith under different conditions in Red Sea water for water evaporation: the 

freshly prepared SiC−C (0.09y+0.09r) monolith (a-1 and a-2), the SiC−C (0.09y+0.09r) 
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monolith with fouling layer after water evaporation for 6 cycles (b-1 and b-2), the fouling 

layers after cleaning with water flushing (c-1 and c-2), after cleaning by brush scrubbing 

(d-1 and d-2), and after cleaning with sonication for 30 min (e-1 and e-2). a-3−e-3 present 

the XRD spectra of each sample. (∧ indicatesSiC, * indicates NaCl, ∼ indicates MgCO3, 

@ indicates CaCO3, # indicates CaSO4, and ? indicates SiO2 (Cristobalite)). 

Table 3.2 Ion composition of seawater (Red Sea). 

Ion composition Cl- Na+ SO4
2- Mg2+ Ca2+ K+ HCO3

- Br- Total dissolved solids 

(TDS) 

Concentration 

(g/L) 

22.219 14.255 3.078 0.742 0.255 0.210 0.146 0.072 41.000 

 

Strong brush scrubbing is applied to clean the material surface under flowing tap water 

(Video S3), after which the peaks from MgCO3, CaCO3, and CaSO4 are reduced 

significantly (Figure 3.29d-3) and the material surface looks much cleaner (Figure 3.29d-

1). However, this step still does not remove these sulfate species completely as shown in 

XRD pattern as well as in Figure 3.29d-2. In order to further clean the SiC−C monolith, 

the sample is sonicated while immersed in DI water for 30 min (Video S4). After the 

sonication, there are no visible residues on the surface of the SiC−C monolith (Figure 

3.29e-2). As matter of fact, the sonication successful removes all inorganic fouling species, 

leaving behind only peaks for SiC monolith (Figure 3.29e-3), meaning that the SiC−C 

monolith is completely regenerated.  

First, our results clearly demonstrate that fouling will be a very serious issue for the 

practical solar-driven water evaporation applications where natural and typically dirty 

water is involved. Thus, having regenerable property is very much needed for the 
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photothermal designs intended for these applications. Second, it is the first time that the 

difference in fouling behaviors of solar-driven evaporation of the natural seawater (Red 

Sea water) and 3.5% NaCl solution is reported. While surface NaCl salt precipitate on the 

photothermal material can be easily removed by simple water flushing, the carbonate and 

sulfate species of MgCO3, CaCO3, CaSO4, and so on are difficult to remove once they 

precipitate on the surface of photothermal materials. For example, the solubility of CaSO4 

increases with increasing NaCl concentration, which explains the fact that there is 

dissolved CaSO4 in natural seawater and the fact that once it is precipitated it would be 

difficult to remove by simple water flushing given its small water solubility in water.177 

The carbonate species, such as CaCO3, whose solubility decreases with increasing 

temperature, is one of the main species for scaling.178-179 The term fouling is used in the 

manuscript indiscriminately hereafter to describe the problems caused by salt scaling and 

organic species induced fouling. 

Most of the previous photothermal works investigating seawater evaporation 

oversimplify their experimental conditions by using 3.5% NaCl solution. The fouling 

scenarios of 3.5% NaCl solution and natural seawater can be drastically different. The 

scaling potential can also be confirmed by calculation of Langelier Saturation Index (LSI), 

which indicates the driving force for scale formation depending on factors such as water 

pH, the saturation pH (pHs), temperature, salinity, calcium hardness, and alkalinity of 

water.180 The details of LSI calculation are following.  

Langelier Saturation Index (LSI) calculation as the following equations: 

LSI = pH-pHs 
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where pH is the actual pH and pHs is the saturation pH. 

The pHs can be calculated from the relation, pHs = (9.3+A-B)-(C+D), where  

𝐴 =
log[𝑇𝐷𝑆]−1

10
, 

B=-13.12xlog(oC+273)+34.55, 

C=log[Ca+2 as CaCO3]-0.4, 

D=log[alkalinity as CaCO3] 

In our case for the real seawater from Red Sea: pH is 8.2, TDS is 41 g/L, Ca2+ is 0.255 g/L, 

HCO3
- is 0.146 g/L, and water temperature on the surface of SiC-C (0.09y+0.09r) monolith 

is 38 oC (got from the IR image in Figure S15). As calculated based on Langelier 

Satuaration Index, pHs=7.8, and LSI=0.38, which means that water is supersaturated with 

respect to calcium carbonate (CaCO3) and scale forming may occur.  

The calculated LSI is 0.38, which means that the tested seawater from the Red Sea 

is supersaturated with respect to calcium carbonate and that there is a high potential for 

scaling occurring. As for the solar-driven water evaporation system, the concentration of 

salts on the surface of photothermal material is increasing monotonically during the process 

of water evaporation. In addition, LSI is temperature sensitive, which means LSI becomes 

more positive as the water temperature increases. In other words, solar-driven water 

evaporation by photothermal material may intensify the water supersaturating condition 

and thus have serious scaling concern. For the natural seawater solar-driven evaporation, 

the photothermal material design, in addition to light absorption, heat conversion, and heat 

concentration requirements, ought to have another requirement of mechanical strength and 
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stability so that the material can survive envisioned fouling control measures including 

cascading means of water flushing, surface brushing, and sonication to have inorganic 

species in fouling layer removed. In this regard, the SiC−C monolith in this work provides 

a good example of a sturdy and effective photothermal materials toward durable real world 

application of solar-driven water evaporation. 

 

Figure 3.30 Top view digital photos and microscopic pictures of SiC-C (0.09y+0.09r) 

monolith under different conditions with domestic wastewater (treated after screen, 

collected from WWTP at KAUST): (a-1 and a-2) the freshly prepared SiC-C (0.09y+0.09r) 

monolith, (b-1 and b-2) the SiC-C (0.09y+0.09r) monolith with fouling layers after water 

evaporation in wastewater and (c-1 and c-2) the SiC-C monolith with fouling layers after 

cleaning with water flushing and brushing. a2-c2 present the microscopic images of each 
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sample (5X). a3-c3 present the XRD spectra of each sample. (^ indicates SiC, X indicates 

unnoted species in wastewater). Curve in a-4, b-4 and c-4 present the FTIR results of each 

sample under different condition: freshly prepared SiC-C (0.09y+0.09r) monolith (a-4), 

with fouling layer from wastewater evaporation (b-4) and with fouling layer from 

wastewater evaporation after annealing treatment at 1000 oC in N2 (c-4).  

Furthermore, the SiC−C monolith is challenged by solar-driven domestic 

wastewater evaporation. The domestic wastewater sample right after physical screening 

was collected from a wastewater treatment plant at KAUST, Saudi Arabia. In addition, the 

water quality test of each water sample is presented in Table S3. As expected, a thick 

fouling layer is observed on the surface of the SiC−C monolith after wastewater 

evaporation and the XRD analysis reveals some unknown species on the material surface 

(Figure 3.30b). 

  For the fouling layer coming from the domestic wastewater, simple flowing water 

flushing is ineffective (Figure 3.30, Video S5). The main fouling species in this case are 

organic substances as indicated by FTIR spectrum (Figure 3.30b-4). The FTIR spectra 

show the dominant functional groups in the fouling layer are amides with absorbance peaks 

at 3319, 1629, 1541, and 1412 cm−1.181 The peak at 2934 cm−1 indicates the C−H bond of 

alkyl. The peak observed at 1238 cm−1 could be due to the presence of −CH3 and C−H 

bond in methyl group.182 A sharp peak at 1020−1070 cm−1 exhibits the character of 

carbohydrates or carbohydrate-like substances.183 A freshly fouled SiC−C monolith after 

the wastewater evaporation is annealed at 1000 °C in N2 atmosphere and Figure 3.30c-4 

shows a photo of the fouled SiC−C monolith after annealing treatment. The decrease in the 

number of FTIR peaks is observed, which means that the annealing treatment successfully 
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mineralizes most of the organic compounds in the fouling layer.184 However, the SiC−C 

monolith retains its compositional and structural integrity due to its excellent thermal 

stability. 

Table 3.3 Water quality test of different water samples. 

Parameter DI water NaCl (3.5%) 
Seawater 

Red Sea 

Wastewater 

1 

Wastewater 

2 

DOC (mg/l) < 5μg/l < 5μg/l 1.272 93.28 2.34 

pH 6.04 4.95 8.20 7.24 6.80 

 

3.4 Conclusions 

This work draws attention to the fouling issue during practical applications of solar-driven 

water evaporation of real seawater and wastewater. At the same time, this work 

demonstrates that the tandem-structured SiC−C monolith, consisting of a top porous layer 

and a bottom dense layer, is a promising photothermal material toward practical 

applications. The material has satisfactory solar-to-evaporation performance and more 

importantly high mechanical strength and durability. These properties make the material 

able to withstand essential fouling control approaches, such as water flushing, brush 

scrubbing, and sonication, none of which the previous photothermal materials are able to 

withstand. Moreover, the high thermal stability of the material allows for 1000 °C heat 

treatment to remove organic foulants. This study shines light on the potential use of 

ceramic-based materials as photothermal materials in practical solar-driven seawater 

desalination and wastewater treatment. 

Chapter 4. Multi-functional SiC Foam by Modification of Au/TiO2 Photocatalyst for 

Complex Wastewater Treatment 
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(Manuscript is under preparation)  

4.1 Introduction 

Photothermal materials with multi-functions have been developed in order to treat different 

kinds of contaminated water sources. For example, water source contaminated by heavy 

metals were also investigated. An ink-stained paper has been reported to be effective to 

remove Cu2+, Cd2+, Pb2+, Ni2+ and Zn2+ from wastewater185 and a 3D artificial transpiration 

device with an umbrella structure inspired by natural plants, has been reported to be an 

efficient device for heavy-metal salt recovery and clean water production, at the same time, 

via solar distillation.92 In addition, organic dyes are commonly found in industrial 

wastewater and the degradation of dye during water evaporation has been reported. 

Currently, photocatalytic degradation using TiO2 is popular for the removal of toxic and 

refractory organic compounds.68-71 

For example, bi-functional photothermal materials were reported by Deng’s group 

to use solar energy for bulk water purification through a (photo) catalytic process in the 

course of water evaporation. Previous works showed that the AAO membrane deposited 

by composites of TiO2 nanoparticles and gold nanoparticles,82 paper-based rGO composites 

decorated with TiO2 nanoparticles,121 and Au@TiO2 core-shell nanoparticle film186 were 

efficient for RhB dye degradation during the water evaporation process.  

However, photocatalytic reductions are not observed as frequently as photocatalytic 

oxidation. This is due to the fact that the reducing power of a conduction band electron is 

significantly lower than the oxidizing power of a valence-band hole and also because most 

reducible substrates do not compete kinetically with oxygen in trapping photo-generated 
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conduction band electrons. Thus, most photocatalytic reductions require a co-catalyst such 

as platinum.  

Silicon carbide (SiC) proved to be a promising photothermal material in the 

previous project due to its good photo-to-thermal property and highly stable mechanical 

strength. The SiC-based material is also studied widely as a good support for the catalyst 

due to its good chemical stability, high thermal stability, and thermal transferability.187-188 

It is also known as a third generation semiconductor and has been used in the photocatalytic 

process for water purification or water splitting to generate hydrogen.189-192 Therefore, the 

SiC-based material is a potential choice for an integration of photocatalytic properties and 

photothermal functions in an all-in-one solar-driven water evaporation process.   

In this work, we intend to integrate the photocatalytic oxidation and photocatalytic 

reduction processes into a typical solar-driven water evaporation system to treat the 

complex contaminated water and simultaneously produce clean distillate water. SiC foam 

was successfully modified with mesoporous Au/TiO2 nanocomposites by a simple sol-gel 

method. 90% of RhB was degraded by multi-functional SiC foam after 4 hours of 

illumination, while 90% of Cr(VI) was reduced by multi-functional SiC foam after 4 hours 

of illumination. In addition, the solar-to-water evaporation rate reaches 1.14 kg m-2 h-1. 

 

4.2 Experimental 

4.2.1 Chemicals and materials 

Titanium (IV) chloride (TiCl4), Titanium (IV) butoxide（Ti(OBu)4), Gold (III) chloride 

trihydrate (HAuCl4· H2O), ethanol (C2H6O), Triblock copolymer Pluronic P123 
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(EO20PO70EO20; Mn ca.5800 g mol−1), multi-walled carbon nanotube (product number: 

724769) (CNT), diphenylcarbazide (DPC) and phenol were purchased from Sigma-Aldrich. 

Rhodamine B (RhB) and potassium dichromate (K2Cr2O7) were obtained from Acros 

Organics, and sulfuric acid (H2SO4) was from Fisher Scientific. All chemicals were used 

as originally received. All water was deionized (DI) water produced by a Millipore system 

a resistivity of 18.2 MΩ cm. Silicon carbide foam (SiC, 30 PPI) was purchased from 

SICAT company, with a diameter of 50 mm and thickness of 10 mm. 

4.2.2 Fabrication of bi-functional photothermal material 

In a typical synthesis, aqueous carbon nanotube (CNT) ink was prepared by dispersing 

multi-walled CNT in water with sodium dodecyl sulfate (SDS) as a surfactant. The 

concentration was 0.1% CNT and 1% SDS (by weight). The dispersion process entailed 

bath sonication for 15 minutes followed by probe sonication for 30 minutes. SiC foam was 

dipped into CNT ink, then removed and dried at ~90 oC on a hot plate. The dipping-drying 

process was repeated six times to increase CNT loading, which was called SiC-CNT. 

In a typical synthesis for mesoporous Au/TO2 photocatalyst, transparent sols were 

prepared by mixing 2.0 g P123, 3.4 g TiCl4, 6.0 g Ti(OBu)4, 0.07 g HAuCl4 with 40 ml 

ethanol at room temperature and kept at 40 oC for 24 h for aging. Then SiC-CNT foam was 

immersed in the sols to keep heating at 100 oC for 12 h. Finally, the sample of SiC-CNT 

coated with gels was calcined at 350 oC for 4 h in the air with a heating rate of 0.5oC/min 

to get the sample of SiC-CNT-TiO2/Au. 



 119 

4.2.3 Material characterizations 

Scanning electron microscopy (FESEM, Zeiss Merlin, Germany) was used to characterize 

the morphology and powder X-ray diffraction (XRD, Brucker D8 Discover diffractometer) 

was used to characterize the crystal properties of the samples. The scanning of 2θ angle 

(degree) was made in the range of 20o to 80o with a scanning rate of 2.0o/min. The UV-Vis 

absorption and diffuse reflectance were measured using a spectrophotometer equipped with 

an integration sphere (UV 2550, Shimadzu, Japan), with fine BaSO4 powder as a reference 

baseline in the spectral range of 350 - 700 nm at room temperature. Raman spectra were 

obtained on a Horiba Aramis, with a 473 nm laser wavelength excitation. Fourier transforms 

infrared (FTIR) spectroscopy was measured in the absorption mode within the scanning 

range from 650 to 4000 cm-1 using an FTIR spectrometer (Thermo Scientific-Nicolet 8700). 

Thermal images and temperature gradients were collected using an infrared camera (FLIR 

A655). Surface area and pore diameter of the multi-functional foam were determined with 

a Micromeritics BET instrument by means of adsorption of ultra purity nitrogen at -196oC.  

4.2.4 Water evaporation performance measurement 

A solar simulator was used to provide the solar irradiation (Oriel Sol1A Class ABB Solar 

simulators, Newport) with an intensity of one sun (AM1.5, 1000 Wm-2). A homemade 

system was used in the water evaporation performance measurements. In more details, a 

cylindrical polystyrene (PS) container with a mouth diameter of 6.5 cm was filled with the 

tested water (with different target pollutants). The foam was combined with a stripe of 

polystyrene foam as a swimming ring to make it able to float on the surface of the water. 

The water container was placed on an electronic analytical scale to monitor real-time water 
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mass loss due to evaporation. A white paper board was used as a cover around the 

measurement system to minimize the effect of the ambient airflow turbulence.  

4.2.5 Water purification performance measurement 

To evaluate the water purification performance of the multi-functional photothermal foam, 

three different pollutants as model material separately. As for comparison, photodegradation 

processes by samples of SiC foam and SiC-CNT foam are also investigated as the control 

samples. RhB was chosen to be a model of organic contaminant to evaluate the oxidation 

performance of the multi-functional photothermal foam. For a typical test for RhB 

degradation, an aqueous RhB solution (4 mg/L) was prepared and 40 ml of the solution was 

injected into the container. The samples of photothermal foam floated on the solution 

surface. Before the photodegradation process began, the mixtures were put in the dark for 

overnight to reach adsorption-desorption equilibrium. A solar simulator (AM1.5, 1000 Wm-

2) was used as a light source. The absorbance spectra of the sample solution were recorded 

every 30 min using spectrometer (UV 2550, Shimadzu). The degradation of RhB was 

monitored by the absorbance peak at the wavelength of 553 nm.   

Cr(VI) was chosen to be a model of heavy metal contaminant to evaluate the 

reduction performance of the multi-functional photothermal material. For a typical test for 

Cr(VI) reduction, 40 ml of (40 mg/L) Cr(VI) solution with solution pH 2.5 adjusted by using 

1.0 M H2SO4 solution. The mixtures were kept overnight to reach adsorption-desorption 

equilibrium. The removal of Cr(VI) during photo-reaction was determined every 30 min 

using the same spectrometer with diphenylcarbazide (DPC) solution as a color agent, which 

gives the absorbance peak at the wavelength of 544 nm. DPC solution was prepared by 

dissolving 250 mg DPC in 200 ml acetone and stored in a brown bottle. For each 



 121 

spectrophotometric test, 2 mL Cr(VI) solution was taken and mixed with 200 μL DPC 

solution. The following equation was used to calculate the remaining target pollutants in 

solution: 

C/C0 × 100 % 

where C0 is the initial concentration of solution and C is the concentration at the irradiation 

time of t, respectively. After each test, the samples of photothermal materials were rinsed 

with DI water thoroughly and dried for the next measurement.  

4.3 Results and discussion  

The as-prepared multi-functional SiC foam samples were presented in Figure 4.1.  CNT 

layer was coated uniformly on the blank SiC foam and turned the color into a dark black 

(Figure 4.1a). All the samples have the same diameter of ~ 4.82 cm and thickness of ~ 0.96 

cm (Figure 4.1b). The SEM images were taken to have a closer confirmation of the coating 

of CNT layer, which was presented in Figure 4.1c-1. The deposition of TiO2 

nanocomposites was presented in Figure 4.1c-2. The EDX elemental distribution of the 

surface of SiC-CNT-TiO2/Au foam was presented in Figure 1d, which indicated the Ti, O, 

C and Si were distributed uniformly on the sample. However, due to the low amount of Au 

content, it was difficult to observe Au nanoparticle directly from SEM image, therefore, 

other techniques were necessary to confirm the coating of Au nanoparticles. 
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Figure 4.1 Digital photos of prepared multi-functional SiC foam: (a-1) the blank SiC foam, 

(a-2) the SiC-CNT and (a-3) SiC-C-TiO2/Au foam. (b-1) and (b-2) show the diameter and 

thickness of the foam. SEM images of (c-1) SiC-CNT and (c-2) SiC-CNT-TiO2/Au foam. 

EDX elemental distribution on the surface of SiC-CNT-TiO2/Au foam (d). 
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Figure 4.2 XRD and Raman spectra of samples of blank SiC foam, SiC-CNT foam, and 

SiC-CNT-TiO2/Au foam (a).  Raman spectra were measured with 473 nm laser wavelength 

excitation, obtained from the top surface of the sample (b). N2 adsorption-desorption 

isotherms and pore diameter distribution (inset) of the sample blank SiC foam, SiC-CNT 

foam, and SiC-CNT-TiO2/Au foam. 

Figure 4.2a showed the XRD and Raman spectra of SiC, SiC-CNT, SiC-CNT-

TiO2/Au foam, respectively. In the XRD spectra, three intensive peaks appeared at 2θ=35.3°, 

59.8° and 71.6° for all three samples, which represented the (111), (220) and (311) facets of 

cubic structured β phase of SiC and was completely consistent with the JCPDS 29-1128.189 

For the sample of SiC-CNT-TiO2/Au foam, the peaks corresponding to anatase TiO2 (101), 

(004) (200) and (105) can be found at 2θ=25.33°, 38.12°, 47.9° and 54.5°(JCPDS card 21-

1272).193 The relatively weak peaks at 2θ=44.64° and 77.5° correspond to fcc gold (200) 

and (311), respectively, indicating the low content of Au in the SiC-CNT-TiO2/Au foam 

(JCPDS card 02-1095).193  

Figure 4.2b showed the Raman spectra of SiC, SiC-CNT, SiC-CNT-TiO2/Au foam, 

respectively. The set of two large bands located at 1366 cm-1 (D band) and 1596 cm-1 (G 

band) is typically encountered for an amorphous structure of carbon. The sharp peak was 
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observed at 2729 cm-1, which was a second order overtone of the D mode (2D band) 

providing the evidence of a coating layer of carbon nanotube.194 The peak located at around 

847 cm-1 was TO Raman modes of SiC. The residual carbon observed along with the SiC 

phase can be beneficial in photocatalytic processes where it can serve as electron-accepting 

sites, facilitating the interface charge separation.195 The additional observed characteristic 

Eg, B1g and A1g Raman peaks confirmed the anatase structure in TiO2/Au for the sample of 

SiC-CNT-TiO2/Au foam. And the peak at 143 cm-1 indicated an anatase crystalline 

framework structure.196 

 

Figure 4.3 XPS spectra of (a) the survey, (b) Si 2p, (c) C 1s, (d) Ti 2p, (e) O 1s and (f) Au 

4f in the as-prepared SiC-CNT-TiO2/Au foam. 

Figure 4.2c depicted the N2 adsorption-desorption isotherms and the related pore 

size distribution curves, showing the BET specific surface area and porous characteristics 



 125 

of the composite foam. The N2 adsorption-desorption curves of the sample of SiC-CNT-

TiO2/Au exhibited the type IV isotherm with an H3-type hysteresis loop, illustrating the 

mesoporous characteristic which was in accordance with the literature.197 The surface area 

is calculated to be ~ 30.1967 m2 g-1, ~34.6125 m2 g-1, and ~89.9359 m2 g-1 for SiC, SiC-

CNT, and SiC-CNT-TiO2/Au foam, respectively. The BJH pore size distribution curve 

(inset of Figure 4.2c) indicated that the sample of SiC-CNT-TiO2/Au possessed a pore size 

distribution with two kinds of pore diameters, 2-40 and 40-150 nm. In comparison, a 

broader pore distribution (20-200 nm) was observed in the sample SiC and SiC-CNT foam. 

The bigger specific surface area and narrower distribution of pore diameters in SiC-CNT-

TiO2/Au were due to the addition of mesoporous TiO2/Au nanocomposites.    

Figure 4.3 presented the XPS spectra of SiC-CNT-TiO2/Au foam. The high-

resolution spectra of Si, C, Ti, O, and Au were detected in the XPS survey. In particular, 

Figure 4.3b contained the acquired Si 2p XPS spectrum, denoted by the solid line. The Si 

2p peak exhibited asymmetric shape with a high binding energy tail indicating the presence 

of SiOx species on the SiC surface.198-199 The dashed line gave a numerical simulation of 

the Si 2p spectrum from a clean (not oxidized) SiC surface, performed with use of two 

Gaussian lines representing the contributions of the 2p3/2-2p1/2 doublet components of Si 

bonded to S in SiC lattice. Comparison of the detected Si 2p XPS spectrum (solid line in 

Figure 4.3b) with the simulated contribution (dashed line in Figure 4.3b) of the carbidic 

component (Si-C bond) indicated the existence of the sub-oxides (SiOx, with 1<x<2) on 

the SiC surface. The recorded C 1s spectrum (solid line in Figure 4.3c) exhibited an 

asymmetric line shape with the noticeable structure of high binding energy shoulder that 

can be indicative of the existence of four sub-peaks shifted from the main one towards 
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higher EB values. It is composed of a sharp peak at 283.4 eV that is assigned to the 

contribution of the carbon atoms in SiC bulk in sp3 configuration. The contribution of the 

carbon nanotube layer is located at the higher binding energy of 284.4 eV due to its sp2 

configuration. A fourth peak located at 286.8 eV is attributed to oxidized carbon species 

(C-O).200 

According to the results, the Ti 2p spectrum was dominated by species of Ti4+ 

oxidation state (Figure 4.3d). The XPS peak separation of 5.7 eV between Ti 2p3/2 and Ti 

2p1/2 is also a characteristic of the Ti4+ oxidation state.201 As for the oxides, the binding 

energies of the lattice oxygen (O2-, 530.5 eV) and the surface OH species (532.8 eV) are 

presented in Figure 4.3e.202 The co-existence of Ti4+ and O2- further confirm the formation 

of TiO2 in the composite. As shown in Figure 4.3f, the Au 4f spectrum was composed of 

two peaks at binding energies of 83.81 eV for Au 4f 7/2 and 87.64 eV for Au 4f5/2 and the 

separation between these two peaks is 3.83 eV, suggesting that the Au species in the 

samples was in metallic state and no oxidized gold species were detected.203 Compared to 

Au 4f7/2 (84.0 eV),204 the negative shift of the Au peak is attributed to the intimate contact 

between Au and the defect site on the TiO2 surface.205  

UV-Vis absorption and diffuse reflections results show that the SiC foams have a 

relatively high light absorption and low light diffusion reflection less than 5%(Figure 4.4a 

and b), indicating that the SiC foams have a good light absorption in the testing range, 

which is due to the porous structure and the carbon content inside SiC foam.95 As seen 

from the results, the light absorption was further improved by adding a coating layer of 

CNT and TiO2/Au, and the diffusion reflection was reduced to be less than 2.5%.  The 

photothermal properties of the SiC foams were investigated. A simulated solar light source 
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with an intensity of 1000 Wm-2 (AM 1.5) was irradiated directly from the top on the SiC 

foams in the air and an infrared (IR) camera was used to monitor the temperature change 

of the material surface. Upon illumination turning on, the surface temperatures of all the 

samples rose to a steady-state temperature zone (Figure 4.4c-1), which was defined as the 

temperature when the heat generation under light illumination and the heat dissipation due 

to irradiative heat flux were at equilibrium, which was an important indicator for a 

photothermal material property.  As can be seen, the steady-statement temperature of the 

sample SiC-CNT-TiO2/Au foam (~73.5 oC) was the highest among the samples tested in 

this project. Figure 4.4c-2 and Figure 4.4c-3 present the IR images of SiC-CNT-TiO2/Au 

foam surface temperatures as a function of illumination time. As can be seen, the surface 

temperature increased to be ~ 46.1 oC under illumination for 1 min and ~ 75.6 oC under 

illumination for 10 min, which is in good accordance with the time-course of the 

temperature curve. When the light illumination turning off, all the samples showed a drop 

in their surface temperatures in response.  

The solar-driven water evaporation performance of SiC-CNT-TiO2/Au foam was 

measured by using a lab-made system.87 The as-prepared SiC foams were bounded with a 

ring of PS foam, which kept the SiC foams floating on the surface of the solution. The DI 

water evaporation results are presented in Figure 4.5a and water evaporation rate and solar-

to-water evaporation efficiency are calculated accordingly in Figure 4.5c and Figure 4.5e. 

As can be seen, by adding the photothermal material of SiC foams, the DI water 

evaporation rate is increased from ~ 0.23 kg m-2 h-1 to be ~ 1.14 kg m-2 h-1, which is already 

one of the best performance on water evaporation rate among the works without heat barrier 

system. And the solar-to-water evaporation efficiency is improved to be higher than 72 % 
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from 15 % for the blank water. The inset in Figure 4.5a is the IR image of the SiC-CNT-

TiO2/Au floating on the surface of the water during the solar-driven water evaporation 

process, which is around 43.9 oC during the water evaporation test. The blank SiC foam 

and SiC-CNT foam also produced relatively high water evaporation rate and solar-to-water 

evaporation efficiency, which indicated that the coating layer of TiO2/Au mesoporous 

nanocomposites does not play a key role in the improvement of water evaporation 

performance.  

 

Figure 4.4 UV-Vis absorption (a) and diffuse reflection (b) spectra of samples of blank 

SiC foam, SiC-CNT foam, and SiC-CNT-TiO2/Au foam. Time-course of temperatures of 

three samples (c-1), and IR images of SiC-CNT-TiO2/Au foam under one sun irradiation 

for 1 min (c-2) and 10 min (c-3), respectively.  
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Synthetic seawater evaporation was also tested with the SiC foams floating on the 

water surface under otherwise the same conditions and a slightly lower water evaporation 

performance was obtained (Figure 4.5b, d, and f), which is due to the lower water vapor 

pressure of the saline water. The water evaporation rate is ~ 1.07 kg m-2 h-1 for SiC-CNT-

TiO2/Au foam and the solar-to-water evaporation efficiency is higher than 67% indicating 

the potential in the solar-driving seawater desalination. The inset in Figure 5b shows the 

salts crystalized on the surface of the SiC-CNT-TiO2/Au foam after 3-hour evaporation. 

 

Figure 4.5 Time-course of DI water (a) and synthetic seawater (b) evaporation 

performance of blank SiC foam, SiC-CNT foam, and SiC-CNT-TiO2/Au foam; the 

instantaneous DI water (c) and synthetic seawater (d) evaporation rates corresponding to 

the samples under various conditions. Inset in (a) is the IR image of SiC-CNT-TiO2/Au 
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foam during the water evaporation test. Inset in (b) shows the salts crystalized on the 

surface of the SiC-CNT-TiO2/Au foam after 3-hour evaporation. 

  

Figure 4.6 RhB degradation by multi-functional SiC-CNT-TiO2/Au foam: absorption peak 

from RhB during photocatalytic degradation process (a). The inset photos are RhB solution 

in cuvettes at different reaction time. Degradation (b) and reaction kinetic (c) of RhB by 

SiC-CNT-TiO2/Au foam. Inset is the experimental setup for evaluation RhB degradation 

activity. (d) Repeated photocatalytic degradation of RhB solution for continuous 6 cycles 

with each cycle lasting for 1 hour.   

The photocatalytic property of SiC foams was evaluated through a liquid-phase 

photodegradation experiment by using RhB dye as a model. As presented in Figure 4.6a, 

the test with SiC-CNT-TiO2/Au foam floating on the top of the aqueous solution containing 



 131 

RhB showed an obvious decrease for the absorption peak of RhB at 554 nm with the 

irradiation, indicating a decrease in the concentration of RhB solution and demonstrating 

the effectiveness of the photodegradation by SiC-CNT-TiO2/Au foam. The inset photos 

show the visual color change of RhB solution in cuvettes at different reaction time. Figure 

4.6b compares the dye removal rate under different conditions. For the aqueous solution 

containing only RhB showed a very slight degree of degradation. After 4 hour of irradiation, 

only ~8% of RhB was degraded, which was due to the self-degradation of RhB under 

irradiation without any catalysts.82 On the other hand, the SiC, SiC-CNT and SiC-CNT-

TiO2/Au foams all showed increased photocatalytic degradation of RhB solution. The SiC-

CNT-TiO2/Au foam showed the highest photocatalytic activity with ~88% of RhB 

degraded after 4 hours of light irradiation. For the sample of SiC-CNT foam without 

TiO2/Au nanocomposites, the photocatalytic activity decreased to be ~43% of RhB was 

degraded after 4 hour of irradiation. An even worse performance for the sample of SiC 

foam without any coating, with only ~30% of RhB was degraded under the same condition 

for irradiation. The photocatalytic activity can also be quantitatively evaluated by 

calculating the reaction rate constant. The degradation of RhB at low concentration can be 

described by the pseudo-first-order reaction. The kinetic equation is expressed by the 

following equation (4.1): 

ln (Ct/C0) = kt        (4.1) 

where Ct and C0 are the concentration at reaction time t and the adsorption equilibrium 

concentration of RhB solution. And the reaction rate constant k (min-1) is determined from 

the slope of the linear plot of ln (Ct/C0) versus irradiation time, as shown in Figure 4.6c. 

The highest reaction rate constant of SiC-CNT-TiO2/Au foam was calculated to be 0.0091 
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min-1, comparing to the reaction rate constant of 0.0022 min-1 for SiC-CNT foam, and 

0.0014 min-1 for SiC foam. The small improvement in photocatalytic performance of the 

SiC-CNT foam should be ascribed to the improved electron and hole transport through 

CNT coating. The improved photocatalytic performance of the SiC-CNT-TiO2/Au foam 

can be attributed to the following effects: 1) the Au nanoparticles can improve the 

photothermal properties of SiC foam through the plasmonic enhancement effect;186, 206 2) 

the TiO2/Au composites can facilitate electron-hole charge transfer and separation through 

the formation of Schottky junctions between Au nanoparticles and TiO2 nanoparticles.207 

In addition, the coating layer of CNT-TiO2/Au improved the water evaporation rate, which 

enhanced the absorption of RhB from bulk solution onto the surface of foam for 

photocatalytic degradation. The reusability of SiC-CNT-TiO2/Au foam is observed. Figure 

4.6d shows that the material has demonstrated stable photocatalytic degradation 

performance after repeating the degradation experiment for 6 cycles continuously, with 

each cycle lasting for 1 hour.  

 

Figure 4.7 Cr (VI) reduction by multi-functional SiC-CNT-TiO2/Au foam (a) and reaction 

kinetics of Cr (VI) SiC-CNT-TiO2/Au foam (b).  
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Besides photocatalytic degradation of RhB during water evaporation process, 

photocatalytic reduction of aqueous Cr(VI) was also performed to evaluate the catalytic 

activities of SiC-CNT-TiO2/Au foam. In the presence of photocatalyst, Cr(VI) can be 

reduced to Cr(III) by the excited electrons upon UV irradiation and the overall reaction of 

photocatalytic Cr(VI) reduction could be described in the following equations:208-209 

Cr2O7
2- + 14H+ +6e- → 2Cr3+ +7H2O             (4.2) 

2H2O + 4h+ → O2 + 4H+     (4.3) 

Photocatalytic Cr(VI) reduction over the SiC foams at pH 2.5 was presented in 

Figure 4.7a. After irradiation for 4 hours, aqueous Cr(VI) was removed by about 77%, 81% 

and 92% for SiC, SiC-CNT, and SiC-CNT-TiO2/Au foam, respectively. Similarly, the 

photocatalytic reduction of Cr(VI) could be described in first-order kinetics and the fitting 

results are presented in Figure 4.7b. The photocatalytic Cr(IV) reduction rate constants 

were calculated to be 0.0060 min-1,  0.0066 min-1 and 0.0103 min-1 for SiC, SiC-CNT, and 

SiC-CNT-TiO2/Au foam, respectively, which shows a similar trend with the RhB 

photocatalytic degradation performance. However, even the SiC foam without any coating 

layers shows a photocatalytic activity for Cr(VI) reduction, which is due to the fact that 

SiC is a metal-free photocatalyst itself. SiC is considered outstanding for photocatalytic 

reduction reaction for water purification or water splitting, due to its suitable band gap and 

environmentally friendly properties.210-211 Addition of TiO2/Au mesoporous 

nanocomposites is effective to promote the photocatalytic reaction rate.  A slightly 

increasing Cr(VI) concentration for the blank Cr(VI) solution with irradiation time is due 

to the water evaporation effect.  
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4.4 Conclusions  

The multi-functional SiC foam was successfully prepared by modification with 

mesoporous Au/TiO2 nanoparticles through a simple sol-gel method. SiC foam has been 

demonstrated to be a good photothermal material used in solar-driven interfacial water 

evaporation process with promising activity for Cr (VI) reduction by the photocatalytic 

reduction reaction. Modification with mesoporous Au/TiO2 nanoparticles makes the SiC 

foam possess the ability for organic pollutants degradation by the photocatalytic oxidation 

reaction. Therefore, this multifunctional SiC foam is capable for complex wastewater 

treatment through both photocatalytic reduction and oxidation process, which is the first 

photothermal material found in the literature to have both photocatalytic reduction and 

oxidation ability simultaneously.   
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Chapter 5. Multi-functional Photothermal Material for Clean Water Generation 

Through Photo-Fenton Reaction 

(Manuscript is under preparation)  

5.1 Introduction 

Besides salts, the source water may also contain various contaminants such as heavy metal, organic 

pollutant and volatile organic compounds (VOC). Man-made VOCs leakage in ground water is 

commonly found from several sources such as municipal waste, traffic, and industrial and 

agricultural operations.212 Generally, heavy metal and most organic pollutants remain in the source 

water during solar distillation. Therefore, it does not affect the water quality of the distillate water 

as demonstrated in literature. However, VOCs (such as benzene, toluene, phenol, TCE, etc) could 

be one of the possible concerns in the distillate water, because they are easy to evaporate along 

with water vapor and have a good chance of being collected together with condensed water during 

solar distillation.81, 85 However, the VOCs in the distilled water has never been considered in clean 

water production via solar distillation, although VOCs-polluted waters may be used as source water.    

The photo-Fenton reaction is known to have high reaction rates and high efficiency 

for VOCs removal, with non-toxic and easy-to-handle reagents.213 Fenton reaction has been 

proven to be efficient and promising for organic wastewater treatment.111, 124, 214-216   

In this work, we intend to integrate photo-Fenton reactions into a typical solar-

driven water evaporation system to remove the potential VOC pollutants in the distillate 

water. The multi-functional photothermal material in this work is a honeycomb ceramic 

coated with CuFeMnO4, which has been demonstrated to have efficient solar absorbance 

and outstanding solar steam generation performance.94 In this work, the solar-driven water 

evaporation rate is recorded to be higher than 1.35 kg m-2 h-1, with a solar-evaporation 
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efficiency ~90%. CuFeMnO4 composite is also a potential heterogeneous catalyst for 

photo-Fenton reaction.217-218 Phenol was chosen as a model of VOC to investigate the VOC 

removal efficiency in this work.219 219 The CuFeMnO4 coated honeycomb ceramic in this 

work could remove >90% of phenol relative to the process without a photo-Fenton reaction.  

5.2 Experimental 

5.2.1 Chemicals and materials 

The cylindrical honeycomb ceramic with diameter of 5 cm was purchased from Hangzhou 

Nanosemi Nanomaterials Co., Ltd. Copper (II) nitrate trihydrate (Cu(NO3)2·3H2O), Iron 

(III) nitrate nonahydrate (Fe(NO3)3·9H2O), Manganese (II) nitrate tetrahydrate 

(Mn(NO3)2·4H2O), and phenol were purchased from Sigma-Aldrich. H2O2 30% was 

purchased from VWR Chemicals and methylene blue was purchased from Acros Organics. 

Tert-Butyl alcohol (C4H10O, 99.0%) was purchased from Scharlau Company.  All aqueous 

solutions were prepared using deionized water with a resistivity of 18.2 M cm prepared 

by a Millipore system. Commercial synthetic seawater (ASTM D114) was from RICCA 

company. 

5.2.2 Fabrication of multi-functional photothermal material 

Honeycomb ceramic plates with a round shape in various heights (0.5, 1.0, 2.0, 3.5 and 5.0 

cm) were cut from the cylindrical honeycomb ceramic and used as matrix materials in this 

work. Honeycomb ceramic plates in a 0.5 cm height were used unless otherwise specified. 

Metal nitrates with the desired molar ratio were dissolved in DI water and stirred for 20 

min to get a clear aqueous solution in dark green with different concentrations as the 

precursor solution for each sample. Specifically, the weight concentration of 10%, 20%, 
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40% and 60% of metal nitrate precursors with Cu:Fe:Mn molar ratio of 3:1:3 were prepared 

and the samples were denoted as CFM-n, with n being the concentration of precursor. The 

precursor solution of 7 ml in total volume was slowly dropped on the honeycomb ceramic 

plates and kept at room temperature. After full absorption for 1 hour, the precursor-

impregnated honeycomb ceramic plates were dried in an oven at 120 oC for 3 hours. Then, 

they were calcined in a muffle furnace at 600 oC for 2 hours with a heating rate of 5 oC/min. 

In addition, in order to optimize the iron concentration for photo-Fenton reaction, different 

molar ratios of precursor were prepared (3:0:3, 3:0.5:3, 3:1:3, 3:2:3 and 3:4:3 for Cu:Fe:Mn) 

following otherwise the same conditions, which was noted as Fe-0.0, Fe-0.5, Fe-1.0, Fe-

2.0 and Fe-4.0. In this set of samples, the total metal nitrates precursor weight concentration 

is 40 wt% for all of them. 

5.2.3 Material characterization  

The surface characteristics and the elemental mapping images of the samples were 

investigated by field-emission scanning electron microscopy (FESEM, Zeiss Merlin, 

Germany). The powder X-ray diffraction (XRD) patterns were measured on a Bruker D8 

Discovery diffractometer. The UV/Vis absorption and reflectance properties of the 

materials were measured using a spectrophotometer equipped with an integration sphere 

(Shimadazu, UV 2550), with fine BaSO4 powder as a reference. X-ray photoelectron 

spectroscopy (XPS) results were collected by an Axis Ultra instrument (Kratos Analytical) 

under ultrahigh vacuum (<10-8 torr) and by using a monochromatic Al Kα X-ray source. 

The adventitious carbon 1s peak was calibrated at 285 eV and used as an internal standard 

to compensate for any charging effects. Contact angle images and video were obtained by 

using an OCA 35 (Data-Physics, Filderstadt, Germany). Thermal images and temperature 
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gradients were collected using an infrared camera (FLIR A655). Chemical oxygen demand 

(COD) of the samples was measured using a HACH COD reactor, a HACH-DRB 200 

colorimeter, and the digestion solution was COD analysis kit (0-1500 mg/L range, HACH 

Co., Loveland, CO, USA). The ion composition in the distillate water was determined by 

inductively coupled plasma-mass spectrometry (ICP-MS, Agilent 7500cx, Santa Clara, 

USA).  

5.2.4 Water evaporation performance measurement 

The light source was provided by a solar simulator (Oriel Sol1A Class ABB Solar 

simulators, Newport) with an intensity of one sun (AM 1.5, 1000 Wm-2). A lab-made 

system was used in the water evaporation performance measurement. The weight change 

of water source was monitored by an electronic scale and the real-time data were collected 

by a computer with a sampling rate of 1 point per minute for determination of the water 

evaporation rate. In more details, the prepared black honeycomb ceramic plates were 

placed on top of a square board of polystyrene (PS) foam with a thickness of 1 cm. The 

square board of PS foam was put on top of a glass water beaker with a diameter of 5.0 cm 

and height of 6.0 cm, which is surrounded by a PS foam container. Water was transported 

from the bulk water to the black porous ceramic plate by capillary effect and transpiration 

effect via a piece of quartz glass fibrous through the center of the PS foam board.   

5.2.5 Photo-Fenton activity measurement  

The photo-Fenton activity of the samples was evaluated by using MB as a model for 

organic pollutants in aqueous solution under irradiation from the solar simulator. In order 

to minimize the effect from water evaporation, this test was conducted in a 100 ml beaker 

with a cover, which was a quartz window. The as-prepared honeycomb ceramic plate was 
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bounded with a ring of PS foam, which kept the ceramic plates floating on the surface of 

the solution. All these catalytic reactions were conducted in the beaker with constant 

mechanical stirring at room temperature. For the degradation of MB, the desired amount 

of dosage of H2O2 was added into the 70 ml aqueous solution containing 10 mg/L MB, 

with pH of 6.71. Before illumination, the as-prepared honeycomb ceramic plates were 

floating in the MB solution without any H2O2 dosage for 1 hour to reach adsorption-

desorption equilibrium so that the adsorption in the dark can be discounted. The lamp was 

turned on while a certain amount of H2O2 was adding into the solution. The removal of 

MB was monitored by the relative absorption peak intensity at the wavelength of 664 nm 

by UV-vis spectroscopy, which was the characteristic optical absorption of MB.220 About 

5 ml reaction solution was withdrawn at given time intervals and the remaining MB in the 

solution can be calculated by Ct/C0, where C0 and Ct represent the initial concentration of 

MB solution and the concentration of MB solution at irradiation time of t, respectively. 

The used honeycomb ceramic plates were collected and rinsed with ethanol and DI water 

several times and dried in nitrogen flow for a recycled test. Phenol with the concentration 

of 20 mg/L and domestic wastewater sample collected from KAUST wastewater treatment 

plant were also used for photo-Fenton performance test, and the reaction process was 

monitored by measuring COD. One molar NaOH was added to each sample of phenol to 

stop the oxidation process and then samples were further subjected to analysis. The COD 

value was measured by a commercial COD kit. Before subjecting to the COD measurement, 

the samples were pretreated with 1 M NaOH at 40oC to remove residue H2O2 in the sample 

solution. Trap agent including tert-butyl alcohol (TBA) was added into the model pollution 
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solution to trap hydroxyl radicals (OH). N2 was pumped into the solution for 30 min 

before the reaction to detect superoxide radicals (O2
-
).  

5.2.6 Clean distillate water production  

Water evaporation system was placed in a lab-made solar-still device and the distillate 

water was collected simultaneously. Phenol was chosen to be the model of VOC. Phenol 

solutions containing various concentrations of phenol (10, 20, 50 and 100 mg/L) were 

prepared using DI water. Specifically, the bottle was filled with 35 ml phenol solution of 

the desired concentration and mixed well with the desired dosage of H2O2 solution were 

used for evaporation. Distillate water was collected after a cycle of 12 h for evaporation 

and condensation.  

5.3 Results and discussion 

When a 2D disk-like photothermal material is used as the solar evaporator for solar 

distillation, the major energy loss pathways include the heat conduction loss to the bulk 

water source, the diffusion reflectance light, and heat radiation to its surrounding. The heat 

conduction loss can be mostly stopped by thermal isolator via the so-called 1D and 2D 

water path strategy. Recently, it has been reported that the solar-to-water evaporation 

efficiency can be significantly improved by making 3D cup-shaped photothermal 

structures because the 3D structure possesses better light capture ability due to the multiple 

light trapping mechanism and excess energy recycling from surroundings.94 However, the 

performance enhancement of a 3D structure is mostly determined by the height-to-diameter 

ratio. Consequently, the directly scaling up strategy will lead to an extremely large cup 

with high height, which brings all kinds of engineering problems. Making a small cup array 

is another scaling up strategy. The honeycomb ceramic plates were rationally chosen as the 
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matrix material due to its unique honeycomb structure, which can be regarded as a closed 

packed micro 3D cups array (Figure 5.1). 

 

Figure 5.1 The design of CFM composite coated honeycomb ceramic plate integrates both 

the photo-Fenton reaction and solar water evaporation. The structure of honeycomb 

ceramic plate increases the solar-to-evaporation efficiency. The composite of CFM 

provides the function for VOC removal through photo-Fenton reaction. 
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Figure 5.2 Digital photos of prepared multi-functional honeycomb ceramic plate: (a-1) the 

blank honeycomb ceramic plate, (a-2) the CFM-40 honeycomb ceramic plate with the 

coating layer after drying, and (a-3) the CFM-40 honeycomb ceramic plate with the coating 

layer after 600 oC annealing treatment. SEM photos of (b-1) blank honeycomb ceramic 

plate and (b-2) the CFM-40 honeycomb ceramic with coating layer after annealing 

treatment. Inset in (b-2) is the contact angle of the surface of CFM-40 honeycomb ceramic 

plate. EDX elemental mapping of the surface of CFM-40 honeycomb ceramic plate (c-1) 

for Cu (c-2), Fe (c-3), and Mn (c-4), respectively.  

The honeycomb ceramic substrate (with a diameter of 5 cm) is white viewed from 

the side (Figure 5.3), because the major components of the ceramic is SiO2 (48-51%), 
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Al2O3 (31-34%), and MgO (14-16%), which only absorb trace amount of visible light. 

While, the blank honeycomb ceramic looks dark inside the column when viewed from the 

top side (Figure 5.2), and the average light absorption in the wavelength range from 380 

nm to 700 nm is above 44% (Figure 5.5). This moderate light absorption should be mainly 

attributed to the advantage of the honeycomb structure. When the light enters into the small 

3D cup structure with high aspect ratio, the light is trapped inside due to the multiple 

reflection/absorption process (Figure 5.1).  

 

Figure 5.3 Digital photos of cylindrical honeycomb ceramic plate from the side view (a) 

and the top view (b). A sample cut from the cylinder with a diameter of ~5 cm (c) and a 

thickness of 0.5 cm (d). 

Four multi-functional CFM-n honeycomb ceramic plates (Figure 5.3, Figure 5.4 

and Figure 5.2a) with the thickness of 0.5 cm were prepared with different concentrations 

of the precursor, 10%, 20%, 40%, and 60%, respectively. After deposition of CuFeMnO4  
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(Figure 5.2a-2) and followed by annealing at 600 oC, the blank ceramic turns to be total 

black (Figure 5.2a-3), indicating the mixed metal oxides possess good light absorption 

ability. SEM observation found that the CFM growing on the surface of the ceramic plate 

(Figure 5.2b-1) possesses a highly porous structure formed by the aggregation of 

nanoparticles (Figure 5.2b-2). According to literature, the porous coating structure is good 

for light absorbing. The EDX elemental mapping of the surface of CFM-40 honeycomb 

ceramic plate indicates that the Cu, Fe, and Mn are uniformly distributed on the surface of 

the ceramic plate (Figure 5.2c). The insets in Figure 5.2b-2 are the contact angle of CFM-

40 honeycomb ceramic plate, which indicate the hydrophilic surface of the multifunctional 

ceramic material, implying the good water absorption properties of the ceramic-based 

material. The good water absorption ability is also confirmed in the video, in which the 

water droplet is absorbed quickly into the CFM-40 honeycomb ceramic plate.  

  

Figure 5.4 Digital photos of prepared multi-functional CFM-n honeycomb ceramic plate 

before and after annealing, coating with precursor in different concentrations: (a) CFM-

60%, (b) CFM-40%, (c) CFM-20% and (d) CFM-10%. 
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Figure 5.5a and b show the light absorption of samples under dry condition and wet 

condition. As for the blank honeycomb ceramic plate, light absorption higher than 44% is 

observed, which is due to the structure of a cluster of micro-columns providing the light 

trap by multi-reflection and absorption inside the column. Once the samples are soaked 

with DI water through capillary action and turned to be a wet state, the light absorption 

enhanced obviously. The light absorption of sample CFM-40 honeycombs ceramic plate 

increased to be higher than ~97.48%.  

The photothermal properties are investigated by taking the infrared (IR) images 

under a simulated solar light with an intensity of 1000 W m-2 (AM 1.5) for different 

irradiation duration time. Figure 5.5c-1 and c-2 present the blank honeycomb ceramic plate 

under irradiation for 1 min and 10 min, respectively, whose temperature increase from ～

28.1 oC to ～45.0 oC. The blank honeycomb ceramic plate also shows good light-to-thermal 

properties, which is indicating the advantage of this structure for better light absorption 

efficiency and energy usage efficiency. The steady-statement temperature of sample CFM-

40 honeycomb ceramic plate was recorded to be ～84.1 oC (Figure 5.5c-3), which is the 

highest among all the samples coating with different concentration of precursors (Figure 

5.6). This high steady-state temperature of the sample CFM-40 honeycomb ceramic plate 

demonstrates its efficient light-to-thermal conversion.   
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Figure 5.5 UV-Vis absorption spectra of CFM-n honeycomb ceramic plate loading with 

the same amount of different concentration of metal nitrates precursor solution at dry (a) 

and wet (b) states. IR images of a blank porous ceramic plate under (c-1) dark and under 

one sun irradiation for 10 min (c-2), and CFM-40 honeycomb ceramic plate under one sun 

irradiation for 10 min (c-3). 

. 

 

Figure 5.6 IR images of CFM-n honeycomb ceramic plates with different concentration of 

CFM precursors under illumination for 10 min, (a) blank honeycomb ceramic plate, (b) 

honeycomb ceramic plate with precursor of 10% CFM, (c) honeycomb ceramic plate with 

precursor of 20% CFM, (d) honeycomb ceramic plate with precursor of 40% CFM and (e) 

honeycomb ceramic plate with precursor of 60% CFM.   
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Figure 5.7 Time-course of water evaporation performance for CFM-40 honeycomb 

ceramic plate under different conditions: (a) DI water, (b) synthetic seawater and (c) 

domestic wastewater. Inset in (a) shows the IR image of a wet sample during evaporation 

test. Inset in (b) shows the salts crystalized on the outer surface of the honeycomb ceramic 

plate after 3-hour evaporation. The average water evaporation rate and solar-to-thermal 

efficiency of each test in the last 30 min of the test duration under different conditions (d). 

The water evaporation performance is measured by using a lab-made system as reported in 

our previous work.94 The DI water evaporation results are presented in Figure 5.7a. The 

instantaneous water evaporation rate is calculated accordingly and the average evaporation 

rate in the last 30 min is collected for all the tests and recorded in Figure 5.7d. The inset in 

Figure 5.8a is the IR image of the wet CFM-40 during evaporation test, which is around 

42.8 oC. The blank porous ceramic material produces a relatively high DI water evaporation 

rate (~0.61 kg m-2 h-1), which is another direct evidence that this honeycomb structure has 

a good ability for light absorption and good energy usage efficiency. The sample of CFM-
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40 presents a water evaporation rate for DI water around 1.45 kg m-2 h-1 and a solar-to-

evaporation efficiency higher than 91%.  

One of the major promising applications is clean water generation from seawater 

or wastewater. The water evaporation performance of commercial synthetic seawater and 

domestic wastewater (collected from KAUST wastewater treatment plant) are also 

investigated and presented in Figure 5.7b and Figure 5.7c. The evaporation rates under 

simulated solar light for commercial synthetic seawater (~1.21 kg m-2 h-1) and domestic 

wastewater (~1.25 kg m-2 h-1) are slightly lower than the evaporation rate of DI water 

(~1.45 kg m-2 h-1), which is expected due to the lower water vapor pressure of the saline 

water. The similar trend is found for the solar-to-evaporation efficiency, which is ~76% 

for synthetic seawater and ~78% for domestic wastewater. The insets in Figure 5.7b are 

showing the salts crystalized on the outer surface of the honeycomb ceramic plate, leaving 

the top surface still clean during evaporation for 3 hours, which is in good accordance with 

the reported 3D structure beneficial for salts crystallization.102  

Different heights of the honeycomb ceramic plates are prepared for water 

evaporation performance test for DI water and domestic wastewater (Figure 5.8). The 

evaporation rate for DI water was calculated to be ~1.47 kg m-2 h-1 for the sample in 1.0 

cm height, 1.68 kg m-2 h-1 for the sample in 2.0 cm height, 1.76 kg m-2 h-1 for the sample 

in 3.5 cm height and 1.99 kg m-2 h-1 for the sample in 5.0 cm height. The evaporation rate 

of the sample in 5.0 cm height is improved significantly to be 138% of the sample in 0.5 

cm height. The significant enhancement is due to the additional water/air interface provided 

by the increasing the walls of the honeycombs. In addition, the higher and cooler outer 

surface of the honeycombs helps to reduce the heat radiation, which is beneficial for 
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improving the energy usage efficiency. The IR images of the samples in different heights 

(1.0 cm, 2.0 cm, 3.5 cm, and 5.0 cm) are also presented in Figure 5.9, which shows the 

temperature in a 3D structure is not distributed uniformly across the outer surface. The 

samples in bigger heights possess a lower outer surface temperature, which is beneficial 

for reducing heat radiation. As a conclusion, by increasing the height of the honeycomb 

ceramic, the evaporation performance can be increased. 

 

Figure 5.8 DI water (a) and domestic wastewater (b) evaporation performance with CFM-

40 honeycomb ceramic plates in different heights. Evaporation rate (c) and solar-to-

evaporation efficiency (d) recorded under different conditions for CFM-40 honeycomb 

ceramic plates in different heights.  
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Figure 5.9 IR images of CFM-40 honeycomb ceramic plate under illumination for 1 min 

and 10 min respectively, in different heights: (a) 1.0 cm, (b) 2.0 cm, (3) 3.5 cm and (4) 5.0 

cm.  

 

Figure 5.10 (a-1) Digital photos of the experimental setup for evaluation photo-Fenton 

reaction activity. (a-2) Digital photos of MB solution at different reaction time. 
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Degradation (b-1) and the reaction kinetic study (b-2) of MB in bulk phase by CFM-40 

honeycomb ceramic plate with different concentration of iron through photo-Fenton 

reaction. H2O2 dosage was 0.08M for all the tests. Degradation (c-1) and the reaction 

kinetic study (c-2) of MB by CFM-40 (Fe 2.0) honeycomb ceramic plate with different 

amount of H2O2 dosage through photo-Fenton reaction. 

Photo-Fenton reaction mechanism has been investigated widely, which is affected 

obviously by the concentration of iron, the amount of H2O2 dosage, pH value and light 

intensity.128 Due to the fact that if using VOC as model pollution, water evaporation 

process will inevitably interfere with the degradation efficiency measurement, therefore, 

the photo-Fenton reaction activities of the CFM coating layer were first investigated by 

using methylene blue (MB) as a model of organic pollutants, in an experimental setup as 

shown in Figure 5.10a. The sample is floating on the upper part of the solution with the top 

surface immersed under the air-water interface, by using a floating ring (a belt of PS foam) 

around the out surface of the ceramic monolith. A magnetic stir bar is placed in the solution 

underneath the floating multifunctional material, to keep the mass uniformly diffusion in 

solution. The sample is immersed in the solution in dark without H2O2 dosage for 1 hour 

to achieve absorption-desorption equilibrium. During the measurement, a quartz window 

covered the sample beaker, in order to minimize the water evaporation interference for the 

concentration measurement. The concentration of MB solution was monitored by 

measuring the absorbance at a wavelength of 664 nm characteristic of MB. The 

concentration of MB solution after adsorption-desorption equilibrium is regarded as the 

initial concentration C0. About 5 ml reaction solution is withdrawn at given time intervals 

and the remaining MB in the solution can be calculated by Ct/C0. Apparent degradation of 
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MB is observed as soon as the photo-Fenton reaction is initialized by turning on the light 

irradiation as well as H2O2 adding to the system. Figure 5.10b shows the visual color 

change of MB solution during the photo-Fenton reaction by sample of CFM-40 (Fe 2.0) 

honeycomb ceramic plate (with H2O2 0.08M): left image is the contaminated water at time 

0 min, the middle one is the partial purified water at time 5 min and the right one is the 

purified water at time 20 min.  

Samples with different amount of iron were prepared by using the same concentration of 

metal nitrate precursor but a different molar ratio of iron nitrate. The effect of iron 

concentration on the degradation activity in the photo-Fenton reaction is illustrated in 

Figure 5.10b-1 and the reaction kinetics is presented in Figure 5.10b-2. It can be founded 

that the degradation accelerated as the amount of iron increasing from Fe 0.5 

(Cu:Fe:Mn=3:0.5:3, the molar ratio of Fe is 7.7%) to Fe 2.0 (Cu:Fe:Mn=3:2:3, the molar 

ratio of Fe is 25%). This phenomenon can be ascribed to the reason that the number of 

reactive sites increased when the amount of the composites were increasing. However, the 

reaction activity dropped for the sample with a higher concentration of iron Fe 4.0 

(Cu:Fe:Mn=3:4:3, the molar ratio of Fe is 40%), which might due to the fact that excessive 

loading of iron in the material would consume the generated HO as the scavenging effect, 

as presented in the following equation (1).221-222  

𝑭𝒆𝟐+ + 𝑯𝑶 ∙ →  𝑭𝒆𝟑+ + 𝑶𝑯− (1) 

In addition to the above effect, the iron loading can present other effects. The 

production cost of the solid catalyst could be a limiting parameter in a practical application. 

Higher catalyst loading would obviously increase total cost and also increase the risk of 

metal leaking,223 therefore, the iron composition should be optimized. 
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 The effect of the dosage of H2O2 on the degradation of MB in the photo-Fenton 

system was also investigated by the CFM-40 (Fe 2.0) sample. It showed that the 

degradation activity enhanced as the dosage of H2O2 increased from 0.00 M to 0.15 M 

(Figure 4c). It is well known that the production rate of OH can be accelerated as more 

H2O2 is added into the Fenton reaction system, which is beneficial to the degradation of 

organic pollutants.220 The improvement of degradation rate was less significant when the 

dosage of H2O2 was up to a higher concentration, which might due to the fact that excess 

amount of H2O2 was a disadvantage to the removal of organic pollutants through the 

hydroxyl radical scavenging effect, as presented in the following equation (2-5).224  

𝑯𝟐𝑶𝟐 + 𝑯𝑶 ∙ →  𝑯𝑶𝟐 ∙ + 𝑯𝟐𝑶       (𝟐) 

𝟐𝑯𝑶 ∙ →  𝑯𝟐𝑶𝟐       (𝟑) 

𝑯𝑶𝟐 ∙ + 𝑯𝑶 ∙ →  𝑯𝟐𝑶 +  𝑶𝟐      (𝟒) 

𝟐𝑯𝑶𝟐 ∙ →  𝑯𝟐𝑶𝟐 +  𝑶𝟐       (𝟓) 

In order to check the active species in the photo-Fenton reaction process, different 

scavengers were used to capture the different radicals. As showed in Figure 5.11a, the 

photo-Fenton reaction performance decayed greatly in the presence of TBA, which can 

quench the OHradicals. In the N2 bubbled MB solution, the degradation efficiency also 

decreased, which indicate that OH  O2
-
  contribute the 

degradation of MB, but the OH  predominant since the decay of degradation 

efficiency was much bigger by adding TBA. 
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Figure 5.11 (a) 10 mg/L MB solution, 0.08 M H2O2 dosage with and without trapping 

agents. High-resolution XPS spectra of CFM-40 honeycomb ceramic plate before and after 

five cycles: comparison of Cu 2p spectra (b-1), comparison of Fe 2p spectra (b-2) and 

comparison of Mn 2p spectra (b-3).  

The X-ray photoelectron spectroscopy analysis (XPS) results of CFM-40 

honeycomb ceramic plate are presented in Figure 5.11 and Figure 5.12. The surface of the 

fresh CFM-40 samples containing Cu, Fe, Mn, and the photo-Fenton reaction did not 

change much of the surface element composition. The Figure 5.12b-1 and Figure 5.13b 

show the high resolution of Cu 2p for the CFM composite. It can be seen that Cu 2p energy 

level of both samples is composed of main characteristic doublet peaks corresponding to 

Cu 2p 1/2 and Cu 2p 3/2 at ~ 952.8 eV and ~932.9 eV, respectively, and shake-up satellite 
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structures at about 8 eV and 10 eV binding energies higher than that of the main Cu 2p 

peaks.225-226 The broad Cu 2p 3/2 peak and shake-up satellite feature were deconvoluted 

into 5 peaks. The peak position at ~933.0 eV and ~934.6 eV were related to Cu1+ and Cu2+ 

phases.227-228 Figure 6c-2 shows the high-resolution XPS spectra of Fe 2p. Fe3+ is 

characterized by the Fe 2p peaks at ~711.2 eV (Fe 2p 3/2) and ~724.3 eV (Fe 2p 1/2) with 

a satellite signal at ~719.5 eV. The peaks at 711.2 eV could be assigned to the presence of 

Fe3+ accompanied by a satellite peak at 718.5 eV, while the Fe2+ is easily identified by the 

peaks at ~709.3 eV and 724.1 eV.229-230 Figure 5.12c-3 shows core level spectra of Mn 2p. 

Two separate states of Mn 2p 3/2 and Mn 2p 1/2 are observed at ~641.2 eV and ~653.4 

eV, respectively. The peaks of Mn 2p 3/2 at 640 to 645 eV could be evaluated as the 

synthesis of two components: one at 643 eV associated with Mn4+ and another one at 641 

eV associated with Mn3+.231 One satellite peak is observed at ~648.5 eV, which is 

indicating of the presence of Mn2+.232 The O 1s peak presented very obvious variations 

(Figure 5.12). For the fresh CFM-40 sample, the main peak at 529.7 eV was attributed to 

the lattice oxygen O in CFM composite.233 The degradation reaction increased much the 

percentage of O 1s OH component at 532.0 eV, while decreased markedly the lattice 

oxygen O assigned to the oxide (529.7 eV). This indicated that the CFM surface is strongly 

hydroxylated during the degradation process. As it has been reported that the surface 

hydroxyl groups are the active sites for oxidation decomposition and hydroxyl radicals 

generation, the high proportion of the surface hydroxyl may contribute to the enhancement 

of the photo-Fenton reaction.234-235 

The XRD results were obtained for the sample before the photo-Fenton reaction 

and after the reaction  (Figure 5.13a). The ceramic substrate shows the characteristic peak 
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of cordierite. And the additional characteristic peaks coming from trimetallic CFM are 

matched well with the literature reference.236-237 There is no obvious difference in XRD 

results between the freshly prepared CFM composite and the CFM composite after 

reactions, indicating the stability of CFM composites, which is consistent with the XPS 

results. In order to avoid the additional signals interference from the ceramic plate and have 

a closer investigation of the samples, the as-prepared CFM composites were prepared 

individually on the quartz filter membrane as a substrate instead of the ceramic plate 

(Figure 5.13b). The preparation procedure was the same and it was immersed in MB 

solution for photo-Fenton reaction following the same procedure as it did for the CFM-40 

honeycomb ceramic plate. A closer investigation found the peaks from CuO for both fresh 

and used CFM samples. 



 157 

 

Figure 5.12 XPS survey scan of CFM- 40 honeycomb ceramic plate before and after five 

cycles (a). Comparison of C 1s spectra (b) and comparison of O 1s spectra (c).   
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Figure 5.13 XRD patterns of CFM on the ceramic substrate before and after five cycles.  

In addition to photo-Fenton degradation of organic pollutant (MB), domestic 

wastewater was used as a test model to investigate the activity efficiency for a more 

complex water source (Figure 5.14a and b). The treatment of wastewater was monitored 

by measuring COD concentration at different experiment time. The COD removal 

efficiency by the sample of CFM-40 under light illumination was 65.9% for 10min reaction, 

and 98.7% for 60 min reaction. Under dark condition, the COD removal efficiency by the 

sample of CFM-40 was 41.3% for 10 min reaction and the final efficiency after 60 min 

reaction was 92.3%. The COD removal efficiency is a little higher under light condition 

than under dark condition, indicating the benefits of adding light irradiation for Fenton 

reaction, which might due to the enhancement of OH production by solar irradiation. The 

control experiment without CFM-40 exhibited little removal of COD, which indicated that 

the effect from direct generation of OHfrom H2O2  photolysis was very limited.  
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Figure 5.14 (a) Photo-Fenton treatment of domestic wastewater in the bulk phase and (b) 

reaction kinetic study of CFM-40 sample under dark and light condition. (c)Photo-Fenton 

removal of phenol in the bulk phase and (d) reaction kinetic study of CFM-40 sample under 

dark and light condition. Ct/C0 is in solid lines with circle and COD removal efficiency is 

in dash lines with a triangle.  

After the confirmation of the photo-Fenton activity of CFM-40 honeycomb plates, 

phenol is utilized as a model to testify the performance photo-Fenton removal of VOCs. 

The concentration of phenol was monitored in terms of COD concentration at different 

experiment time. The results in Figure 5.14c presented the phenol mineralization by CFM-
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40 (Fe 2.0) honeycomb ceramic plate under different conditions. Under the light irradiation 

with a H2O2 dosage of 0.08 M, the sample of CFM-40 (Fe 2.0) produced a fast COD 

removal efficiency with 77.4% for illumination for 10 min, and high mineralization 

efficiency for phenol higher than 99.5% after 60 min reaction. As for the experiment under 

the dark condition without light illumination, the CFM-40 produced a slightly slower COD 

removal efficiency with 51.7% for 10 min reaction and 92.9% after 60 min reaction. The 

Figure 5.14d presented the kinetic reaction studies of each experiment, which indicated 

that CFM-40 under light illumination produced a higher reaction kinetic rate constant of 

0.071 min-1 than the kinetic rate constant under dark condition, which was 0.043 min-1. 

 

 

 

Figure 5.15 (a) The scheme of the lab-made solar still. The container is made of glass and 

the top cover is made of a polycarbonate (PC) plastic film. Phenol concentration in the case 

of COD concentration under different conditions (b) and phenol removal efficiency (c) in 

case of COD compared with the distillate water without material and compared with the 

original solution. 
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The condensed distillate water is collected in a lab-made solar still (Figure 5.15a) 

for further investigation. Phenol in different original concentrations (10, 20, 50 and 100 

mg/L) was used as a model of VOC and the concentration of phenol was measured in case 

of COD concentration (Figure 5.15b, green column). The COD concentration of original 

phenol recorded for different concentrations is well in accordance with the theoretical 

values. The COD concentration in condensed distillate water evaporated directly without 

material is 378% of the original solution with concentration of 10 mg/L, 302% of the 

original solution with concentration of 20 mg/L, 225% of the original solution with 

concentration of 50 mg/L, and 152% of the original solution with concentration of 100 

mg/L. All of these results showed that VOC is easily concentrated and collected in the 

condensed distillate water, which indicated directly that VOC could be a potential concern 

in the condensed distillate water in a solar still system if the water source is contaminated 

by VOC. The solar-driven water evaporation process cannot removal VOC automatically 

in the same way as salts or heavy metals, while in the opposite, water evaporation process 

can make it even worse by accelerating VOC evaporating from bulk phase and condensed 

in distillate water. The removal efficiency of phenol in distillate water through photo-

Fenton reaction was presented for distillate water evaporated directly or the COD 

concentration of the original solution (Figure 5.15b).  The COD removal efficiency for 

phenol of all the concentrations is higher than 91.3% compared with the distillate water 

without any material treatment. Among all the original solution, the phenol of 20 mg/L has 

the highest removal efficiency of ~98.2%.  When the COD removal efficiency for phenol 

compared with the COD concentration in original solution, all the samples are higher than 

86.8%, and the highest is 94.5% for the phenol solution of 20 mg/L. In a conclusion, the 
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VOC from the contaminated source water is effectively removed from the condensed 

distillate water generated by the multifunctional CFM-40 ceramic plate. 

Figure 5.16 Repeated photo-Fenton degradation of MB in bulk phase for continuous 5 

cycles with each cycle lasting for 20 min (a). Ion concentration for the contaminated 

synthetic seawater and distillate water (b).  

The CFM-40 honeycomb ceramic plate can be easily cleaned with DI water and 

ethanol for regeneration. Figure 5.16a shows the MB degradation by photo-Fenton reaction 

for 5 cycles with each cycle for 20 min. As presented in Figure 5.16a, the removal of MB 

during the first cycle could reach 95.7% after 20 min. For the fifth cycle for photo-Fenton 

degradation of MB, the degradation efficiency is just slightly decreased to be 90.9%, which 

indicates that CFM-40 honeycomb ceramic plate is stable for several times recycle. The 

concentrations of ions are measured for a water sample condensed from contaminated 

seawater (Figure 5.16b). The contaminated seawater is prepared by commercial synthetic 

seawater mixed with MB (1.6 ppm) and phenol (16 ppm). The concentration of Na+ 

decreased obviously after the evaporation-condensation process and was far below the 

drinkable water standard limit for Na+ defined by the World Health Organization (WHO, 

200-250 mg L-1).49 The concentration of Cu, Fe and, Mn are negligible in the distillate 
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water, indicating the stability of the coating composite. COD concentration for the original 

solution is measured to be 1224 mg/L and the COD concentration for the distillate water is 

measured to be 10 mg/L, which means 99.18% COD is removed efficiently. The MB 

degradation was also presented in Figure 5.17. The quite low ion concentrations ensure the 

distillate water from this system is potable.  

 

Figure 5.17 Complex synthetic seawater purification by CFM-40 honeycomb ceramic 

plate absorption before and after purification the red curve is the original solution and the 

blue line is the condensed distillate water. Inset images of original water and condensed 

water.   

5.4 Conclusions 

Honeycomb ceramic plates with special structure have been demonstrated to have light 

absorption properties and high-energy efficiency for solar-driven water evaporation. VOCs 

should be taken into consideration for a solar still device designing due to the potential of 
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them to be concentrated in distillate water. CFM composite is promising to be used for 

VOCs removal due to its high activity for Fenton reaction. In addition, this multi-functional 

photothermal material prevents the formation of iron sludge by immobilizing iron oxides 

compared with the homogeneous iron salts and enables the reusability of the material by 

simply flushing. 
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Chapter 6. Conclusions and Future Perspective 

6.1 Conclusions  

In summary, this dissertation focused on the rational design of photothermal materials for 

making use of solar energy, for clean water generation, through solar-driven interfacial 

water evaporation and photo-catalysis reaction. 

(1) Solar-driven interfacial water evaporation was systemically studied by using a bi-

layered porous rGO membrane. The rGO membrane with porous structure was designed 

because it can enhance the light absorption by multiple light incidents trapping, reduce the 

diffuse reflection, and increase the material/water interface for fast heat transfer. 

Significant solar-to-water evaporation efficiency was obtained by including a non-porous 

heat barrier (PS) to minimize the heat loss through the water transport channel. This is one 

of the pioneering works that is focused on thermal management by including a non-porous 

heat insulator and intended to decouple the functions of heat barrier and water transport. 

Recently, the functions of the heat barrier and water transport were investigated in detail. 

It is true that the vapor generation performance may be limited by the wicking capability 

of the 2D water channel coating on the side surface of the PS foam. Some research has 

been developed from the 2D water channel to 1D water channel by drilling multiple holes 

through the PS foam to enhance the water evaporation rate.94, 238  

(2) The fouling and scaling issues during practical applications of solar-driven water 

evaporation of real seawater and wastewater were investigated. The tandem-structured 

SiC−C monolith, consisting of a top porous layer and a bottom dense layer was 

demonstrated to be a promising photothermal material toward practical applications. The 

material has satisfactory solar-to-evaporation performance and high mechanical strength 
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for long-term durability. This study shines light on the potential use of ceramic-based 

materials as photothermal materials in practical solar-driven seawater desalination and 

wastewater treatment and attracts more attention to the fouling and scaling issues of 

photothermal materials.  

(3) The multi-functional SiC foam was successfully prepared by modification with 

mesoporous Au/TiO2 nanoparticles through sol-gel method. SiC foam has been 

demonstrated to be a good candidate as a photothermal material used in the solar-driven 

interfacial water evaporation process. At the same time, SiC as a p-type semiconductor has 

been demonstrated to be active for Cr (VI) reduction by the photocatalytic reduction 

reaction. Modification with mesoporous Au/TiO2 nanoparticles made the SiC foam possess 

the ability for organic pollutants degradation by the photocatalytic oxidation reaction. 

Therefore, this multifunctional SiC foam was capable of complex wastewater treatment 

through both photocatalytic reduction and oxidation process, which is the first 

photothermal material found in literature to have both photocatalytic reductive and 

oxidative ability simultaneously.  

(4) Solar-driven interfacial water evaporation can separate clean water vapor with salts and organic 

dye pollutants, while VOC was a major potential concern in contaminating distillate water. 

Honeycomb ceramic plate with a 3D structure was demonstrated to have significant light absorption 

properties and high-energy efficiency for solar-driven water evaporation. CFM composite was 

promising for VOCs removal due to its high activity for the photo-Fenton reaction. In addition, this 

multi-functional photothermal material prevented the formation of iron sludge by immobilizing 

iron oxides when compared with the homogeneous iron salts and enables the reusability of the 

material by simply flushing.    
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The 3D multifunctional photothermal material in this project makes use of all the 

strategies in the previous three projects: 1) heat management and water transport channel 

engineering strategy is developed from Project 1, using 1D water channel by drilling a hole 

in the heat barrier (PS foam) rather than using the 2D water channel limited by the wicking 

capability of the coating layer; 2) the 3D honeycomb structure is desired for photothermal 

material, which is a strategy to improve the light absorption by multiple light incidents 

trapping strategy developed from Project 1;  3) highly stable mechanical and chemical 

stability of photothermal material as a fouling control strategy that was developed from 

Project 2, by using commercial ceramic plates as a matrix material. The stability under 

high temperature treatment is also desired by using an inorganic catalytic metal oxide 

coating layer; 4) the catalytic property designed for contaminated water source treatment 

was developed from Project 3 by using a Fenton reaction agent coating layer for the photo-

Fenton catalytic reaction. This optimized material can be used for a variety of water 

sources, including seawater desalination, contaminated water treatment, and also clean 

distillate water production.  

6.2 Future perspective 

(1) The fouling and scaling issues of photothermal material in a real application need more 

attention. Stability of photothermal material and structure performance against water, salts, 

and bacteria are of great importance. Rational design of photothermal materials with 

special structure or surface protective coating layer might be useful to obtain the anti-

fouling and the anti-scaling ability for long-term durability.  In another strategy, the 

photothermal material fouling issue in a real application can be controlled by using a cross 
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flow system instead of the current dead-end system. Therefore, all the other components 

such as the heat barrier and water transport channels need to be modified accordingly.  

(2) For the integration of photothermal with photo-catalysis project, a disinfection 

experiment could be performed to determine the antibacterial activity of the multi-

functional photothermal material. The synergistic effect between the photothermal and 

photo-catalysis reaction, as well as the synergistic effect between the p-type SiC and the n-

type Au/TiO2 need more investigation. It is also a potential issue that the coating layer of 

Au/TiO2 might leak from the SiC foam during the fouling cleaning process. The coating 

method needs to be modified. Therefore, the coating in Project 4 is made better by 

absorbing the precursor through the wicking mechanism and annealing treatment to make 

it stable to withstand the physical cleaning by water flushing.  

(3) The effect of the light source intensity on the photo-Fenton activity and photothermal 

water evaporation needs more investigation. A solar still with higher evaporation and 

condensation efficiency can be applied. Photo-Fenton or Photo-catalysis function can be 

integrated on the condensation part of the solar still rather than the water evaporation side 

to remove VOCs.   
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APPENDIX 

Table A1 The summary of interfacial solar-driven water evaporation performance of 

different photothermal materials. 

Reference 
Light intensity   

kWm-2 
Photothermal material 

Heat barrier 

material 

Evaporatio

n rate 

Solar to evaporation 

efficiency 

 

147 1.0 
Free floating film of gold 

nanoparticles  
NA 

0.4 

mg/(s∙W) 
- 

 

21 10  Exfoliated graphite Carbon foam - 85%  

350 1.0   
Polypyrrole coated 

stainless steel mesh 
NA - 58% 

 

444 1 .0 
Nitrogen doped porous 

graphene 
NA - 80%  

563 4.5 Au NP Airlaid-paper - 77.8%  

640 3.0 
Carbon-black-based 

gauze 
NA 6.0g/h -  

749 6.0 
Aluminium-based 

plasmonic absorber 
NA - 91%  

848 20.0 
Thin-film black gold 

membranes 
NA - 57%  

942 1.0  Carbon nanotube 
Macrop-orous 

silica  
- 82%  

10238 1.0 
Cermet (BlueTec eta 

plus) coated copper sheet 

Polystyrene 

foam disk 
- 

72% at 17oC 

28% at 100oC 

transparent 

bubble wrap 

1186 1.0  GO 
Polystyrene 

foam 
- 80%  

1287 1.0 Porous rGO 
Polystyrene 

foam 

1.31 kg / m 

h 
83% this work 
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Figure A1 Schematic illustration of the model simulation setup to investigate the 

relationship between water evaporation performance and heating range (i.e. the thickness 

of heat water layer on the top of photothermal material). The photothermal material is fixed 

at different depth under water surface, captures, and converts light to thermal energy (red 

arrows), which drives water evaporation (blue arrows). 

To simplify, the models consider the following factors as relevant parameters: 

water temperature, and temperature, humidity and velocity of the air above the water 

surface in the model system. The amount of evaporated water is calculated with the 

following equations: 

𝑔𝑠 = 𝜃𝐴(𝑥𝑠 − 𝑥)/3600   (2.4) 

𝜃 = (25 + 19𝑣)              (2.5) 

𝑥𝑠 = 0.62198𝑝𝑤/(𝑝𝑎 − 𝑝𝑤)  (2.6) 



 171 

where gs  is the amount of evaporated water per second (kg/s), 𝜃 is evaporation coefficient 

(kg/m2 h), v is the velocity of air above the water surface (m/s), A is the water surface area 

exposed to solar light (cm2), xs is humidity ratio of the saturated overlying air (kg/kg) (kg 

H2O in kg dry air), and x is humidity ratio of the overlying air (kg/kg) (kg H2O in kg dry 

air), pw is partial pressure of the water vapor in the overlying air (Pa), pa is atmospheric 

pressure of the overlying air (Pa). It is worth mentioning that the units of 𝜃 in S-1 and S-2 

do not match with each other as S-2 is a purely empirical formula. 12,13,14 

The maximum amount of water vapor in the air is achieved when pw = pws where pws is 

saturation pressure of water vapor under the same temperature. pws varies with the air 

temperature following S-4: 

pws = e(77.3450 + 0.0057 T - 7235 / T) / T8.2     (2.6) 

where e is the constant 2.718 and T is the temperature of the overlying air (K). 15 

At water vapor saturation, xs is then modified to: 

xs = 0.62198 pws / (pa - pws)         (2.7) 

For the simulation: the air temperature was set at 20oC (293K), the relative humidity 60%, 

the humidity ratio in air 0.0085kg/kg, A 15.89 cm2, v above the water surface 0.05 m/s and 

D ranging between 0.2 and 7.0 cm.  

Some of the major simplifying assumptions in the simulation are: (1) a perfect heat 

barrier is assumed and thus no heat and also light is transported to underlying water column; 

(2) a uniform temperature profile is assumed for the heating range at all time; (3) a10% 
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energy loss and thus 90% of the light to evaporation conversion efficiency (i.e., η) of the 

system is assumed, which is reasonable based on the experimental results in this study.  

It is worth pointing out that that thermal radiation accounts for a significant part of 

energy loss in photothermal water evaporation system and is positively related to the 

temperature difference between surface water and overlying air, which is then affected by 

the depth of the photothermal material underwater. However, for the purpose of simplicity, 

the same energy loss (i.e., 10%) is assumed in the model for all cases. 

the water mass in the heating range is calculated as: 

𝑚 = ρAD = 1.0 g/𝑐𝑚3AD               (2.8) 

Table 2.1: weight of water within the different heating range 

 

D = 0.2 cm is chosen as an exemplifying case here and the simulation results of all the 

other heating depths can be found in the excel files.  

To start the simulation, the amount of the water evaporated at room temperature (with 

T=293.15K, pa = 101.325kPa) (i.e., before light illumination) is calculated as follows:   

pws = e(77.3450 + 0.0057 T – (7235 / T)) / T8.2  = 2318 (Pa) 

xs = 0.62198 pws / (pa - pws) = 0.62198 pws/(101325-pws)= 0.01456 (kg/kg) 

Distance (cm) 0.2 1.0 2.0 4.0 7.0 

Weight (g) 3.178 15.89 31.78 63.56 111.23 
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gs = (25 + 19v)A(xs-x)/3600 

= (25+19×0.05m/s)(2.25×2.25×10-4 ×3.14 m2)×0.01456kg/kg× (1-60%)/3600 

    = 6.67×10-8 kg/s 

The energy needed to produce the water evaporation is be calculated as: 

𝑞 = ℎ𝑤𝑒𝑔𝑠         (2.9) 

where q is the heat required (kJ/s, kW), hwe=evaporation heat of water (2270kJ/kg).16 Thus 

q = 2270 kJ/kg × 6.67×10-8 kg/s = 0.151J/s = 0.151 W 

In the model, the incoming solar light energy is calculated as: 

𝑄 = 𝐼𝐴            (2.10) 

where Q is the incoming solar energy (W), I is the light intensity of solar simulator (AM1.5 

100W/cm2). So, Q =100 mW/cm2×15.89cm2=1589 mW=1.589 W 

With an assumed energy loss of 10%, the energy utilized by water is:   

𝑃 = (1 − 10%) × 𝑄 = 1.43W 

In doing the iterative calculation, the temperature of the air above water is set to be equal 

to the temperature surface water in the first cycle (i.e., the first second in this case) of the 

simulation (the user has freedom to set cycle interval, such as 1 second, 1 minute, etc.). 

Thus, the energy available to heat the water within the heating range (qe) is calculated as: 

qe = P-q = 1.43-0.151 = 1.279W 
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At the end of this cycle (1 second), the water temperature in the heating range is increased 

by: 

𝑑𝑡 =
𝑞𝑒

𝐶𝑤𝑚
=

1.279𝑊 × 1𝑠

4.2 × 103𝐽/𝑘𝑔 ∙ ℃ × 3.178𝑔
= 0.0957℃ 

where Cw is the specific heat capacity of water (4.2 × 103𝐽/𝑘𝑔 ∙ ℃). 

The water temperature after 1s illumination is: 

20+0.0957 = 20.0957 ℃ 

For the next cycle, the same calculation procedure takes place, with a starting water 

temperature of 20.0957℃ (293.2457 K). 

pws = e(77.3450 + 0.0057 T – (7235 / T)) / T8.2  = 2331.901 (Pa)      pa = 101.325kPa 

xs = 0.62198 pws / (pa - pws) = 0.62198 pws/(101325-pws)= 0.01465 

gs = (25 + 19v)A(1-60%)xs/3600 

     = 6.71×10-8 kg/s 

q = 2270 kJ/kg × 6.71×10-8 kg/s 

   = 0.152 J/s 

   = 0.152 W  

qe = P-q = 1.43-0.152 = 1.278W 

The instantaneous water evaporation rate and light to evaporation conversion efficiency 

are calculated as: 
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𝑣 = 𝑔𝑠 × 3600 × 10000/𝐴   (2.11) 

𝜂 = 2270 × 𝑣 × 100/3600   (2.12) 

where υ is instantaneous evaporation rate (kg/m2h), and η is light to evaporation conversion 

efficiency (%). This computing process continues until qe =Q-q-P=0, which means all the 

available energy is utilized fully and there is no extra energy for further water evaporation. 

In the model, the water temperature, water evaporation rate, and light to evaporation 

efficiency all reach their peak points and would level off beyond this point.  
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