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Abstract

The global need for clean water requires sustainable technology for purifying con-

taminated water. Highly efficient solar-driven photodegradation is a sustainable strat-

egy for wastewater treatment. However, solar-driven water treatment suffers from

reduced efficiency due to the energy loss in the light treatment, difficulties of facility

maintenance, and decentralized and intermittent features of solar irradiation. One

promising solution is coupling microlenses (MLs) with solar-driven reactors, optimiz-

ing the distribution of solar irradiation in contaminated water for higher photodegra-

dation efficiency of organic contaminants. However, the fabrication of customized MLs

for solar-water treatment remains to be developed. Furthermore, understandings of

the mechanisms of MLs-enhanced photodegradation are required for the optimization

of MLs-involved reactors. Last but not least, the adaptability and scalability of MLs

need to be verified before the practical applications of the technology.

This Ph.D. thesis focuses on understanding the mechanisms of MLs-enhanced pho-

todegradation in water treatment and maximizing the performance of MLs under the

guidance of the discovered principles. On one hand, the fabrication methods of MLs

are developed based on a solvent exchange process followed by in-situ photopolymer-

ization to meet the requirements of reactors for solar-driven water decontamination.

Both microscopy and optical simulations are applied to characterize the optical prop-

erties of different types of MLs. Furthermore, the photodegradation of multiple typical

organic pollutants in different water matrices is monitored in the MLs-functionalized

reactors under varied irradiation conditions to verify the effectiveness of MLs. The

combination of optical simulations and the experimental results helps to further im-
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prove the efficiency of solar-driven photodegradation by MLs and assist the design of

MLs-functionalized reactors for broader applications.

This thesis will start with an Introduction, then a Literature review. The main

findings are covered in Chapter 3 to 6.

In Chapter 3, we successfully improve the photodegradation efficiency of microp-

ollutants in water by ∼ 2-24 times with leveraging polymeric MLs. Photodegradation

efficiency (η) in water correlates approximately linearly with the sum of the inten-

sity from all focal points of MLs, although no differences in the photodegradation

pathway are detected from the chemical analysis of the byproducts. With the same

overall power over a given surface area, η is doubled by using ordered microlens arrays

(MLA), compared to heterogeneous MLs on an unpatterned substrate. Higher η from

MLAs may be attributed to a coupled effect from the focal points on the same plane

that creates high local concentrations of active species to further speed up the rates

of photodegradation. Three representative micropollutants (norfloxacin, sulfadiazine,

and sulfamethoxazole) in the bottles functionalized by MLs were photodegraded by

30% to 170% faster than in bare bottles. The findings demonstrate the possible

mechanisms of MLs-enhanced photodegradation and suggest the potential of MLs in

developing highly efficient and compact solar water purification devices.

In Chapter 4, we have demonstrated that surface MLs not only work in direct

photodegradation but also contribute to more efficient photocatalytic water decon-

tamination. Both random microlenses (MLR) and microlenses array (MLA) could

enhance the η in photocatalytic degradation of four representative pollutants, includ-

ing methyl orange (MO), norfloxacin (NFX), sulfadiazine (SFD), sulfamethoxazole

(SMX), spiked in ultra-pure water, synthetic natural water, or real river water. Un-

der both visible LED light and simulated solar light and for two photocatalysts zinc

oxide (ZnO) and titanium dioxide (TiO2), higher η is observed in the presence of MLs.

Our findings suggest that the enhancement factor by MLs becomes higher at lower

catalyst concentrations, or at lower light intensity. By controlling the conditions of
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light treatment, η could be enhanced by up to 402%. Based on optical simulations and

experimental results, we demonstrate that the enhancement of photocatalytic degra-

dation by surface MLs surface MLs comes from the promoted formation of active

species since the light distribution in the water phase has been optimized. Therefore,

the use of MLs may serve as a novel strategy to improve the photocatalytic degrada-

tion of micropollutants, especially in places where the available light source is weak,

such as indoors or in cloudy regions.

In Chapter 5, the fabrication of surface MLs has been expanded from 2D to 3D

space, enabling more flexible utilization of MLs in solar-water reactors. With this flex-

ible and scalable method, precursor microdroplets form in a dilution process and are

converted to MLs by photopolymerization. The surface coverage and size distribution

of MLs on curved surfaces can be adjusted by varying the solution concentration and

the dilution rate when generating microdroplets. In addition, larger scale fabrication

of MLs in a larger scale is achieved over an area up to 250 cm2. We find that surface

MLs on all-shaped reactors significantly enhance the η of organic contaminants under

simulated solar light or natural indoor light, with a maximum improvement of 83

folds. Optical simulations and experiments are combined to establish the correlation

between the optical properties of MLs and the performance of ML-functionalized re-

actors in photodegradation. MLs on 3D curved surfaces fabricated by the technique

enables significantly enhanced, highly customized, and sustainable solar-driven water

treatment.

In Chapter 6, taking advantage of the aforementioned work, we develop a highly-

tunable and scalable method to fabricate convex and concave MLAs with variable

curvatures. The convex MLAs are prepared through multiple rounds of solvent change

and local photopolymerization. With soft lithography, concave MLAs with adjustable

curvatures are obtained by repeatedly imprinting the structure of convex MLAs on

PDMS films. Focusing effects of both convex MLAs and concave MLAs are demon-

strated by the 3D intensity profiles by confocal microscopy, which is consistent with
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the optical simulation results. The enhanced photodegradation efficiency of organic

pollutants using either convex or concave MLAs is attributed to the much higher

intensity at focal points, which is dependent on the strength of focusing effects of

MLAs with different curvatures. The presence of convex or concave MLAs leads to

up to 5.4-fold higher degradation efficiency of organic contaminants. Compared with

convex MLAs, the unique features of concave MLAs embedded in PDMS films, such

as flexibility, stability, and reproducibility, make the concave MLAs more suitable for

practical applications. The obvious enhancement observed by concave MLAs under

irradiation with lower intensity, in real river water, or in water with high turbidity,

further verifies the potential of the concave MLAs in broader applications.

This thesis concludes with the mechanisms of MLs-involved photolysis and pho-

tocatalytic degradation, supported by both experimental findings and simulation re-

sults. The study also encompasses an investigation into how parameters during the

solvent exchange or dilution process affect the shape, size, and arrangement of MLs,

thereby enhancing our understanding in this area. Through a quantitative analysis

of the strength of MLs focusing effects, the properties of MLs can be effectively ad-

justed to maximize their performance in enhancing the photodegradation efficiency

of organic contaminants in water. Furthermore, the scale-up fabrication of MLs is

realized and can be expanded to 3D space. This significant advancement broadens

the possible applications of MLs in various types of solar-driven reactors for water

treatment.
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Chapter 1

Introduction

1.1 Background and motivations

Global water shortage continues to grow, resulting in limited access to fresh wa-

ter among a large number of populations.[1] The huge energy consumption and the

maintenance of infrastructure for water treatment make it more difficult to satisfy the

water demand of human beings in remote and offshore areas[2, 3]. Integrating solar

energy with water treatment techniques to improve water quality is an alternative and

sustainable strategy to relieve the scarcity of water.[4, 5] Solar-driven photodegrada-

tion of organic contaminants in wastewater is one of the essential directions to explore

the potential of solar energy in water treatment.[4, 6]

The key issue of photodegradation driven by solar is how to make use of sunlight

more sufficiently. From the aspect of degradation mechanisms, photocatalysis has

been widely discussed in recent decades.[7, 8] Photocatalysts are activated by the

photons that have an energy higher than the band gap of catalysts, generating active

species to initiate the subsequent degradation steps, enabling higher photodegradation

efficiency of target contaminants.[9] Alternatively, optimizing the design of the solar-

driven reactors for water treatment contributes to improving the utilization efficiency

of solar energy. The parabolic trough, inclines plate, fiber optics, and fixed or fluidized

bed have been developed to make the most of the light source and optimize the

treatment process. [10–12]
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However, the challenges of the practical application of solar-driven photodegrada-

tion still exist, including but not limited to the restricted conversion rates of solar

energy to chemical energy[13], the difficulty in scaling up the reactor[14], and the de-

centralized and intermittent features of solar irradiation[15, 16]. Many novel strategies

have been put forward to address those problems, among which introducing lenses

into solar-driven water treatment devices is a potential one. The application of mi-

crolenses (MLs) with strong focusing effects enables the redistribution of the light

within the reactor. Simultaneously, MLs can be easily integrated with diverse devices

due to their small dimensions. [17, 18]

Surface microlenses (MLs) have presented outstanding focusing effects and have

been widely applied in various fields.[19–26] However, the investigation of the function

of MLs in the photodegradation of real pollutants in water is not conducted yet. In

order to figure out the feasibility of implementing MLs for enhanced photodegradation

processes, firstly, the fabrication procedure of MLs needs to be tunable and enable the

integration of MLs into a reactor for light treatment. The technology that combines

the solvent exchange process with a local photopolymerization step is utilized to pre-

pare MLs with controlled properties, including varied sizes, spatial arrangements, and

curvatures, and is easy to immobilize MLs on different substrates.[27–31] Secondly,

the design of MLs-functionalized reactors for the photodegradation of contaminants

is necessary to conduct the light treatment on the aqueous solution.

Furthermore, understanding the mechanisms of MLs-involved photodegradation

processes helps to establish relationships between the properties of MLs and the pho-

todegradation efficiency of pollutants. Based on the understanding, ML-functionalized

reactors can be optimized to achieve better decontamination performance. However,

the pathway of photodegradation differs with multiple factors, such as pH value, con-

taminant type, and the existence of certain photocatalysts. A systematic discussion

on the influence of MLs on various photodegradation processes is essential.

Last but not least, the technology of fabricating surface MLs through solvent ex-
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change still faces some challenges. For example, the MLs fabrication process is run

in a confined fluidic channel, limiting the formation of microdroplets and microlenses

on 1D fibers or 2D planar surfaces. Therefore, MLs prepared with this method may

occupy a larger space and are hard to be coupled with reactors with complex shapes.

The modification of the fabrication technology is required to broaden the application

of MLs in water treatment. Notably, the scalability and durability under irradiation

of MLs ought to be considered in the modified methods. A non-contact set-up by in-

tegrating concave microlens arrays (MLAs) with tunable curvatures into solar-driven

reactors is also built up as a sustainable approach to enhance solar-driven photodegra-

dation in complicated water matrices and suppressed irradiation conditions.

In this study, we investigate the impact of surface microlens arrays (MLAs) with

different sizes and spatial arrangements on the photodegradation of organic contam-

inants in water. We study the MLs-involved direct photodegradation of organic dyes

and photocatalytic degradation of antibiotics and pesticides, using both experimen-

tal and optical simulation methods. By understanding the relationship between MLs

properties and their influence on photodegradation processes, we develop a highly

scalable and adaptable approach to produce MLAs on 3D surfaces, resulting in func-

tionalized reactors with improved photodegradation efficiency. Additionally, we inte-

grate highly ordered concave MLAs with tunable curvatures into solar-driven reactors

in a non-contact way for more efficient light treatment of contaminated solutions, pro-

viding a sustainable solution to enhance solar-driven photodegradation under reduced

irradiation conditions.

1.2 Research objectives

With those unsolved problems and current knowledge, the main objective of this

thesis is to understand the mechanisms of the photodegradation of typical organic

contaminants in water influenced by surface microlenses (MLs) and how to achieve

higher photodegradation efficiency based on the mechanisms. Surface MLs and MLs-

3



functionalized reactors are customized to optimize the light distribution for higher

photodegradation efficiency under different conditions.

Specifically, the main objective of this Ph.D. project can be further split into the

following sub-objectives, which are listed below:

1. To understand the mechanisms of photodegradation of organic contaminants in

bulk solution with surface MLs and investigate the effectiveness of MLs with varied

size distribution and spatial arrangement. Different types of photodegradation, such

as direct photolysis and photocatalytic degradation, will be studied.

2. To study the influence of light treatment conditions and water chemistry, in-

cluding the light intensity, types and concentrations of organic contaminants, and

properties of water matrices, on the effectiveness of surface MLs.

3. To develop the fabrication methods of surface MLs on 3D curved surfaces. To

understand the light distribution within ML-functionalized reactors and prepare the

customized reactors with more enhancement in photodegradation efficiency of organic

pollutants.

4. To fully explore the potential of highly ordered microlens arrays (MLAs) in

improving the photodegradation efficiency of organic contaminants by tailoring the

curvatures of MLA. In addition, to design the anti-contamination reactors integrated

with MLAs based on the understanding of the mechanisms of MLs-enhanced pho-

todegradation.

1.3 Thesis outline

According to the motivations and aims of this Ph.D. project, this thesis is outlined

chapter by chapter.

Chapter 1 provides a brief introduction of the background and motivations, the

objectives, and the structure of the thesis.

Chapter 2 is a review of the general information relevant to this Ph.D. research.

This chapter mainly reviews the background and mechanisms of photoreactions, es-
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pecially photodegradation in water treatment, and photocatalytic degradation. The

properties of MLs are included, while the recent advances in the fabrication and

applications of MLs are introduced in this chapter.

Chapter 3 is a concept-proof section, in which the function of surface MLs to en-

hance the photodegradation efficiency of organic pollutants has been validated under

various solution conditions. Surface MLs with varied size distribution and spatial ar-

rangement are prepared with a solvent exchange process followed by local photopoly-

merization. The pathway of the typical pollutants in the presence of MLs is tracked

to compare with the control group. The optical properties of MLs are analyzed by

simulations. By calculating the total intensity at the focal points of MLs, the focusing

effects of MLs are quantitatively expressed and correlated with the photodegradation

efficiency obtained in self-assembled reactors on a lab scale.

This chapter is based on the published paper: Lu, Q., Xu, Q., Meng, J., How,

Z.T., Chelme-Ayala, P., Wang, X., Gamal El-Din, M., Zhang, X. Surface Microlenses

for Much More Efficient Photodegradation in Water Treatment. ACS ES&T Water,

2022, 2(4), 644-657.[32]

Chapter 4 expands the investigation of MLs-enhanced photodegradation to the

photocatalytic degradation of multiple organic pollutants. Specifically, the discussion

involves two commonly-used photocatalysts, ZnO and TiO2, and examines how sur-

face MLs influence the degradation efficiency under visible or simulated solar light.

To assess the effectiveness of surface MLs when the function of photocatalysts is

significantly hindered, different scenarios are simulated by adjusting the irradiation

intensity, water matrices, and reactor geometry to mimic situations with limited light

exposure. Additionally, the optical properties of the MLs are characterized through

a combination of experimental results from confocal microscopy and optical simula-

tions, facilitating a quantitative analysis of their ability to enhance photodegradation

through their focusing effects.

This chapter is based on the published paper: Lu, Q., Yang,L., Chelme-Ayala,
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P., Li, Y., Zhang, X., Gamal El-Din, M. Enhanced Photocatalytic Degradation of

Organic Contaminants in Water by Highly Tunable Surface Microlenses. Chemical

Engineering Journal, 2023, 463, 142345 [33]

Chapter 5 develops a novel approach to producing MLs on 3D topological sur-

faces through a dilution process and a local polymerization step, which is modified

based on the aforementioned solvent exchange process. By investigating the influence

of solution components, solution amount, and flow conditions during the dilution

process on MLs formation, MLs with desired size distribution and surface coverage

rate can be obtained. A systematic analysis of the light paths through the curved

surfaces functionalized with MLs is conducted through optical simulations. The light

treatment in the MLs-functionalized reactors with diverse shapes and large scales up

to 500 mL is conducted to evaluate the performance of the MLs fabricated with the

new method.

This chapter is based on a manuscript under review: Lu, Q., Khanna, P., Chelme-

Ayala, P., Xu, B.B., Gamal El-Din, M., Zhang, X. Scalable and Facile Formation

of Microlenses on Curved Surfaces Enabling a Highly Customized Sustainable Solar-

Water Nexus. (Submitted to Small Methods)

Chapter 6 explores the potential of convex and concave microlens arrays (MLAs)

to enhance the photodegradation efficiency of typical organic pollutants. The cur-

vature of convex MLAs is well controlled by adjusting the volume of each ML in

femtoliter scale through multi-rounds of solvent exchange and photopolymerization

on pre-patterned substrates. Concave MLAs can be repeatably prepared by imprint-

ing convex MLAs with different curvatures on elastic PDMS films by soft lithography.

Optical simulations and confocal microscopy are employed to analyze the light inten-

sity profiles of both convex and concave MLAs under irradiation, demonstrating their

focusing effects. To minimize the risk of secondary contamination, a novel non-contact

solar-driven reactor equipped with concave MLAs is designed and evaluated for direct

photolysis and photocatalytic degradation under normal and suppressed irradiation
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conditions. Based on the optical properties of MLAs and the light treatment re-

sults, the influence of curvatures on the effectiveness of convex and concave MLs is

investigated.

This chapter is based on a manuscript in preparation: Lu, Q., Li, Y., Xu, B.B.,

Gamal El-Din, M., Zhang, X. Convex and Concave Microlens Arrays with Tunable

Curvatures for Enhanced Photodegradation of Organic Pollutants in Water: A Con-

tact or Non-contact Approach.

Chapter 7 summarizes the main conclusions of the research and prospects for the

future research direction.
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Chapter 2

Literature review

2.1 Fundamentals of photoreactions

Photoreaction is the main object in photochemistry. It is a kind of reaction

that happens after reactants absorb photons from light irradiation becoming excited

states.[34] Photoreaction is related to the nature of radiation from light sources, the

properties of chemicals, and the interactions between light and chemicals.[35] The

energy transported by light is determined by the properties of light, including the

wavelength (or frequency), the composition of light, and the coherence of light. [35]

Photon energy is inversely proportional to the wavelength. The wavelength covered

in photoreactions is from 200 to 2000 nm. Among the range, the 400-800 nm region

is the visible region, and the 200 to 400 nm is the ultra-violet region, including UV-A

(315-400 nm), UV-B (280-315 nm) and UV-C region (200-280 nm). The UV-B light

has approximately the same range as the sunlight just reaching the surface of the

earth. The light with a wavelength larger than 800 nm and less than 2000 nm is

the near-infrared region. Except for the wavelength of light, the composition of a

light source will influence energy absorption. For example, solar light is a typical and

economical polychromatic light source, while in specific cases monochromatic beam

(such as a laser) is more appropriate since that the reaction is most efficient under

irradiation with a specific wavelength. [36] Physically, the intensity of light is defined

as the power transferred through every unit area (unit: Watt/m2), which determines
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Figure 2.1: (a) The plot about the energy levels of atoms, molecules, and semicon-
ductors. (b) Different types of direct photolysis processes (c) The schematic of the
activation process of semiconductor, using titanium dioxide as an example.

the energy accepted by reaction systems.[35]

The properties of chemicals determine how they change in the decomposition pro-

cess. Substances with different chemical bondings undergo different paths. Chemical

bonding, or so-called intramolecular forces, includes ionic bonds, covalent bonds, and

metallic bonds.[35] Generally, the covalent bonds and metallic bonds are relevant to

the photodegradation of organic contaminants and photocatalytic reactions in water

treatment. In the molecules formed with covalent bonds, the easiest electronic transi-

tion in molecules happens between the orbitals having the closest energy level, which

is from the highest energy occupied orbital (HOMO) to the lowest energy unoccupied

orbital (LUMO).[34] In species composed of metallic bonds, the molecule orbitals ex-

ist in the form of band structures. Semiconductor, a widely used type of material in

photoreactions, also has energy levels with band structures. In the band structures,

the band filled with electrons with lower energy is the valence band (VB) while the

empty band with higher energy is the conduction band (CB), with bandgap sitting in

between. The approximate data of substances with different types of chemical bonds

are illustrated in Figure 2.1 (a).[35]

In photoreactions, the interactions between light and substances can be realized
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by the activities of photons, neutrons, electrons, and protons.[35] Through the activ-

ities of those particles, the photoreaction can be divided into several steps. Initially,

chemicals absorb light and the energy in the species increases. Then the movement of

electrons is excited. Finally, distinct transitions happen through different deactiva-

tion routes. Radiative and non-irradiative processes are the two types of deactivation

processes. Furthermore, the non-radiative process can be classified as uni-molecular

reactions (including ionization, dissociation, and isomerization) and bi-molecular re-

actions (i.e. quenching processes). [35]

From a macroscopic perspective, the photochemical processes can be classified into

direct and indirect processes. In the direct photochemical process, the photons are

absorbed by reactants, and then photoreactions proceed. In the indirect photochem-

ical process, the target chemicals react with the active species generated by light

irradiation.[37] The mechanisms of direct photoreaction can be summarized with the

simplified scheme in Figure 2.1 (b), covering homolysis, heterolysis, and photoioniza-

tion.[38] In indirect photoreactions, the chemicals at the ground state need to react

with other excited species. If the excited species is the existing molecules, the re-

action process is defined as photosensitization or quenching. If the species is the

produced reactive particles from other steps, the process is photoinduced reactions.

The photoreaction processes in reality tend to be a mixture of direct and indirect pho-

toreactions. For instance, a photocatalytic reaction in water treatment is a multi-step

process, which can be recognized as a cyclic photo-process. A typical mechanism of

photocatalytic reactions is demonstrated in a system using titanium dioxide (TiO2)

as the catalyst in the sketch in Figure 2.1 (c). The electrons in VB of TiO2 are

excited from VB to CB after absorbing energy from light, generating electron-hole

pairs. The migration of electrons and holes enables the redox reactions near the solid

surface where reactants adsorb. However, the efficiency of catalysis will be weakened

due to the recombination of electron-hole pairs.

Due to the abundant resource of light energy and relatively low cost to gener-
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ate light, photoreactions are applied in different fields[34], such as data storage[39,

40], digital display[41], light generation[42, 43], water treatment [44], electricity gen-

eration [45], photosynthesis [36], polymerization[46, 47], medical diagnosis[48], and

light-driven decontamination in wastewater [49, 50], etc. Among diverse types of

light sources, sunlight especially attracts the attention of researchers as the earth

receives abundant energy from solar irradiation.[51] However, improving the utiliza-

tion efficiency of solar light is a challenging task in the design of light-driven water

treatment devices. Understanding the mechanism of specific photochemical processes

is essential for the optimization of technologies.

2.2 Progress of water treatment by photoreactions

The activities of human beings release many contaminants into the water system,

which causes considerable demand and a serious shortage of clean water, attracting

worldwide attention. Therefore, the recycling of wastewater is necessary to alleviate

severe problems.[1–3] Lots of technologies are put forward to reuse polluted water.[9]

In Alberta, a large amount of oil sands process water (OSPW) is produced when

extracting bitumen from oil sands, which makes the treatment of OSPW essential for

water recycling.[52] Especially, the removal of some chemicals hard to be naturally

degraded, like Naphthenic acids (NAs), is a challenging problem.[53]

The overall water treatment is composed of different unit processes, including air

stripping and aeration, chemical oxidation, coagulation, sedimentation and flotation,

adsorption, disinfection, and light treatment.[54] Those unit processes have their ad-

vantages and preferred scenarios. Light treatment for water matrices is rapidly emerg-

ing due to its lower cost in construction and maintenance, less toxic residual, and less

carbon emission. Many clean-energy technologies for water treatment benefit from

photoreactions. [54] For instance, solar-based water disinfection (SODIS) utilizes so-

lar energy to inactivate or eliminate pathogenic contaminants in water with portable

containers, which is a low-cost and convenient method to provide safe household wa-
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ter.[55, 56] Based on the wavelength range of the light sources, the light treatment of

contaminated water can be classified into the ultraviolet (UV) light treatment (Figure

2.2 (a))[57], visible light treatment[58, 59], and solar-driven treatment[60].

UV light was first found capable of inactivating microorganisms more than a cen-

tury ago, then it was widely applied for biological processes of water treatment [54].

UV treatment is also effective in directive UV [61], advanced oxidation processes

(AOPs) [62], and heterogeneous photocatalysis [63]. Apart from UV light, the ca-

pability of visible light has been widely investigated for decades, which means the

range of light is broadened and the sunlight can be utilized more thoroughly. In some

cases [8, 64], specific materials which are highly sensitive to visible light become the

medium to transfer the energy from light to enable the reactions in the aqueous sys-

tems. However, those specific materials are usually well-designed in labs, which are

expensive and difficult to apply in daily life and industry. Sunlight is also an impor-

tant sustainable energy resource in the remediation of contaminated water, combing

both visible light and partial UV light,[4, 65, 66] so a synergistic effect between UV

irradiation and temperature is found in the solar-driven water decontamination.[67,

68]

Compared to conventional wastewater treatment, solar-driven photodegradation

enhanced by catalysts [69–71] or sensitizers [72, 73] can be highly efficient in removing

pollutants that are hardly decomposed, such as antibiotics and personal care products,

while producing fewer carbon emissions and secondary pollution.[74] However, low

efficiency of light energy utilization and complexity associated with scaling up the

size of solar energy collectors still hinder the applications of solar energy in fast

conversion processes[12, 75]. Innovative designs are needed to maximize the water

decontamination efficiency of the incident solar energy per unit surface area for water

purification.

Most of the reported devices for the light treatment of wastewater are bulky and

complicated. However, human beings are not always in access to new materials and
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Figure 2.2: (a) The schematic of a flow-through device for UV exposure. (b)
Schematic of a solar thermal membrane distillation device with lens array (c) A
graphical description of the SODIS household water treatment technique.

advanced equipment, especially in rural areas.[76, 77] In order to realize the portable

treatment of contaminated water, SODIS is developed for household use in regions

where the drinking water is inadequate (Figure 2.2 (b)). The application of contact

optical elements also contributes to the miniature of solar distillation devices. In

the work of Dongare et al[78], the lens arrays were used in solar thermal membrane

distillation devices (Figure 2.2 (c)), then the solar light is redistributed, realizing more

efficient distribution of heat. Inspired by the design of portable reactors for solar-

driven water treatment and the utilization of lenses, surface microlenses (MLs) with

focusing effects are expected to be coupled with reactors to strengthen the efficiency

of photodegradation. However, the scalability of fabrication, the mechanisms of MLs-

enhanced photodegradation, the durability of MLs, and the toxicity of MLs materials

need to be figured out in advance.
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2.3 Recent advances in photocatalysis for water

treatment

In many types of photoreactions[7], photocatalysis, which is the photoreactions ac-

celerated by photocatalysts, is one of the dominant technologies to remove the organic

micropollutants in natural water [79, 80]. Photocatalysis has received much atten-

tion because it is an effective approach to removing some pollutants that cannot be

or are difficult to degrade in the traditional water treatment process. Photocatalysis

for water treatment generally refers to the reactions with the assistance of semicon-

ductor photocatalysts which absorb energy from photons.[81] The basic principle for

photocatalytic reactions is that the catalyst can be activated by the photons whose

energy is higher than the band gap.[9] Afterwards, the electron-hole pairs are gener-

ated by light illumination. Subsequently, the charge carriers separate from each other

and participate in the redox reactions at the surface of catalysts. In this process,

organic substances move to the surface of excited photocatalysts, inducing a series of

reactions. (as shown in Figure 2.3 (a))[82, 83]. Usually, the degradation of pollutants

is due to the generation of species with strong oxidizing abilities, such as hydroxyl

radicals.

The semiconductor photocatalysts reported in the literature are versatile but there

are some standards for choosing suitable photocatalysts in water treatment pro-

cesses.[81] First, the band gap energy of catalysts should be less than the energy

of absorbed photons. Second, the position of the valence band and conduction band

need to enable the formation of active species to initiate the degradation of target

species. The position of bands and the band gap for frequently-used semiconductors

are shown in Figure 2.3 (b).[84] The third requirement is to guarantee the formation

and separation of charge carriers, which is greatly influenced by the diffusion pro-

cess.[85] The fourth standard is the existence of grain boundaries and the states on

the surface of catalysts, which contribute to the elongation of charge carriers’ lifetime.
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Figure 2.3: (a) The scheme of photocatalysis mechanisms (b) The plot of band gap
and band positions for reported semiconductors.

The last but not least one is to ensure the strong adsorption of organic molecules onto

the catalyst surface. The high specific surface of photocatalysts is favorable to the

adsorption performance.

Among the reported photocatalyst, TiO2[44] and ZnO[86] are traditional ones used

in UV photocatalytic processes since they are efficient, low-cost, and non-toxic. How-

ever, the disadvantages of them are also obvious. The relatively large band gap and

low absorbance of light of TiO2 and ZnO limit the photolysis efficiency and their

utilization under visible light or solar light.[9, 87] A lot of researchers have developed

strategies to modify TiO2 and ZnO for better performance. One of the modification

methods is doping[88], introducing impurities into semiconductors to narrow the band

gap, such as nitrogen doping[89] and carbon doping. Another method is to couple the

photocatalytic degradation with dye sensitization.[90] The specific dyes with lower re-

dox potential than semiconductors are excited by the visible light, then the electrons

from excited dyes induce the generation of cationic radicals and electrons from pho-

tocatalysts. The third one is to make catalyst composites, and the catalyst with a

narrower band gap leads to the secondary activation process for higher catalytic effi-

ciency.[91] Introducing π-conjugated structures, which are contained in graphene[92],
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C3N4[93], polyaniline[94] or polypyrrole[95], to modify photocatalysts is another al-

ternative method to improve the performance of catalysts.[9]. Nanocomposites with

tunable band gaps also attracted lots of attention, because the generation and separa-

tion of charge carriers on multiphase structures are more efficient compared with that

in single-phase semiconductors[96]. Except for modifying traditional photocatalysts

for enhanced catalytic efficiency, new materials that are directly responsive to visible

light have been investigated as well, such as bismuth-based semiconductors[97, 98],

molybdenum disulfide based materials[99, 100], and metal organic frameworks[101,

102].

One of the main reasons that restrict the development of solar-driven photocat-

alytic degradation of organic pollutants in the aqueous environment is the instability

of solar light under different scenarios.[103, 104]. For example, sunlight is attenu-

ated when the wastewater has high turbidity [105] or the rainy and cloudy weather

appears [106]. As a result, the number of photons that can be absorbed into the

system decreases, so the activity of photocatalysts is considerably inhibited. In or-

der to maximize the potential of photocatalysts under insufficient light, strategies to

increase the number of species undergoing a photo process with a given amount of

photons are needed. Several strategies have been widely investigated for this pur-

pose, including incorporating light engineering design in photoreactors to improve

their performance[107, 108], establishing a flow reactor to enhance the mass transfer

or shorten the light path[12], and preparing engineering photocatalytic materials for

more efficient photocatalysis[109]. Introducing lenses into photoreaction systems is a

potential alternative because of their ability of redistributing light.[110] The focusing

effect of a lens creates high local light intensity at the focal point, accelerating the

local photoreaction rates.
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2.4 Fabrication and applications of microlenses

2.4.1 Focusing effect of microlenses

Lenses are optical elements made of transmissive materials with the function of

focusing or dispersing light in light refraction, which is able to redistribute the light

for different purposes. The nature of the focusing effect is the light redistribution of

electromagnetic radiation and the effect is changeable with the features of light (light

intensity, incident angle, etc.) and lens morphology. Lenses with lateral diameter

from a few to hundreds µm are defined as MLs. In traditional geometric optics,

the focal distance is much larger than the wavelength of light where far-field optics

work well. As for MLs, near-field optics work instead of far-field optics because the

influence of size on the interactions between light waves and objects is inevitable.[111]

Dyett et al. have established a method to demonstrate the strong focusing effect of

MLs immobilized on a planar substrate through the total internal reflection mode

of confocal microscopy. [112] As illustrated in the light intensity profiles obtained

by the laser scanning confocal microscopy (shown in Figure 2.4 (a) and (b)), the

light intensity increases sharply within a short distance away from a single ML then

exponentially decay as the distance increases. A similar conclusion has been drawn by

Bao et al. as well (Figure 2.4 (c)), and they successfully fabricated the dual MLs with

double focusing points enabling the control of light intensity at different depths.[30]

Previous studies have demonstrated that surface MLs can lead to spatial variations

in photoreaction efficiency due to the focusing effects. One of the photo-process

studied with surface MLs is the excitation of plasmonic particles.[112] In this process,

the surface MLs are decorated by gold nanoparticles, and plasmonic bubbles form

because the water around MLs is vaporized by the heat due to the plasmonic effect

of gold particles (Figure 2.4 (d)). In comparison, there are no bubbles appear on the

planar substrate under the same illumination conditions, indicating that the focusing

effects of surface MLs enhance the plasmonic effect of gold particles. Another evidence
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of the existence of focusing effects of surface MLs is the selective deposition of silver

during a photoreduction process (shown in Fig 5. (e) and (f)).[112] Silver particles

tend to form in the regions with lower intensity, avoiding the deposition of particles

at the spots with focusing effects.

Even though the focusing effect has been proved by the experiment results in some

light-driven processes, some problems about the surface MLs in photoreactions have

not been figured out, which is important for the photoreactions involved in water

treatment. First of all, the study of chemical reactions enhanced by MLs is currently

limited to the local surface near MLs. It remains to be understood how focusing effects

from heterogeneous and homogeneous MLs impact the photodegradation efficiency

of organic compounds dissolved in an aqueous solution. Besides, multiple types of

photoreactions are involved in the light-driven water decontamination process, such

as direct photolysis and photocatalytic degradation. The influence of surface MLs

on different types of photoreactions in water treatment has not been systematically

investigated yet. Furthermore, how to couple surface MLs with practical reactors for

light treatment to achieve higher degradation efficiency is waiting to be addressed.

2.4.2 Recent advances in the fabrication of microlenses

Many bottom-up or top-down approaches have been developed for the fabrication

of MLs, such as hot embossing [25, 113–115], inkjet printing [116], laser writing [117–

120], soft lithography [121, 122], and drop-templating [123, 124]. In the mentioned

methods above, hot pressing, inkjet printing, and laser writing cost more energy and

require sophisticated devices in the fabrication process, and hence are costly for large-

scale production of MLs for water treatment. [113] Soft lithography is a low-cost and

effective method, in which an elastomeric stamp or mold is used.[121, 125] However,

the use of molds restricts the modification of ML shapes and positions, which makes

it tedious to optimize MLs for desired optical properties.[24] Recently an interesting

droplet-templating method has been reported where concave MLs are fabricated by
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Figure 2.4: (a) 3D schematic of TIRF (total internal reflection fluorescence) image of a
single PHDODA microlens. (b) The normalized intensity profile of a single PHDODA
microlens at varied normalized angles of (0, 0.27, 0.88, 1). (c) Simulated results of
dual microlens (the orange one is the base while the yellow one is on top). (d) Tilted
SEM image of a single gold-decorated microlens (scale bar 1 µm) and the schematic
of the generation process of plasmonic bubbles on the microlens. (e) The SEM images
of silver particles deposited on microlens in the crescent zone with increasing reaction
time from left to right (scale bar 2 µm). (f) The coverage change of silver particles
on the microlens surface with time
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covering curable polymers on templates of water microdroplets.[124] The curvatures

of MLs are adjustable by varying the interfacial tension of water droplets at different

cooling temperatures. While water droplet templating is a simple, flexible, and cost-

effective method, the fluctuation in water droplet size occurs due to convection and

heat transfer during water condensation, which is a common problem in the ”breath

figure” method[126].

Currently, most of the fabrication technologies of MLs are largely limited to flat

substrates, small surface areas, and a low total number of MLs.[127] Even though

MLs can be functionalized on some curved surfaces, multiple steps are required. For

instance, an MLA can be prepared on a flexible poly(methyl methacrylate) (PMMA)

substrate through screen printing followed by UV curing.[128] By combining a flexible

mask and the reactive ion etching process, MLs were fabricated on photo-curable resin

with a curved surface.[129, 130] In a multiple-templating method, arrays of MLs on

a planar substrate are first copied to a flat film of siloxane elastomer that was bent

into a curved template for a second round of templating.[131, 132] The technologies

mentioned above are dependent on complicated devices[26, 133] and precise control

of the dosage of the materials of MLs[134]. An alternative, scalable, and convenient

technology is needed to functionalize curved surfaces by MLs.

Photopolymerization is one of the convenient and highly tunable methods to fab-

ricate MLs with good uniformity. Conversion of surface microdroplets to MLs is one

of the convenient and highly-tunable approaches based on the nucleation and diffu-

sive growth of microdroplets in a solvent exchange process (Figure 2.5 (a)).[135, 136]

Multiple types of monomers can be used for the preparation of MLs with the method,

enabling adjustable refractive index of the polymeric MLs.[137] As most of the sol-

vents are ethanol and water, the solvent exchange may be regarded as a green and

environmentally-friendly approach with low energy cost for producing microdroplets

and MLs. In this method, geometric properties and spatial arrangement of MLs are

tunable by the controlling of monomer microdroplets forming in the solvent exchange
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process.

The solvent exchange process is based on the ouzo effect in a ternary liquid system.

Solution A is prepared by dissolving monomers and photoinitiators in a good solvent

or a mixture of good and poor solvents. Solution A is pumped into a specific chamber

in advance. When adding a monomer-saturated poor solvent, defined as solution B,

into solution A with controlled flow rates, the oversaturation of monomers will lead to

the nucleation of microdroplets. The composition of solutions and the flow conditions

closely influence the size of droplets. In the work by Peng et al. (shown in Figure 2.5

(d)), the larger microlenses and broader size distribution were observed with higher

monomer concentration in solution A. [138] When the composition of solution A

keeps the same, flow conditions within a confined fluidic chamber (Figure 2.5 (c)),

including flow rate and chamber height, affect the volume of microdroplets. As shown

in experiments and the interpretation of mechanisms, there is a scaling law between

the average volume per area of microdroplets and Peclet number (Pe) [27] (Pe=ŪH/D,

Ū is the mean flow rate, H is the channel height and D is the diffusion coefficient).

MLs converted from surface nanodroplets can be adjusted with the volume of an ML

as small as subfemtoliters and be uniform over an entire 12-inch wafer[136].

Except for the composition of solution and flow conditions during the solvent ex-

change processes, the spatial arrangement and size distribution of surface micro-

droplets and microlenses are also dependent on the wettability of substrate surfaces.

By combing photolithography technology, plasma treatment, and silane functionaliza-

tion, hydrophobic domains with diverse shapes and patterns can be flexibly created

on planar substrates, with which highly ordered surface microlens arrays (MLAs) can

be prepared (Figure 2.5 (a) and (c)).[30, 139, 140]

Some simple decoration on the surface of polymeric MLs is feasible, which means

the surface MLs are easy to be modified by adding functional groups or particles

for more functions in photoreactions. As reported by Dyett et al., the poly (lauryl

methacrylate) (PLMA) MLs, prepared with the solvent exchange process, could be
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decorated with gold nanoparticles.[112] The process can be roughly divided into two

parts: lenses were functionalized with amine groups by poly (ethylene glycol)-diamine

solution, and then emerged into solutions with gold nanoparticles under certain condi-

tions after cleaning. However, the modification of surface MLs with solvent exchange

processes is still limited in only several cases. To explore the function of surface

lenses in photoreactions, especially photocatalytic ones, the modification of surface

MLs requires further investigation. Compared with other fabrication technologies,

the advantages of surface MLs prepared by a solvent exchange process followed by

the local photopolymerization exchange include various available substrate materi-

als, solution-based fabrication processes, and flexibility for adjusting the size, cur-

vature, and surface properties of MLs[33]. However, surface MLs made by solvent

exchange process also have a common problem with other methods, which is being

restricted on 1D fiber or 2D planar surfaces, which limits the development of sur-

face ML-functionalized reactors for a broader range of applications in solar water

decontamination inside large reactors with curved surfaces.

2.4.3 Recent advances in the applications of microlenses

MLs play an important role in various fields for optoelectronic systems due to their

strong directional control of the light field.[19–21, 24] For instance, light extraction

efficiencies of light emitting devices (e.g., organic light-emitting diodes) are enhanced

by MLs due to minimized total internal reflections. [23, 25, 141]

Among technologies to improve the efficiency of solar energy usage, MLs offer clear

advantages in terms of flexibility[23], adaptability[78, 142], and scalability[128, 143].

Recently MLs are increasingly integrated with solar-driven optical devices [22, 144,

145]. MLs are able to redistribute and focus light and inhibit the loss of energy due to

light reflection and scattering.[146, 147] Thanks to the strong near-field focus effect

of MLs, the focal points of MLs were hot spots with higher local irradiance intensity

and temperature.[29, 111, 112] In the work conducted by Dongare et al[78], the feasi-
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Figure 2.5: (a) The schematic of forming surface microlenses. (b) The front view
of the solvent exchange in a specific chamber is composed of a patterned substrate,
a spacer, and a cover glass. (c) The optical images of the microlenses on circular
pre-patterned silicon substrates with different sizes. (d) Optical microscopy (scale
bar = 10 µm) and AFM results (20 × 20 µm2) of PMMA microlenses with different
MMA concentrations.
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bility of integrating lenses with light-driven membrane devices for water purification

was demonstrated, where a higher energy conversion rate of the device was achieved

because of the focus effect of lenses.

On a smaller scale, the acceleration of the photoreactions by surface MLs has been

validated through the in-situ photoreduction of silver nitrate[112]. Therefore, surface

MLs are also expected to be effective in enhancing the solar-driven photocatalytic

degradation of contaminants in water. Implementing surface MLs based on the solvent

exchange process as a candidate strategy for enhancing photodegradation efficiency

under insufficient irradiation is worthy of investigation. However, the potential of

MLs for wastewater treatment is restricted by not only the availability of a simple

and low-cost approach for fabrication of MLs over a large surface area [24], but also

the understanding of the effects of locally focused light on the photodegradation of

organic contaminants in the aqueous matrix.

2.5 Summary of identified knowledge gaps from

literature review

From the literature review above in Chapter 2, multiple knowledge gaps have been

identified as below:

1. The understanding of the effects of locally focused light through MLs on the

photodegradation of organic contaminants in the aqueous matrix is missing. In addi-

tion, it remains to be understood how the size distribution and spatial arrangement

of MLs impact their performance in the photodegradation of organic compounds in

an aqueous solution. The knowledge gap will be addressed in Chapter 3

2. The mechanisms of MLs-involved photocatalytic degradation of organic con-

taminants in water are undiscovered, and how the MLs affect the photocatalytic

degradation efficiency needs to be investigated under different conditions, especially

when the effectiveness of photocatalysts is suppressed. The knowledge gap will be

discussed in Chapter 4.
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3. Surface MLs made by solvent exchange process are still restricted on 1D fiber or

2D planar surfaces, which can be hardly applied in practical reactors for solar-driven

water treatment. A flexible and scalable method to functionalize such reactors, which

generally have curved surfaces, by surface MLs is required. The optical properties

of microlenses on surfaces with different curvatures and the corresponding effect on

photodegradation need to be investigated. The study regarding this knowledge gap

will be included in Chapter 5.

4. Even though MLA presented a strong focus effect, the fabrication of MLA is

still largely restricted within a chip scale. Furthermore, no systematic work has been

conducted to optimize the method to prepare the MLAs suitable for solar-driven reac-

tors for contaminated water. Therefore, a scalable technology to fabricate sustainable

MLAs with tunable curvature, effectiveness in enhancing solar-driven photodegrada-

tion, and flexible substrate is worthwhile to develop. Our method and discussion in

Chapter 6 will provide potential strategies for this knowledge gap.
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Chapter 3

Surface microlenses for much more
efficient photodegradation in water
treatment

3.1 Introduction

Earth receives abundant energy from the sunlight [51]. Solar-driven photodegra-

dation is a sustainable and effective strategy for wastewater treatment.[44, 148, 149]

In some rural areas, especially remote regions, solar energy is one of the most popu-

lar resources to decontaminate water.[76, 77] Compared to conventional wastewater

treatment, photodegradation enhanced by catalysts [69–71] or sensitizers [72, 73] can

be highly efficient in removing pollutants that are hardly decomposed, such as antibi-

otics and personal care products.[74] However, currently low efficiency of light energy

utilization and complexity associated with scaling up the size of solar energy collec-

tors have hindered the applications of solar energy in fast conversion processes[12,

75]. Innovative designs are needed to maximize the water decontamination efficiency

of the incident solar energy per unit surface area for water purification.

Microlens (ML) is an optical element used in various fields for optoelectronic sys-

tems due to its strong directional control of the light field.[19, 21, 24] However, the

potential of MLs for wastewater treatment is restricted by not only the availability of

a simple and low-cost approach for fabrication of MLs over a large surface area [24],
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but also the understanding of effects of locally focused light on the photodegradation

of organic contaminants in the aqueous matrix. Many bottom-up or top-down ap-

proaches have been developed for MLs fabrication[114, 115, 117, 120]. The techniques

that offer precision in the morphology of MLs often require high energy consumption,

or sophisticated setups, and hence are costly for large scale production of MLs for

water treatment. [113] Some technique has realize the lower expenses, such as soft

lithography[121, 125] and droplet-templating method.[124] However, it is still chal-

lenging to make sure the precision of MLs while keep the flexibility of tuning the

properties of MLs.

As reported in literature, MLs can be conveniently fabricated through locally pho-

topolymerizing the micron-sized droplets of monomer and photoinitiators, which also

have exhibited a strong focusing effect in a total internal reflection mode microscopy.

The local light intensity can be boosted up to ∼ 20 times, leading to a strong plas-

monic effect of gold particles decorated on the MLs surface.[30, 112] Up to now, the

study of chemical reactions enhanced by the MLs is limited to the local surface near

MLs. It remains to be understood how focusing effects from heterogeneous and homo-

geneous MLs impact the photodegradation efficiency of organic compounds dissolved

in an aqueous solution.

In this work, we demonstrate that surface MLs fabricated from polymerized surface

nanodroplets could significantly enhance the photodegradation efficiency of three real

micropollutants and a model compound in aqueous solutions by up to 24 times. The

optical properties of MLs were tuned by varying the size distribution, surface coverage,

and patterning of precursor droplets to maximize the photodegradation efficiency. As

demonstrated, MLs were fabricated on the inner wall of a glass bottle to boost the

photodegradation efficiency of a model dye and three micropollutants in water. Up

to 24 times higher efficiency was measured for the model dye, and up to 170% for

the micropollutants in water. Our work shows that surface MLs are promising to

accelerate solar-based photodegradation for fast wastewater treatment.
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3.2 Methodology

3.2.1 Fabrication of the PMMA surface microlenses (MLs)
on a planar substrate

MLs of poly (methyl methacrylate) (PMMA) on planar substrates were prepared

by following the procedure in the literature [31]. Briefly, the methyl methacrylate

(MMA) droplets formed through a solvent exchange process, then the droplets were

polymerized by UV light. In the solvent exchange process, the hydrophobic sub-

strate, a glass slide (25mm× 75mm× 1.0mm, Fisher Scientific) coated with octade-

cyltrichlorosilane (OTS) (98.9%, Acros Organics, Fisher Scientific) was set on top of a

customized chamber (height: 0.57 mm, width: 12.2 mm, length: 56.0 mm), as shown

in Figure 3.1 (a).

The silicon wafer (thickness: 0.50 mm, University wafer) at the bottom was used

to adjust the chamber height. The OTS-glass was firstly immersed into solution

A, which was prepared using 3.5 mL MMA (98.5%, Fisher Scientific) and 350 µL

initiator 2-hydroxy-2-methylpropiophenone (96%, Fisher) dispersed in water/ethanol

solution (40 vol% ethanol, 60 vol% ultrapure water produced by with Milli Q system).

Then, the MMA saturated ultrapure water solution (solution B) was pumped into

the chamber with a fixed flow rate. The flow rate was controlled with a syringe

pump (NE-1000, New Era Pump System). After solution A was replaced by solution

B, the MMA droplets formed on the OTS glass substrate. The OTS glass with

PMMA microlenses on the surface was rinsed with ultrapure water and ethanol for

characterization and light treatment after removal from the chamber.

Two types of MLs were prepared on the planar substrates with different wettabil-

ity. The MLs fabricated on the homogeneous hydrophobic substrate were considered

as random MLs due to the uncontrollable positions. The size of random MLs was

adjusted by the flow rate of solvent exchange, and the flow rate was varied from 30

to 50, 70, and 90 mL/h. Another type of MLs was fabricated on a prepatterned
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Figure 3.1: (a) The cross-sectional view of the flow chamber for solvent exchange
(each component is labelled with different colors). (b) The schematic of the light
treatment chamber for MO photodegradation with surface MLs.(c) Chemical struc-
tures of pollutants used in photodegradation experiments.
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substrate. The prepatterned substrate was fabricated with a reported protocol [140,

150]. Photoresist (AZ 1512) was spun coated on the OTS-coated glass substrate,

and a photomask was subsequently attached to the substrate. The circular domains

were protected by photoresist while the other area was etched with plasma during a

typical lithography process. After removal of photoresist, the prepatterned substrate

with hydrophilic background and hydrophobic circular domains with 5 µm diameter

and 10 µm center-to-center distance was obtained. The ML array was obtained with

a similar solvent exchange process and the following UV curing. In the solvent ex-

change process, the solution B (MMA saturated water) was added into solution A

(4.5 vol% MMA in 50 vol% ethanol aqueous solution) with a flow rate of 8 mL/h.

After the fabrication of PMMA ML array with one round of solvent exchange (termed

as ML array 1), the second round of solvent exchange with same solutions A and B

was conducted to increase the height of MLs according to a method reported in the

literature [30], and the flow rate was 5 mL/h when adding solution B. The ML array

after two rounds of solvent exchange was represented as ML array 2.

3.2.2 Fabrication of the PMMA surface microlenses (MLs)
on the inner wall of a bottle

The MLs of PMMA were fabricated on the inner wall of a cylindrical glass vial

with a volume of 30 mL (Fisherbrand Class A clear glass vial). The inner surface

of the glass vial was first hydrophobized by an OTS layer. In the formation of MLs,

solution A was prepared by adding 3, 4, or 5 mL MMA and initiator with the volume

one-tenth of MMA in 60 mL 50 vol% ethanol aqueous solution. Solution B was MMA

saturated water containing 0.5 vol% initiator.

12 mL of solution A was put in an OTS-coated vial. 80 mL of solution B was

added into the vial at the flow rate of 6 mL/min, while 62 mL of the mixture was

taken out from the vial. After the solvent exchange process, the vial with droplets

on the wall was put under the UV light for 30 min. The vial was rotated every 10
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min to create uniform irradiation on the curved surface. After photopolymerization

of the droplets, the vials with MLs were rinsed with water and ethanol subsequently,

and labeled with MLs vial 1, MLs vial 2, and MLs vial 3 correspond to the volume

of precursors in solution A of 3 mL, 4 mL, and 5 mL.

3.2.3 Characterization of surface MLs

The morphology of MLs was examined using an optical microscope (Nikon H600l)

equipped with a camera (Nikon DSFi3) and an atomic force microscope (AFM,

Bruker, tap mode). The bottom area (S) and surface coverage of MLs were mea-

sured by analyzing more than 5 optical images from one sample (each image covering

more than 1 mm2) with ImageJ. With the bottom area of each microlens, the cor-

responding lateral radius, r (r=

√︃
S

π
), can be calculated. The size distribution of

random MLs is described by the probability density function (PDF) of the radius of

ML. The radius of MLs (x) are evenly divided into bins with the size of l. The PDF

(fx(r)) of a ML with the radius of r can be expressed with equation (3.1).

fx(r) = lim
l→0

P (r < x ≤ (r + l))

l
(3.1)

In equation (3.1), P (r < x ≤ (r+ l) represents the probability that the radius of MLs

is within the radius interval (r, r+l], which can be calculated with equation (3.2).

NR<x≤(r+l) is the counts of MLs with radius within the range of r to (r+l), and Ntotal

is the total counts of MLs.

P (r < x ≤ (r + l)) =
Nr<x≤(r+l)

Ntotal

(3.2)

The cross-sectional profiles of MLs were extracted from AFM images. The contact

angle of MLs, which referred to the angle at the contact line of MLs and substrate

surface, was calculated according to the cross-sectional profiles. An integrated photo-

voltaic testing system (Sciencetech, PTS-2) was applied to measure the transmission

(300-700 nm) of the OTS glass decorated with PMMA MLs. The transmission (unit:
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percent) was calculated as the ratio of transmitted light intensity through the samples

to source intensity. The OTS glass without PMMA surface lenses was tested as the

control group.

3.2.4 Photodegradation of the model compound and microp-
ollutants in water

The performance of MLs and ML array on planar surface was evaluated with the

photodegradation of model compound, methyl orange (MO, 85%, Sigma-Aldrich),

in a home-made light treatment chamber illustrated in Figure 3.1 (b). The bare

OTS glass or MLs decorated OTS glass was put on top of the chamber, and the

side with MLs was set towards the chamber. The light treatment chamber is 13.1

mm in width, 56.2 mm in length, and 3.05mm in height. The performance of MLs

in light treatment was evaluated with different environmental factors, including pH

value, initial concentration of pollutants, and dissolved oxygen level in solution. In

this part, the MLs were prepared on homogeneous OTS substrates for convenience

and MO was used as the model compound. The MO stock solution with different

concentrations (3.5 mg/L, 5 mg/L, 7.5 mg/L, 20 mg/L, and 50 mg/L) was prepared

with ultrapure water in advance and stored in a dark environment. The pH value of

the MO stock solution was adjusted with sulfuric acid (98%, Fisher) and measured

with a pH meter (Accumet AE150, Fisher Scientific). To lower the dissolved oxygen

level in the MO solution, the stock solution was degassed by an ultrasonic machine

(degas mode) right before the light treatment. The dissolved oxygen level of the MO

solution with and without the degassing step was detected with a dissolved oxygen

probe (Model 50B, YSI Incorporated).

The MO solution was pumped into the light treatment chamber of which the inlet

and outlet were then blocked. A simulated daylight LED with adjustable brightness

(SOLIS-3C, Thorlabs) was set above the chamber with a fixed distance (23.5 cm) as

the light source. The light intensity of irradiation at the upper surface of the chamber
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was measured with a miniature spectrometer (StellarNet Inc). After the light treat-

ment, the MO solution was collected for subsequent characterization. The efficiency

of photodegradation with and without MLs was measured after the light treatment of

MO solution (initial concentration: 5 mg/L) for different time intervals, which can be

calculated with the absorbance of the solution before and after light treatment. UV-

vis spectrometer (Varian Cary 50) was utilized to obtain the absorbance value. The

time of light treatment on MO solution was set as 15 min, 30 min, 45 min, 60 min, 240

min, and 480 min. The absorbance curves can provide information on the amount of

MO because of Beer-Lambert law. According to Beer-Lambert law (equation (3.3)),

the absorbance at a certain wavelength is proportional to the concentration of solute:

A = log10(
I0
I

) = εCL (3.3)

A is the absorbance of the sample, I0 and I are respectively the light intensity before

and after the light passing through the solution, ε is the molar attenuation coefficient,

C is the concentration of the analyte in the solution, and L is the length of the light

path. Therefore, the ratio of the concentration of decomposed MO (Ci − Cf ) to the

initial concentration Ci, which is defined as the photodegradation efficiency (η) of

MO, is calculated with the absorbance values by equation (3.4).

η =
Ci − Cf

Ci

× 100% =
Ai − Af

Ai

× 100% (3.4)

Ai is the absorbance at the representative peak [151] of MO before light treatment

and Af is the absorbance at the peak after the treatment.

Besides, an ultra-performance liquid chromatography-quadrupole time-of-flight mass

spectrometry (Xevo G2-S, Waters), operated in negative mode was used to analyze

the by-products formed from the photodegradation at 30, 60, and 240 min. Chro-

matographic separation was achieved using ACQUITY UPLC BEH C18, 50×2.1 mm

column, at 40 °C with an injection volume of 10 µL. The mobile phase consisted of

water with 0.1% formic acid (solvent A) and acetonitrile with 0.1% formic acid (sol-
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vent B). The chemical structures of MO is shown in Figure 3.1 (c) and the detected

byproducts were listed in Appendix A, Figure S1, which were consistent with the re-

ported pathway of MO photodegradation. [152, 153] Electron spin resonance (ESR)

spectra of the irradiated MO solution in Appendix A, Figure S1 (b) were obtained

with a spectrometer (Elexsys E-500, Bruker), using 50 mM DMPO (5,5-Dimethyl-1-

pyrroline N-oxide) as the spin trap.

The photodegradation of MO solution was conducted under the indoor solar light

with the wavelength starting from 380 nm. The vials were fully filled with MO

solution (5mg/L, pH=3.0) and were exposed to sunlight through a glass window for

15 days. The location of light treatment was Room 12-380 in Donadeo Innovation

Centre for Engineering, Edmonton, Canada, and the experiments started from Nov

11 in 2021. The temperature was constant at 21 ◦C.

Three types of micropollutants that have been found in wastewater secondary efflu-

ent were photodegraded, including norfloxacin (NFX, Alta aesar), sulfadiazine (SFD,

99.0-101.0%, Sigma Aldrich), and sulfamethoxazole (SMZ, analytical standard, Sigma

Aldrich). The photodegradation mechanism of those pollutants has been well-studied

in previous work. For the photodegradation of NFX, the hydroxylation and deflu-

orination are the main processes.[154, 155] For both SFD and SMZ, both excited

molecules and reactive oxygen species were involved in the photodegradation pro-

cess.[156–158] The initial concentration of each pollutant in the solution was 5 mg/L.

The vial was filled with the micropollutant solution and placed under the simulated

solar light (1 sun, SS200AAA Solar Simulation Systems, Photo Emission Tech) for

4 hours. All samples after the light treatment were analyzed with UV-Vis spectrum

to quantify the concentration of the degraded compound for the calculation of η.

The enhancement of photodegradation efficiency was (ηMLs-ηbare)/ηbare. Here, ηMLs

is defined as the photodegradation efficiency with the MLs-decorated vial while ηbare

is the efficiency in the control.
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3.2.5 Optical simulations of surface MLs

All optical simulations were performed in three-dimensional spaces using Zemax

OpticStudio. MLs were placed in the same X-Y plane and illuminated by a plane

wave source along the Z direction. The source intensity was set to be the same as

in the experiment (21.64 W/cm2). In the MO solution, four light-flux monitors were

placed in the X-Y plane at different Z positions to record light flux profiles at different

depths. To demonstrate the focusing effect of MLs, X-Z plane monitors were placed

along ML central axis to view cross-section intensity profiles.

3.3 Results and discussion

3.3.1 Random MLs: morphology, size distribution, surface
coverage, transparency and performance in MO pho-
todegradation

MLs on the substrate are 3 µm to 200 µm in the lateral diameter and 1.5 µm in

the maximal height (Figure 3.2 (a-b)). The cross-sectional profiles of MLs in Figure

3.2 (b) extracted from atomic force microscopic images show that the aspect ratio of

MLs is equivalent to a droplet with a contact angle around 7.5 (±0.2)°, similar to the

morphology of microlenses fabricated by the same protocol in the literature [28]. The

constant contact angle is a key morphological feature of MLs on the homogeneous

surface, which is predetermined by the growth mode of the precursor droplets [29].

The properties of surface MLs can be tuned by altering the flow rate during solvent

exchange.[27, 159] The size distributions of surface MLs fabricated with flow rates of

30 (MLs 30), 50 (MLs 50), 70 (MLs 70), and 90 (MLs 90) mL/h are shown in

Figure 3.2 (c). In each size distribution curve, the peaks of frequency are located

in the range smaller than 25 µm and the range larger than 30 µm. With a higher

flow rate, the peaks move to larger radius while the amount of MLs decreased. The

phenomenon is consistent with the optical images in Figure 3.2 (a). In Figure 3.2 (d),

the surface coverage continuously increases from 39.6% to 47.2% when the flow rate
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Figure 3.2: (a) Optical images of MLs fabricated with flow rates of 30 (MLs 30), 50
(MLs 50), 70 (MLs 70) and 90 (MLs 90) mL/h in solvent exchange process (scale bar
200 µm) (b) Cross-sectional profiles of MLs in homogeneous hydrophobic substrate
by AFM. (c) Probability distribution function with MLs lateral radius. (d) The me-
dian lateral size and surface coverage of surface MLs fabricated with different flow
rates. (e) The transmission of substrate (OTS glass) and the glass decorated by the
surface MLs fabricated with different flow rates. (f) The photodegradation efficiency
with MLs fabricated with different flow rates, and the dashed line represents the
photodegradation efficiency without MLs. The MO solution used in the photodegra-
dation has the concentration of 5 mg/L at pH 3, and the irradiation time is 30 min.
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changes from 30 mL/h to 70 mL/h, and then decreases to 30.9% at a flow rate of 90

mL/h. The trend of median lateral size of MLs with different flow rates is similar,

reaching a maximum value of 3.93 µm at a flow rate of 70 mL/h.

The surface ML-decorated glass has high transparency in the visible light range

as displayed in Figure 3.2 (e). According to the full spectrum of the LED lamp

(Appendix A, Figure S2), the wavelength of the light source is between 400 nm and

800 nm. Within the wavelength range of the light source, the transmission of bare

OTS-coated glass reaches 99%, and the transmission of the MLs-decorated glass made

with different flow rates is all over 97%. Therefore, those surface MLs are adequate

for the following light treatment, and the difference of transmission among the MLs

prepared with different flow rates can be neglected.

The photodegradation efficiency of MO after 30 min irradiation with random MLs

prepared with different flow rates is plotted in Figure 3.2 (f). The photodegradation

efficiency is obtained by inserting the absorbance peak value of MO solution before

and after irradiation to equation (3.4). The photodegradation efficiency with all

random MLs is higher than the result obtained without using MLs. The efficiency

increases with flow rate until the flow rate reaches 70 mL/h, and then drops at 90

mL/h. The maximum photodegradation efficiency is 6.8% with the MLs made with

a flow rate of 70 mL/h. The trend of photodegradation efficiency with flow rate is

similar to that of surface coverage and median radius, indicating that the surface

coverage and median size are possible factors that determine the performance of

random MLs in the photodegradation enhancement.

3.3.2 ML arrays: 3D morphology and arrangement

The MLs are arranged in a highly ordered array with uniform size on the prepat-

terned substrate, as shown in Figure 3.3 (a). The MLs in the array prepared with

one round (ML array 1, Figure 3.3 (a) left) and two rounds (ML array 2, Figure 3.3

(a) right) of solvent exchange have a similar lateral diameter around 9 µm, and the
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Figure 3.3: (a) Optical images of ML array fabricated with one round (left) and two
rounds (right) of solvent exchange , and the contact angle of MLs in the array is 28
degree and 73 degree respectively (scale bar 5 µm). (b) 3D image of MLs after two
rounds of solvent exchange by AFM and corresponding cross-sectional profiles.
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center-to-center distance is about 16 µm. The light spots in ML array 2 are smaller

but brighter than those in ML array 1, and the difference in optical images indicates

that the curvature of MLs further increased after the second round of solvent ex-

change [160]. The 3D image and the cross-sectional profiles of ML array 2 in Figure 3

(c) show that the height of MLs in ML array 2 reaches 3.0 (±0.1) µm and the contact

angle is 73 (±0.5)° with two rounds of solvent exchange. The high curvature of MLs

in the array is attributed to the confinement of circular hydrophobic domains.[160]

The characterization results prove the feasibility of curvature adjustment of ML array

with constant radius via multiple rounds of solvent exchange.

3.3.3 Comparison of random MLs and ML arrays for pho-
todegradation

The performance of ML arrays in the photodegradation of MO is compared with the

random MLs that enhance photodegradation efficiency most (MLs 70). As illustrated

in Figure 3.4 (a), the absorbance peak of MO solution (5 mg/L, pH=3.0) at 504 nm

decreases after the light exposure for one hour, and the reduced peak value varies

with the configurations of surface MLs. By inserting the absorbance value at 504 nm

to equation (3.4), we can obtain the photodegradation efficiency with corresponding

surface MLs (Figure 3.4 (b)). During the light treatment for 1 hour, MLs 70 enhances

the degradation efficiency of MO by 186% in comparison with the treatment without

MLs. In comparison, the degradation efficiency of MO increases by 471% and 607%

when applying ML array fabricated with one round (ML array 1) and two rounds

(ML array 2) of solvent exchange, respectively.

The performance of surface MLs was investigated under different light intensities.

The full spectrum of the light source with four intensities that are applied in exper-

iments is displayed in Appendix A, Figure S2. In Figure 3.4 (c), the degradation

efficiency during irradiation for 30 min is plotted against the light intensity. Under

the irradiation with the same light intensity of 21.64 W/m2, the photodegradation
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Figure 3.4: (a) Absorbance curves of methyl orange solution before and after 1 hour
irradiation under different conditions. (b) Degradation efficiency of different types of
surface MLs after light irradiation for 1 hour. (c) The photodegradation efficiency
under the irradiation with different light intensity for 30 min. The red and blue dashed
line is used to label the light intensity required without utilizing MLs to achieve
the same photodegradation efficiency as MLs 70 and ML array 2 respectively. (d)
The photodegradation efficiency with varied irradiation time, fitted with the logistic
model. The concentration of MO solution is 5 mg/L, with pH=3.0 and degassed for
15 min, and the light intensity is 21.64 W/m2 if not mentioned.
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efficiency is 269% higher with MLs 70 and 165% higher with ML array 2 than that

without using MLs. By fitting the curve of efficiency with the light source intensity,

we can predict the photodegradation efficiency under higher light intensity. As shown

in the red dashed line, the photodegradation efficiencies in the presence of MLs 70

under the intensity of 20.14 and 21.64 W/m2 are similar to those observed under 26.20

and 29.38 W/m2 in absence of MLs. To achieve the same level of MO degradation

with ML array 2 at the intensity of 21.64 W/m2, the light source should reach 31.82

W/m2 without MLs based on the fitting results. By using ML array 2, 47.0% light

energy is saved compared with the situation without MLs. The light energy required

for the degradation of MO is reduced because the utilization of irradiation was more

efficient through surface MLs, especially the ML array. The application of MLs sig-

nificantly enhances the degradation efficiency under weaker irradiation, providing a

potential solution for the light treatment of contaminated water under natural light

sources.

To further analyze the photodegradation process with surface MLs, the degrada-

tion efficiency calculated with equation (3.4) and absorbance values (obtained from

Appendix A, Figure S3) is plotted against the treatment time in Figure 3.4 (d).

Throughout the irradiation time from 0 to 480 min, the degradation efficiency of MO

with MLs 70 is higher than that without MLs but lower than that with ML array 2.

By fitting the data in Figure 3.4 (d) with the logistic model, it is found that the

degradation efficiency showed a non-linear growth with treatment time under each

condition. The photodegradation efficiency grows exponentially at the early stage

of the reaction, and the growth slows down when the photodegradation efficiency is

around 50%. During the photodegradation in the first 100 min, it is obvious that

the reaction rate with ML array 2 is the fastest, followed by that with MLs 70. The

phenomenon confirms that the photodegradation can be accelerated by surface MLs,

while the ML array is more efficient, especially in the first 100 min. To achieve the

photodegradation efficiency of 80%, it takes 457 min without MLs and 354 min with
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Figure 3.5: The photodegradation efficiency with (a) pH value and (b) concentration
of MO solution without and with MLs (Fitting equation for the black curve: y =
1.22 · x0.44, the red curve: y = 1.79 · x0.51). (c) Photodegradation efficiency under
different dissolved oxygen (DO) levels. The high DO level is 7.37(±0.08) mg/L, and
the low DO level is 6.99(±0.13) mg/L.

MLs 70, and 214 min with ML array 2. The usage of surface MLs and ML array

effectively shortens the treatment time in MO photodegradation.

3.3.4 Influence of chemical composition in MO solution on
photodegradation

The pH value of the stock solution is one of the important factors affecting the

photodegradation process. Figure 3.5 (a) shows the efficiency of MO photodegra-

dation both with MLs and without MLs under two pH values, 3 and 6. Without

surface MLs, 2.6% of MO is removed during the irradiation for 30 min at pH 3, while

MO barely degrades at pH 6 under the same conditions. The degradation efficiency

is enhanced to 3.9% at pH 3 and to 0.5% at pH 6.0 when using the surface MLs.

The possible reason for the higher degradation efficiency at lower pH is that the MO

molecules dominantly exist in the protonated forms that are easier to photodegrade

at pH 3.[161] The surface MLs could accelerate the photodegradation of MO at both

pH 3 and 6, and the effect is stronger at low pH value. Although the photodegrada-

tion efficiency is also improved by MLs at pH 6, the enhancement is limited because

MO existed mainly as its inactive species at the pH value.

The effect of the initial concentration of MO solution on the performance of MLs

was also investigated. Figure 3.5 (b) displays the photodegradation efficiency of
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the MO solution with the initial concentration ranging from 2.5 to 50 mg/L after

light treatment for 30 min. Fitting curves are plotted only for describing the trend

of photodegradation efficiency with the initial concentration of MO (CMO,0). The

fitting function is shown in equation (3.5), where ηMO 30min is the photodegradation

efficiency of MO after the irradiation of 30 min, a and b are the fitting parameters.

ηMO 30min = aCMO,0
b (3.5)

For the degradation process without MLs, the values of a and b are 1.48 and 0.39

respectively. For the fitting curve obtained with MLs, the value of a is 1.76 and that

of b is 0.52. In other words, the degradation efficiency constantly increases with the

MO initial concentration in the range between 2.5 and 50 mg/L. Furthermore, the

photodegradation efficiency with MLs is consistently higher than that without MLs

as the initial MO concentration varies. No matter the absence or presence of surface

MLs, the enhancement of degradation efficiency slows down as the initial concentra-

tion increases, which is attributed to the limited amount of photons provided by the

light source and the inhibition of light due to the high concentration of MO.[162]

However, the photons participate in the MO degradation more efficiently due to the

light redistribution by using surface MLs. As a result, the photodegradation efficiency

would further increase with the existence of MLs even though the initial concentration

of MO reaches 50 mg/L.

The dissolved oxygen (DO) level in the MO solution is another factor that in-

fluenced the degradation efficiency. The high DO level is 7.37 (±0.08) mg/L and

is obtained from the MO solution without degassing step. The low DO level is

6.99(±0.13) mg/L and is from MO solution after degassing. With the absorbance

curves before and after photodegradation (Appendix A, Figure S4) and equation

(3.4), the photodegradation efficiency without and with surface MLs under two DO

levels is plotted in Figure 3.5 (c). The photodegradation efficiency at the higher DO

level is 38% higher than that with the lower DO level. By applying MLs in the light
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treatment, the efficiency is enhanced on average by 7.1% without degassing and by

5.7% with degassing. The results confirm that DO could promote the photodegra-

dation of MO.[163, 164] However, the reproducibility of the experiments without the

degassing step is worse compared with the tests under the lower DO level. We assume

that the DO is not uniformly distributed in the sealed chamber because the DO is

not in equilibrium without any mixing steps. This effect might be reduced by de-

gassing the MO solution before filling the light treatment chamber with the solution.

To guarantee the repeatability of results, the degassing step is done before the light

treatment in all light treatment processes.

3.3.5 Optical simulations of surface MLs and ML arrays

To understand the effect of surface MLs in the whole light treatment chamber,

the simulations of light paths through MLs on homogeneous hydrophobic substrates

(random MLs, Figure 3.2 (a)) and ML array on a prepatterned substrate (ML array -

2, Figure 3.2 (f) right) are conducted. The top-view intensity profiles at the depths

close to focal distances of MLs are demonstrated in Figure 3.6 (a-b). In the intensity

profiles, the spots with higher light intensity are displayed with red color, indicating

the focusing effect of MLs. As shown in Figure 3.6 (a), only part of the focal points

of random MLs are observed in the simulated region between the depth of 75 µm

and 522 µm. The uneven size of random MLs causes that the focal points of MLs

distributed at varying depths. It is also found that the light intensity at the displayed

focal points of the random MLs almost remained similar from the depth of 75 µm to

522 µm.

Figure 3.6 (b) illustrates the top-view intensity profiles of ML array at the depth

from 15 to 45 µm. The focal points of MLs in the array are located in the same

plane. Different from the random MLs, rapid decay of light intensity is observed

when the depth increased in the situation of the ML array. Even though the decay

is much more distinguished below the focal points of the ML array, the highest light
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Figure 3.6: Top-view intensity profile of (a) random MLs at the depth of Z, and (b)
ML array at the depth of Z. (c) Cross-sectional intensity profile of a single ML on
homogeneous substrate with diameter of 50 µm and contact angle of 7.5° (left), on
homogeneous substrate with diameter of 10 µm and contact angle of 7.5° (middle),
and on a prepatterned substrate with diameter of 5 µm and contact angle of 73°
(right).
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intensity achieved by the ML array is 5 orders of magnitude larger than that by

random MLs. Therefore, ’hotter’ spots are created at the focal points of MLs are

fabricated on a prepatterned substrate. In addition, the focal points of MLs on

homogeneous substrates are located at varying depths, but the focal points of ML

array are densely located on a specific plane. The uniform focal distance of the ML

array leads to a region with a high concentration of active species and accelerates the

local photodegradation more efficiently than random MLs, which can be considered

as a ’regional effect’.

At the same depth in the light treatment chamber, as displayed in Appendix A,

Figure S5, the top-view intensity profiles change with surface MLs arrangement. At

the depth of 224 µm, the highest light intensity in the situation with random MLs is

much higher than that with ML array. The reason is that this depth is close to the

focal distances of some large MLs on homogeneous substrates and is much larger than

those of MLs on prepatterned substrates. Therefore, the region with strengthened

light intensity is significantly influenced by the configuration of surface MLs.

Based on the top-view intensity profiles obtained by optical simulations, we assume

that the radius and curvature of MLs are the two main factors that influence the

performance of MLs in photodegradation. As proof of the hypothesis, the cross-

sectional intensity profiles of MLs with different radius and curvatures are simulated

in Figure 3.6 (c). The MLs on homogeneous substrates have the same contact angle

of 7.5°, and the focal distance increased from 0.3 mm to 1.5 mm as the diameter

changed from 5 µm to 25 µm. Each ML on a prepatterned substrate has a larger

contact angle of 73° and a diameter of 5 microns. The focal distance is only 17.5 µm

but the light intensity is 10 times larger than that of MLs with similar lateral size on

homogeneous substrates, which is attributed to the higher curvature of the MLs with

array configuration.

46



3.3.6 Correlation between the intensity at focal points of
MLs and photodegradation enhancement

Enhanced photodegradation by using surface MLs may be rationalized by effects

from focused light on the kinetics of photodegradation. After the light treatment for

the time from 0 to tf , the efficiency η is determined by the initial concentration Cini

and the final concentration Cf .

η =
Cini − Cf

Cini

× 100% (3.6)

Cini − Cf =

∫︂ tf

0

r(λ)dt (3.7)

The treatment duration tf is the same when the efficiency η is compared with

and without MLs. According to the second law of photochemistry [165, 166], the

production rate of active species at a given time t in an aqueous solution, r(λ), is

given by the equation as below.

r(λ) = K ×
∫︂ λmax

λmin

IλC
′

λdλ (3.8)

C
′

λ = Cmϵλ,mϕλ,m (3.9)

Here K is a conversion constant, Cm is the concentration of reactant m that forms

the rate-limiting species. λ is the wavelength of the light source, ranging from the

minimum λmin to the maximum λmax. For the wavelength of λ, Iλ is the intensity

that drives the photodegradation, ϵλ,m is the extinction coefficient, and ϕλ,m, the

quantum yield of m. For the model compound is the same in all our experiments, all

the parameters in C
′

λ except Iλ can be considered to be the same.

As sketched in Figure 3.7 (a), in the case without using surface MLs, the light

intensity Iλ in equation (3.9) is constant in a horizontal plane, and, for certain wave-

length, decays with depth into the solution due to absorption by water. MLs alter
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Figure 3.7: (a) Schematic of the light path without surface ML (left) and with surface
ML (right) (b) Intensity (Iλ,i) at focal point of a single ML with different lateral
radius. The intensity at the focal points of MLs is labelled with blue color, and the
actual maximal intensity under random MLs is labelled with orange color. (c) The
correlation between photodegradation efficiency and additive of intensity (Iλ) at focal
points of MLs. For (b) and (c), the wavelength λ is 504 nm in optical simulations.
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the spatial distribution of Iλ propagating in the solution. Beneath the surface areas

without MLs, Iλ is uniform and decays with the depth, the same as the situation

without MLs. Beneath the surface area with surface MLs, the light is concentrated

on the focal points, resulting in a much higher Iλ at the focal points. The above anal-

ysis shows that the spatially modified profile of Iλ by MLs contributes to improved

efficiency η in the photodegradation. In water treatment by solar light, the size of the

surface area that can receive the light is limited by the size of containers or the water

reserve. Using MLs to redistribute the light in water may lead to more effective use

of the surface area available.

Below we will show that the enhancement from MLs is not simple additive, but

exhibited coupled effects from multiple MLs. Ii is the light intensity at the focal point

of ML labelled as i. The total number of MLs over a certain area STotal is N .

I/STotal = (1/SMLs) ×
N∑︂
i=1

Iλ,i + Iλ/SBare (3.10)

Here SMLs is the substrate area occupied by MLs, and SBare is the bare area.

I/STotal is the averaged intensity beneath the entire surface area STotal (=SMLs +

SBare). To simplify the comparison, we first neglect the second term (Iλ/SBare) on

the right.

Iλ ≈
N∑︂
i=1

Iλ,i (3.11)

The energy intensity per unit area Iλ,i created by individual ML(i) is obtained from

optical simulation. The plots in Figure 3.7 (b) show that Iλ,i increases with the base

radius of the MLs on homogeneous surfaces. For a given base radius, Iλ,i is much

higher from MLs in the array, thanks to their higher curvature. We note that Iλ,i

decreases for MLs with a radius larger than 54 µm, because the focal point of such

large MLs is further than 3 mm, the depth of our reactor. The actual Iλ,i contributing

to photodegradation deviates from the simulated value for large MLs. A fitting line
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(the orange curve in Figure 3.7 (b)) is used to predict the irradiation power at the

focal point or hot spot of a ML on homogeneous hydrophobic substrates.

Considering both Iλ,i from the simulation results and the morphology and number

of MLs extracted from optical images, we calculate Iλ of homogeneous substrates

functionalized with MLs. Figure 3.7 (c) shows that the efficiency η increases with

Iλ, and reaches the highest by MLs on homogeneous substrate fabricated with the

flow rate of 70 mL/h. The reduced performance from MLs prepared at 90 mL/h is

attributed to the energy loss due to the focal distance larger than the depth of the

reactor. The overall efficiency η is approximately linear with the increase of the sum

of Ii from all MLs obtained from homogeneous substrates.

Interestingly, the efficiency η from the ML array is 100 % higher than random

MLs with the same I, and is 39% higher than the best results from random MLs on

homogeneous substrates. Such high efficiency is much beyond the cumulative effect of

Ii, as observed for homogeneous substrates. We propose that the photodegradation

with MLs in an array could be attributed to the ordered arrangement of focal points

on the same plane. Such ordered focal points may lead to a narrow distribution of

spatial distribution of active species in water. The focal points on the same plane

are also synchronized in certain zones of the aqueous solution. Such a focusing effect

increases the local concentration of active intermediate products and speeds up the

photodegradation rate. In future work, even higher η may be achieved as Ii of the

ML array is optimized. For instance, making closely arranged patterns increases the

surface coverage, and the size of ML in the array can be tuned by the size of each

domain.

3.3.7 Proof-of-concept: MLs-enhanced photodegradation for
water treatment

The potential application of MLs in the photodegradation of harmful compounds

in water is demonstrated by using functionalized bottles as shown in Figure 3.8 (a).
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The photos show these bottles with the inner wall coated with MLs.

Three micropollutant solutions in the bottles were treated by the simulated solar

light with the set-up in Figure 3.8 (b). Each type of micropollutant solution is

separately put in a bare vial and the MLs vial 3. The difference in the micropollutant

concentrations at a given time was detectable in UV-Vis spectra as shown in Figure

3.8 (c-e)). The enhancement of photodegradation efficiency is plotted as a function

of irradiation time in 3.8 (f). After 1 hour, ηMLs was already clearly higher than ηbare

by approximately 20%. After the irradiation for 4 hours, η of NFX was improved by

1.2 times by MLs, the lowest among the three micropollutants. η of SFD and SMZ

increased by 2.6 and 1.9 times, respectively. The results verify that surface MLs could

increase the photodegradation efficiency of micropollutants in water. The divergent

photodegradation enhancement over different micropollutants is attributed to the

difference in the photodegradation mechanism of each pollutant. The degradation

kinetic of each type of micropollutant is determined by its intrinsic photodegradation

mechanism. The dependence of the photodegradation rate of each pollutant is not

the same, implying that the enhancement from the local light intensity altered by the

presence of MLs also varies.

The enhancement of photodegradation by MLs is also demonstrated with the light

source of indoor sunlight. The dye aqueous solutions in the bottles were exposed to

sunlight through a glass window (Figure 3.9 (a)). The short wavelength in natural

solar light was cut off by the thick glass panels. As illustrated in Figure 3.9 (b) and

(c), the color of the MO solution in the bottles functionalized with MLs decayed much

faster than that in the bottle without MLs.

Figure 3.9 (d) displays that the enhancement is 9-23 times after 9-12 days. With

the extension of light treatment, the dye was also degraded in the bare vial, so from

then on the enhancement dropped a little to 7-20 times. Larger MLs on MLs vial -

2 and 3 were more effective, compared to smaller MLs on MLs vial 1. The results

clearly demonstrate that MLs on the inner wall of the bottles could speed up the
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Figure 3.8: (a) Photos of the glass bottles functionalized by MLs. The bottles are
labelled as MLs vial 1, 2, and 3. The optical microscope images of the zoom-in areas
show the MLs on the inner wall of the bottles. (b) Experimental set-up of simulated
solar light treatment of micropollutant aqueous solutions. In the bare vials, from left
to right: NFX, SFD, and SMZ. In ML-coated vial MLs vial 3s, from left to right:
NFX, SFD, and SMZ. Absorbance spectrum of (c) NFX, (d) SFD (e) SMZ solution (5
mg/L) before and after the exposure to simulated solar light for 4 hours. Dashed lines:
solutions in bare vials; Solid lines: solutions in functionalized vials. (f) Enhancement
of photodegradation efficiency of micropollutants as function of treatment time. ηMLs

is defined as the photodegradation efficiency with the MLs-decorated vial, while ηbare
is the efficiency in the control.
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Figure 3.9: (a) Layout of four bottles receiving indoor sunlight. Photos of the bottles
filled with the dye solution (b) Before and (c) after receiving sunlight for 15 days.
From left to right: bare vial, MLs vial 3, MLs vial 2, MLs vial 1). (d) Enhancement
of photodegradation efficiency of MO with the treatment time.(e) Spectrum of indoor
solar light at the location of light treatment.
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photodegradation of the dye in water. As the indoor light intensity lacks the UV

region (Figure 3.9 (e)), the significant enhancement in photodegradation suggests

that bottles functionalized by MLs may be potentially used for light treatment in

situations where the sun elevation is low, the weather is cloudy, or the light source is

a reflection from snow or local pollution. During the simulated solar light treatment

and indoor solar treatment, MLs vial 1, 2, and 3 were repeatedly used. The photos

of MLs vials after light treatment are displayed in Appendix A, Figure S8, indicating

that the MLs-decorated MLs remained stable after indoor solar light of more than 30

days and simulated solar light of more than 30 hours.

We note that it is hard to simply compare the degradation efficiency of MLs with

other photo-degradation enhancement techniques, as the efficiency depends on the

light intensity, illumination duration, and physio-chemical properties of the com-

pounds to be degraded. For instance, at very low light intensity, some catalysts may

not work at well while the degradation efficiency of the MLs may reach a high value

after a long duration. Our purpose of developing surface MLs is not to compete with

other photodegradation enhancement techniques, such as photocatalysis and photo-

sensitization, but to provide a complementary method that can be used alone or

combined with other techniques to boost photo-degradation enhancement. With the

development of MLs, other photodegradation enhancement techniques can be more

efficient after the combination with surface MLs.

3.4 Conclusions

In summary, our work shows that the enhancement of photodegradation efficiency

with surface MLs occurs under various solution conditions via the same photodegrada-

tion pathway. The morphology, number density, and spatial arrangement of MLs have

a significant impact on photodegradation efficiency. ML arrays are 100% more effec-

tive than random MLs with the same intensity at focal points and are ∼ 700% more

effective than bare surfaces without MLs. The simulation results suggest that highly
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ordered ML arrays may result in a locally high concentration of active species around

the focal points array, and further accelerate the photodegradation. The photodegra-

dation efficiencies of the dye and three micropollutants in bottles functionalized with

MLs were all significantly higher than those in normal bottles, demonstrating the

potential application of MLs in the photodegradation of harmful compounds in wa-

ter. In future work, MLs may be fabricated in commercial drinking water bottles

that can be recycled for the decontamination of water. In addition, there are some

degradable and environmental-friendly polymer materials that are possibly used for

MLs preparation, such as PVA (poly(vinyl alcohol)) [167, 168], PNIPAM (poly(N-

isopropylacrylamide)) [169, 170], and some biomacromolecules like silk protein and

cellulose [171, 172].

3.5 Supplementary materials

Supplementary materials to this article can be found in the Appendix, section

A.1. Additional data include ESR (electron spin resonance) spectrum of MO solution

after light treatment and byproducts after the photodegradation of MO obtained

by UPLC-MS, spectrum of light sources, representative absorbance spectrum of MO

solution after light treatment, additional optical simulations of surface MLs, plots of

photodegradation efficiency of MO over MLs median radius and surface coverage and

photographs of MLs-decorated vials before and after light treatment.
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Chapter 4

Enhanced photocatalytic
degradation of organic
contaminants in water by highly
tunable surface microlenses

4.1 Introduction

Photoreactions are widely applied in different fields[34], such as data storage[39,

40], display[41], light generation[42, 43], polymerization[46, 47], and light-driven

degradation[49, 50]. Many clean-energy technologies for water treatment benefits

from photoreactions. [54] In many types of photoreactions[7], photocatalysis, which

is the photoreactions accelerated by photocatalysts, is one of the dominant tech-

nologies to remove the organic micropollutants in natural water [79, 80]. The most

common type of photocatalysis in water treatment is heterogeneous photocatalysis

with semiconductor materials, such as titanium dioxide (TiO2)[69] and zinc oxide

(ZnO)[86]. The band gap of ZnO and TiO2 can be narrowed and be responsive to

visible light.[173, 174] For example, the energy gap of ZnO reached 2.85 eV,[175]

while a TiO2-based catalyst had a band gap around 2.00 eV.[176] The action spectra

of ZnO and TiO2 also confirmed their response under visible light and solar light.[177–

179] However, the application of photoreactions is often limited due to the inefficient

utilization of light.[87]
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One of the main reasons that restrict the development of solar-driven photocat-

alytic degradation of organic pollutants in the aqueous environment is the instability

of solar light under different scenarios.[103, 104]. For example, sunlight is attenu-

ated when the wastewater has high turbidity [105] or the rainy and cloudy weather

appears [106]. As a result, the number of photons that can be absorbed into the

system decreases, so the activity of photocatalysts is considerably inhibited. In or-

der to maximize the potential of photocatalysts under insufficient light, strategies to

increase the number of species undergoing a photo process with a given amount of

photons are needed. Several strategies have been widely investigated for this pur-

pose, including incorporating light engineering design in photoreactors to improve

their performance[107, 108], establishing a flow reactor to enhance the mass transfer

or to shorten the light path[12], and preparing engineering photocatalytic materials

for more efficient photocatalysis[109]. Introducing lenses into photoreaction systems

is a potential alternative because of the ability of lenses to redistribute light.[110] The

focusing effect of a lens creates high local light intensity at the focal point, accelerating

the local photoreaction rates.

There are several advantages from surface MLs in a photoreaction process. First

of all, surface MLs can be integrated into various reactors due to their small dimen-

sions.[142, 180] Besides, such lenses have short focal distances with strong near-field

focusing effect.[111, 112]. Last but not the least, the MLs with well-controlled opti-

cal properties and good durability can be prepared and flexibly modified by various

methods.[25, 70, 115, 119–124, 181]. The fabrication of surface MLs based on nan-

odroplet polymerization is one of the promising technologies that are highly tunable

and affordable.[27] Through this method, surface microlenses are obtained after the

polymerization of surface droplets formed in a solvent exchange. [135] Notably, the

morphology and spatial arrangement of surface microlenses are tunable[140]

In the work conducted by Dongare et al[78], the feasibility of integrating lenses

with light-driven membrane devices for water purification was demonstrated, where a
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higher energy conversion rate of the device was achieved because of the focusing effect

of lenses. On a smaller scale, the acceleration of the photoreactions by surface MLs

was validated through the in-situ photoreduction of silver nitrate[112] and the direct

photolysis of micropollutants[32]. Therefore, such surface MLs are also expected to be

effective in enhancing the solar-driven photocatalytic degradation of contaminants in

water. Implementing surface MLs based on the solvent exchange process as a candi-

date strategy for enhancing photodegradation efficiency under insufficient irradiation

is worthy of investigation. However, the mechanisms of photocatalytic degradation

combined with surface MLs have not been explored, so as the influence of the prop-

erties of MLs, photocatalysts, light sources, and water matrix on the degradation

process.

In this work, we evaluated the performance of surface MLs in enhancing the pho-

tocatalytic degradation of four typical organic pollutants in river water, including

methyl orange (MO), norfloxacin (NFX), sulfadiazine (SFD), and sulfamethoxazole

(SMX)[182–184]. Surface MLs were photopolymerized from the nanodroplets ob-

tained in a solvent exchange process[185] and could be flexibly tailored for better

performance. The optimized spatial arrangement of surface MLs was selected based

on the light treatment results. The mechanisms of surface ML-assisted photocatalytic

degradation were investigated with experiments and optical simulation. By tuning

the light sources, irradiation intensity, water matrices, and the geometry of reactors,

the practical conditions with limited irradiation were simulated where the influence

of surface MLs on photocatalytic degradation efficiency is studied. Last but not least,

we used two commercial photocatalysts with good stability and durability[186, 187],

ZnO and TiO2, to assess the applicability of surface MLs in varied catalytic processes.

The capability of surface MLs in promoting the photocatalytic degradation of organic

pollutants in water was validated.
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4.2 Methodology

4.2.1 Fabrication and characterization of random surface mi-
crolenses and high-curvature microlens array on planar
glass substrate

Surface microlenses (MLs) were fabricated by photopolymerization of surface

droplets under UV light, as shown in Figure 4.1 (a). The size and spatial distri-

bution of surface MLs were determined by the diameters and positions of surface

droplets. The solvent exchange process enabled us to flexibly control the formation

of surface droplets and further adjust the properties of surface MLs.[27, 31] In the

solvent exchange process, a self-assembled chamber was filled with a solution (solu-

tion A) which was a mixture of monomer, photoinitiator, ethanol, and Milli Q water.

Then, Milli Q water saturated with monomer and initiator (solution B) was inserted

into the chamber at a fixed flow rate. Consequently, surface droplets composed of

monomers and the photoinitiator formed on the substrates due to the oversatura-

tion during the solvent exchange process. When the substrate was homogeneously

hydrophobic, surface droplets grew and coalesced on the substrate, leading to the for-

mation of surface MLs with non-uniform size and spatial distribution (random MLs,

MLR) after UV curing. On the other hand, surface droplet arrays (MLAs) could be

prepared on a pre-patterned substrate with ordered hydrophobic microdomains[140].

Random surface MLs (MLR) for photocatalytic degradation system were prepared

using methyl methacrylate (MMA) (≥ 98.5%, Alfa Aesar) as the monomer and 2-

hydroxy-2-methylpropiophenone (96%, Fisher) as the photoinitiator. Solution A was

prepared by adding 8.0 vol% MMA and 0.8 vol% photoinitiator in 40 vol% ethanol

aqueous solution. Then, Milli Q water saturated with MMA and photoinitiator,

namely solution B, was injected into the chamber at a flow rate of 50 mL/h. A

glass slide homogeneously hydrophobized with octadecyltrichlorosilane (OTS) (98.9%,

Acros Organics, Fisher Scientific) was placed on top of the chamber as the substrate

for surface droplets and MLs. The OTS coating of the substrate was prepared ac-
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cording to the procedure described by Zhang and Ducker[185]. The condition used

to fabricate the random surface MLs was the optimized one in our previous work.[32]

After the standard solvent exchange process, the chamber filled with liquid was sealed

and horizontally set under UV light (365 nm, Analytik Jena UV lamp) for 15 min.

Surface ML arrays (MLAs) in the photodegradation processes were fabricated with

lauryl methacrylate (LMA, Acros Organics) as the monomer in solution A. The solu-

bility of LMA in water was lower than MMA, leading to more stable surface droplets

during the solvent exchange and uniformity of surface MLAs. The pre-patterned

substrate used for droplet formation was decorated with circular hydrophobic mi-

crodomains arranged in an array, fabricated by a photolithography process on an

OTS-coated glass slide.[140] The diameter of each circular domain was 5.0 µm, and

the spacing between two adjacent domains was 2.5 µm. By repeating the process of

solvent exchange and UV curing, MLAs with higher curvature could be achieved.[160]

In this work, three rounds of solvent exchange-UV curing process were performed.

Solution A for the solvent exchange process was prepared by adding LMA and the

photoinitiator (1/10 volume of LMA) into ethanol, while solution B was the LMA

and photoinitiator saturated water. The LMA concentration in solution A in the

three rounds of solvent exchange was 2 vol%, 4 vol%, and 2 vol%, respectively, while

the flow rate of adding solution B into solution A was 8 mL/h, 4 mL/h, and 4 mL/h,

correspondingly. The UV curing step lasted for 15 min after each round of the solvent

exchange process, after which the high-curvature poly(lauryl methacrylate) (PLMA)

MLs were obtained. The curvature of the PLMA ML array could not further increase

because the adjacent MLs would be connected if more LMA were added on top of the

MLs base.

Surface random MLs and ML arrays were observed under an optical microscope

equipped with a camera (Nikon H600l and Nikon DSFi3). The lateral size and surface

coverage rate of MLs were calculated by analyzing optical photos with Image J. The

height of random MLs and high-curvature MLs array was separately characterized
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Figure 4.1: (a) Sketch of the fabrication process of surface MLs. The chamber height
is 0.57 mm, the width is 12.2 mm, and the length is 56.0 mm (b) The experimental
setup of light treatment with surface MLs and distributed catalysts particles. (c)
Chemical structures of photodegraded pollutants, including methyl orange (MO),
norfloxacin (NFX), sulfadiazine (SFD), and sulfamethoxazole (SMX)

with atomic force microscope (AFM, Bruker, tap mode) and confocal microscope

(Zeiss Axio CSM 700). A transmission mode confocal microscopy (Leica SP8) was

applied to measure the focal distance of MLs in the array. An intensity profile was

obtained after a vertical scanning of the ML array-decorated substrate. The focal

distance was defined as the distance between the brightest point in the intensity

profile and the substrate surface.

4.2.2 Fabrication and characterization of MLs-decorated glass
vials

The surface MLs can also be immobilized on a curved surface. The inner surface

of a glass vial (Fisherbrand Class A clear glass vial) with a volume of 30 mL was

hydrophobized by coating OTS onto the surface. The vial with a hydrophobic inner

61



surface was firstly filled with 12 mL of a solution (solution A) composed of 7.6 vol%

MMA, 0.8 vol % photoinitiator, 45.8 vol% water, and 45.8 vol% ethanol. Then, Milli

Q water saturated with MMA and photoinitiator (solution B) was dripped into the

standing vial through two tubes and two syringe pumps. The ends of the tubes were

set at the opening of the vial, on the left side and right side of the vial, respectively.

The flow rate in each tube was fixed at 3 mL/min. To fully replace solution A,

80 mL of solution B was added to the vial. During the solvent exchange process,

the excess liquid was discharged from the vial from the opening. After the solvent

exchange process, the vial was sealed and set under the UV lamp for 20 min. After

removing all remaining mixtures and the washing step, the PMMA MLs-decorated

vial was prepared. The morphology of the MLs-decorated vial can be observed with

an optical microscope. All the parameters mentioned above were optimized in our

previous work. [32]

4.2.3 Optical simulations of surface MLs on planar substrates

The optical simulations of surface MLs on planar substrates were conducted with

Zemax OpticStudio. The glass substrate decorated with MLs was set in a horizontal

plane (X-Y plane). A plane wave light source was set perpendicular to the horizontal

plane (along the Z axis) with an intensity of 21.64 W/cm2. Five horizontal light-

flux detectors were set at different depths in the solution below the MLs-decorated

substrate to demonstrate the top-view light irradiation profiles of both MLR and

MLA. A rectangular X-Z plane monitor which crossed through the center of a single

ML in the array was also designed to describe the cross-sectional irradiation profile

of the ML.

4.2.4 Photocatalytic degradation of pollutants with surface
MLs
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4.2.5 Photocatalytic degradation of pollutants with surface
MLs

The surface MLs were utilized in the photocatalytic degradation of common pollu-

tants in natural water and wastewater to enhance the photodegradation efficiency (η).

To evaluate the performance of random MLs and high-curvature ML array, the pla-

nar substrate with immobilized surface MLs was assembled in a homemade chamber

for the light treatment of water that contained pollutants.(Figure 4.1 (b)) The light

treatment was also conducted in the PMMA MLs-decorated glass vials to evaluate

the efficiency of MLs on a curved surface on a larger scale. The pollutants involved

in the degradation experiments include methyl orange (MO, 85%, Sigma-Aldrich),

norfloxacin (NFX, Alta aesar), sulfadiazine (SFD, 99.0-101.0%, Sigma Aldrich), and

sulfamethoxazole (SMX, analytical standard, Sigma Aldrich). The aqueous solutions

of these pollutants with the analyte concentration of 5 mg/L were prepared with

ultra-pure water (produced by Milli-Q Direct 16), synthetic river water, or real river

water as the solvent. For the solution with ultra-pure water as the solvent, the pH

value was measured at around 7 with a pH meter (Accumet AE150, Fisher Scientific).

To prepare the synthetic river water, 52.19 mg Na2SO4 · 10H2O (Sigma Aldrich),

4.08 mg NaNO3 (≥ 99.0%, Sigma Aldrich), 106.96 mg CaCl2 · 10H2O (Sigma

Aldrich), 100.81 mg NaHCO3 (certified ACS, Fisher Chemical), 101.30 mg MgSO4 ·

7H2O (Fisher BioReagents), 2.56 mg humic acid (technical grade, Aldrich), and 5.32

mg alginic acid (Acros organics) were dissolved in 1 L ultra-pure water. The real

river water was collected from Whitemud Creek to the North Saskatchewan River in

Edmonton, Alberta, Canada at 9:30 am on April 26, 2022. Both the synthetic water

and real river water were characterized by a total organic carbon (TOC) analyzer

(TOC-L Series, SHIMADZU), a pH meter (Accumet AE150, Fisher Scientific), and

ion chromatography (Dionex ICS-5000, Thermo Scientific). The synthetic river water

was at a pH value of 7.3, with a TOC value of 3.8 mg/L, and a COD value of 9.2

mg/L, while the river water was at a pH of 7.5, a TOC value of 25.6 mg/L, and a
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COD value of 163.3 mg/L. The concentrations of ions in the synthetic are displayed

in Table 4.1. SMX and MO were spiked in the synthetic river water and the real river

water for the light treatment with the same concentration of 5 mg/L.

Ion type SO4
2− Cl− NO3

− Na+ Ca2+ Mg2+

Conc./mM 8.3 5.3 0.046 2.1 0.85 0.47

Table 4.1: Concentration of ions in the synthetic water (Unit: mM)

One of the commercialized photocatalysts, zinc oxide (ZnO, certified ACS powder,

Fisher Chemical), was dispersed in the aqueous solutions containing different types

of pollutants by a sonication step for 20 min. All the solutions were stored in a dark

environment at a temperature of 4 ◦C except the light treatment process. The catalyst

was dispersed in the aqueous solutions with sonication in the dark environment for

30 min to ensure sufficient adsorption of the pollutant on the surface of the catalysts.

To assess the performance of surface MLs with varied amounts of ZnO, multiple

concentrations of ZnO dispersed in the pollutant solutions (ultra-pure water as the

solvent) were used, including 5 mg/L, 10 mg/L, 50 mg/L, and 100 mg/L. In addition

to ZnO, titanium dioxide (TiO2, 21 nm primary particle size, ≥ 99.5%, Aldrich

chemistry) was used to verify the efficiency of surface MLs under different types of

catalysts. To compare the performance of MLs when using two types of catalysts, the

initial concentrations of TiO2 and ZnO were set at 5 mg/L. The band gap of ZnO

and TiO2 was 3.26 eV and 3.25 eV, respectively, which were measured with diffusion

reflectance spectrum (Hitachi U-3900H) and Tauc plot (shown in Appendix B, Figure

S1 (c-d))[188].

Both the visible LED lamp (SOLIS-3C, Thorlabs) and the simulated solar light

(SS200AAA Solar Simulation Systems, Photo Emission Tech) were used as light

sources for the photocatalytic degradation of pollutants in water. The distance be-

tween the upper surface of the reactor and the light source was fixed at 23.5 cm for

the visible light LED and 35.7 cm for the simulated solar light. A series of irradiation
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Figure 4.2: Spectra of light from visible LED lamp (intensity: 21.64 W/m2) and from
simulated solar light (intensity: 1 Sun) at the position of light treatment reactor. (a)
Spectra of light from the visible LED lamp after transmitting through the air or top
surface of the reactor. The zoomed-in spectra are shown in (b) (from 415 to 515 nm)
and (c) (from 585 to 775 nm). (d) Spectra of the light from simulated solar light
after transmitting through the air or the top surface of the reactor. The zoomed-in
spectra are shown in (e) (from 285 to 435 nm) and (f) (from 820 to 775 nm).
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conditions (shown in Table 4.2) were tested in this work by changing the light sources,

the glass substrate, and the type of surface MLs. The spectra of the irradiation above

the reactors were collected with a portable spectrometer (StellarNet Inc) at the top

position of reactors, as shown in Figure 4.2 (a). In order to assess the influence of

the irradiation conditions listed in Table 4.2 on the irradiation exposed to the treated

solution, the spectra of light that transmitted through the top surface of the reactor

(Figure 4.2 (b-g)) were obtained by setting the detection sensor of a spectrometer

under the top surface of different reactors. The light intensities of the light sources

were adjusted to investigate the influence of the light intensity on the MLs-enhanced

photocatalytic degradation process.

Name Light source Substrate type MLs type

L-air

Visible LED

/ /

L-no MLs Planar glass substrate /

L-MLR Planar glass substrate MLR

L-MLA Planar glass substrate MLA

L-vial Glass vial /

L-MLs vial Glass vial MLR

S-air

Simulated solar

/ /

S-no MLs Planar glass substrate /

S-MLR Planar glass substrate MLR

S-MLA Planar glass substrate MLA

S-vial Glass vial /

S-MLs vial Glass vial MLR

Table 4.2: Types of light sources and surface MLs in the light treatment

All the light treatments involved in this study are summarized in Table 4.3, and

each condition is represented with its irradiation condition (listed in Table 2), the

type of catalysts, and the concentration of catalyst (unit: mg/L). The MLs-involved

photocatalytic degradation process was studied by various analytical instruments.

The degradation efficiency (η) is calculated based on the equation (4.1), where Ci
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Light source MLs type Catalyst Catalyst Conc. (mg/L)

Visible LED

MLR / /

MLA / /

/ ZnO 100/50/10/5

MLR ZnO 100/50/10/5

MLA ZnO 100/50/10/5

/ TiO2 5

MLR TiO2 5

MLA TiO2 5

Simulated solar

/ ZnO 100/10

MLR ZnO 100/10

MLA ZnO 100/10

vial ZnO 10

MLs vial ZnO 10

Table 4.3: Types of surface MLs and photocatalysts used in the light treatment

is the initial concentration of a pollutant after the adsorption of pollutants reached

equilibrium and Cf is the final concentration of the pollutant after the light treat-

ment. For the solution containing pollutants prepared with ultra-pure water, the

concentration change of a pollutant could be identified with UV-visible spectroscopy

(UV-vis, Thermo fisher, Genesys 150) based on the Beer-Lambert Law. Accord-

ing to the Beer-Lambert Law, the absorbance (A) of an analyte in the solution is

proportional to its concentration (C) if the analyte concentration is within a linear

range. The relationship between absorbance and concentration is shown in (4.2) (ε:

molar attenuation coefficient, L: light path). The concentrations of organic analytes

involved in this work are within the linear range, and the evidence was included in

Appendix B (Figure S1). Therefore, the η of a pollutant can be calculated by equa-

tion (4.3) by combining equation (4.1) and (4.2). Ai and Af are the absorbance at the

representative peak [151] of a pollutant before and after the treatment, respectively.
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η =
Ci − Cf

Ci

× 100% (4.1)

A = εCL (4.2)

η =
Ci − Cf

Ci

× 100% =
Ai − Af

Ai

× 100% (4.3)

For the solution containing pollutants prepared with the synthetic water, the con-

centration changes of analytes were characterized by an ultra-performance liquid

chromatography-mass spectrum (UPLC-MS, ACQUITY UPLC H-Class, Waters).

The method to detect SMX with UPLC-MS was included in supporting informa-

tion. All solutions containing photocatalyst suspends were centrifuged for 10 min at

14,000 rpm, and then only the supernatant was used for analysis.

The performance of the photocatalysts is influenced by many factors associated

with the irradiation conditions (such as intensity, photon absorption, light scattering,

etc.), catalyst properties, adsorption of pollutants, properties of water matrices, and

chemical properties of organic contaminants. In order to show the enhancement of

photocatalytic degradation efficiency obtained by implementing surface MLs, all the

parameters except the usage of MLs were kept constant. The ability of surface MLs

to enhance η of pollutants was quantified with an enhancement factor (f) which was

defined by the equation (4.4)

f =
η(MLs+catalyst)

ηcatalyst
(4.4)

The reaction mechanisms may be further understood from the balance between the

mass of CO2 generated from the complete degradation of organic contaminants and

the mass decrease in solutions containing contaminants.[189, 190] However, as shown

in Figure 4.1 (b), our reaction systems were fully sealed with negligible mass transfer

from the system during the irradiation. In addition, it was almost impossible to
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quantify the CO2 production from our systems due to the small volume of our samples

and the dissolution of CO2 in water. The total amount of the model contaminant in

the treated solution was 10 µg. Even from complete degradation, only 17 to 22 µg

CO2 would be produced at maximum. CO2 production from the photodegradation

of organic contaminants in MLs-enhanced photocatalytic systems may be conducted

in the future after modification of the experimental set-up. Instead of mass balance

to monitor the reaction mechanism, the characterization of free radicals generated in

the photocatalytic system was feasible to reveal the degradation mechanism in the

presence of surface MLs.[191, 192]

The presence of free radicals in the photocatalytic degradation process was verified

with an electron spin resonance (ESR) spectrum (Elexsys E-500, Bruker). The ultra-

pure water dispersed with ZnO (10 mg/L) was irradiated by the visible LED lamp

or the simulated solar light for 30 min before the ESR detection. 5,5-Dimethyl-1-

pyrroline N-oxide (DMPO, Sigma Aldrich), as a spin-trapping agent, was used to

capture the hydroxyl free radicals in the treated solution. DMPO was added to the

treated solution with a concentration of 5.7 g/L just before the light treatment started.

The solution was added into quartz (CFQ) ESR tubes (outside diameter: 5mm) to

detect free radical signals immediately after the irradiation. The ESR spectrum of

methanol dispersed with ZnO (10 mg/L) under MLA was also obtained after the

irradiation by simulated solar light for 30 min (shown in Appendix B, Figure S2).

4.3 Results and discussion

4.3.1 Morphology and optical properties of MLs

The redistribution of light irradiation is determined by the morphology and spa-

tial arrangement of surface MLs. The MLs on the pre-patterned substrate (MLA)

are arranged in a highly-ordered array with a uniform radius of 6.5 µm due to the

confinement of hydrophobic domains, as shown in Figure 4.3 (b). The surface cover-

69



age rate and the contact angle of MLA are 49 ◦ and 63.7%, respectively. The light

intensity profiles of MLA obtained from the confocal microscope and optical simula-

tion results of a single ML from the ML array are displayed in Figure 4.3 (c) and (d),

respectively. Due to the uniform size, the focal distances of MLs in the array have the

same value. From the light intensity profiles, it is found that the focal points of MLA

are located in a horizontal plane which is around 16 µm away from the substrate.

As a comparison, the focal distance of a single ML in the array is 16.5 µm according

to the optical simulations. Therefore, the simulated focal distance is consistent with

that obtained from the confocal microscope.

Another type of surface MLs, represented with MLR, is fabricated on homoge-

neous substrates. MLR are randomly distributed on the planar substrate, and their

diameters vary from 2 µm to 200 µm with a fixed contact angle of 7.5 ◦. The surface

coverage rate of MLR is 47.2%. The focal distances of MLR differ due to the existence

of the size distribution among them. Therefore, it is difficult to measure the focal

distances of MLR with a confocal microscope.

The top view intensity profiles of surface MLs in Figure 4.4 (a-b) exhibit the

distribution of irradiance at the horizontal plane with certain depths. At the depth

of 16.5 µm which is close to the focal distances of MLA, the maximum incident flux

value under MLA is the highest, reaching 2.95 × 10−8 W. The number of the spots

with the highest value is 400 on the horizontal plane with an area of 2.25×10−2 mm2.

In comparison, the highest maximum incident flux value under MLR is 2.26×10−7 W

located at the depth of 225.5 µm. However, only two spots reach 2.26 × 10−7 on the

horizontal plane under random MLs within the same area. Therefore, the maximum

total incident flux over the horizontal plane of MLA is around 26 times larger than

that of MLR.

When the depth increases, the maximum incident flux value under MLA signifi-

cantly drops, while the value under MLR first increases and then gradually diminishes.

As the depth changes from 16.5 µm to 797.5 µm, the maximum flux value under MLA
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Figure 4.3: Images of (a) random MLs (scale bar: 200 µm) and (b) ML array (MLA)
(scale bar: 10 µm) obtained with optical microscope (c) The light intensity profile
of MLA with confocal microscope (scale bar: 100 µm) (d) The cross-sectional light
intensity of a single ML in the array. The point with the highest irradiance value is
the focal point. The position with z=0 is the substrate surface. The focal distance is
the distance between the focal point and the substrate surface.

decreases by 56%, while the value under MLR increases by 3.6 times. The variation

of focal distances of MLR avoids the sharp decay of irradiation intensity along the

Z direction but also causes a lower maximum total incident flux. In summary, the

uniformity of focal distances of MLA can reach a maximum flux, higher than MLR,

but the decay irradiation intensity along the Z axis is much more rapid.

4.3.2 Free radicals in the presence of MLs

The reflectance spectrum of ZnO and TiO2 powders (Figure 4.5 (a)) and the

absorbance spectra of ZnO suspension with different concentrations (Figure 4.5 (b))

indicate that the catalysts applied in the light treatment partially absorb visible light

under the irradiation of visible LED and simulated solar light. The existence of free

radicals is verified by the electron spinning resonance (ESR) spectra. Based on the

spectra obtained by ESR (Figure 4.5 (c)), no obvious signals can be observed when

neither ZnO nor surface MLs are used in the light treatment. Under both visible LED
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Figure 4.4: Top view intensity profile under (a) MLR and (b) MLA at the horizontal
plane with the distance of 16.5 µm, 115.5 µm, 225.5 µm, 665.5 µm, and 797.5 µm
away from the substrate surface.
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Figure 4.5: (a) Reflectance spectra for ZnO and TiO2 particles with diffusion re-
flectance spectroscopy. (b) UV-vis absorbance spectra of ZnO suspension in Milli Q
water with the concentration of 10 mg/L and 50 mg/L. The minimum wavelength
of the visible LED and simulated solar light is 400 nm and 300 nm, respectively.
(c) Electron spinning resonance (EPR) spectra under different conditions after light
treatment of 30 min. (The black curve is for the condition without ZnO particles and
surface MLs. The light blue curve represents the treatment with only ZnO particles,
while the dark blue curve is for both ZnO and MLA under a visible LED lamp. The
light orange curve is for the conditions with only ZnO particles, while the dark orange
curve is for both ZnO and MLA under simulated solar light.)

light and simulated solar light, a similar curve shape is observed when ZnO is added

to the system. As described in the literature [191], the spectra indicate that ·OH

free radicals form after ZnO particles absorb the energy from either visible LED or

simulated solar light. The formation of ·OH accelerates the degradation of pollutants.

When MLA is applied together with ZnO, the signals of free radicals become stronger

under both visible LED light and simulated solar light. Therefore, it is possible that

more free radicals are generated by utilizing MLA. Consequently, more free radicals

could cause higher degradation efficiency (η).[193]

Stronger signals of free radicals observed in the system with MLA could be at-

tributed to the higher light intensity at the focal points of MLs. Based on the second

law of photochemistry,[165, 166] higher light intensity leads to a higher concentration

of reactive species, such as hydroxyl free radicals in the MLs-enhanced photocatalytic

system.[194, 195] The light intensity at focal points of surface MLs increases by several

times as shown by the optical simulation results (Figure 4.4). A higher concentration

of active species in the MLs-induced system is confirmed by ESR characterization in
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our previous work. [32]. Similar to the photolysis system without catalysis, the ESR

spectra in Figure 4.5 suggested that the photodegradation with ZnO as the catalyst

could also be accelerated, due to the larger amount of free radicals from the focusing

effect of surface MLs.

The increase in the concentration of free radicals is the consequence of the stronger

local irradiance intensity in the presence of surface MLs. But the types of free radicals

are not expected different from the situation without MLs, as the types are only

determined by the light source and the type of photocatalyst. TiO2 used in our

experiments is a commercialized photocatalyst that has been widely studied [196,

197]. According to ESR results reported in the literature, we could conclude that

hydroxyl free radicals form when TiO2 acts as the photocatalyst, which promotes the

degradation of organic pollutants.

4.3.3 Influence of catalyst concentration on the efficiency of
photocatalytic degradation under visible light

The absorbance curves of the solutions containing different pollutants before and

after light treatment are plotted in Figure 4.6. For the four pollutants treated under

a visible LED lamp, slight enhancement can be observed by only applying surface

MLs. By comparing the two types of surface MLs, MLA performs better than MLR

since the decrease of absorbance peak is more obvious.

As shown in the second column of the plots in Figure 4.6, the reduction in ab-

sorbance values of all pollutants in the presence of ZnO particles improved. Such

improvement becomes larger when we increase the initial concentration of ZnO. By

combining surface MLs with ZnO particles, the absorbance peaks of pollutants fur-

ther decrease. In the presence of ZnO, more reduction of absorbance is also observed

with MLA compared with MLR, indicating the higher removal rates of pollutants

with MLA.

The photodegradation efficiency of all pollutants under the visible LED light is

74



Figure 4.6: Representative absorbance spectra of pollutants (MO in (a-1) to (a-4),
NFX in (b-1) to (b-4), SFD in (c-1) to (c-4), and SMX in (d-1) to (d-4)) with surface
MLs and ZnO (under visible LED) after light treatment with 1 h.
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plotted over the concentration of ZnO in Figure 4.7 (a). As the concentration of ZnO

particles increases, η of all four pollutants is enhanced. However, the enhancement

of η by adding dispersed ZnO particles into the solutions differs with the type of

pollutants. For the photodegradation of MO with ZnO, η after the irradiation of 1 h is

improved by 59.2% when the ZnO concentration increases from 5 mg/L to 100 mg/L.

For the other three pollutants, the change of η after enhancing ZnO concentration

from 5 mg/L to 100 mg/L is much smaller than that of MO, which is 5.7% for NFX,

2.9% for SFD, and 2.3% for SMX. The pollutant that is more difficult to degrade,

which is SMX, has the least improvement when increasing the concentration of ZnO.

The different degradation mechanisms among the pollutants may lead to the varied

effectiveness of ZnO. Much higher η efficiency of MO degradation is possibly related to

the sensitization mechanism for azo dyes. Charges are produced as the MO molecules

are excited under irradiance and then injected in photocatalysts and oxidized dye

for subsequent degradation.[198, 199] In contrast, the sensitization mechanism does

not apply to other tree organic compounds, including NFX, SFD, and SMX, since

they are transparent to the irradiation wavelengths. Regardless of the details in

photodegradation mechanisms for those organic contaminants, the enhancement in η

is achieved for all of them by adding ZnO.

Comparing with the situation only implementing ZnO or only surface MLs, the

condition with both MLs and ZnO shows higher η, indicating the synergistic effect

in the surface MLs-enhanced photocatalytic system. By applying surface MLs in

the photocatalytic degradation process with ZnO as the catalyst, the distinguished

enhancement of η can be confirmed in all four pollutants. The variance in the en-

hancement of η resulted not only from using surface MLs but also from the increase

in ZnO concentration, which is similar to the situation only with adding ZnO in

the reaction systems. The photocatalytic degradation exhibited higher η with MLA

compared with that using MLR. The possible reason for the more outstanding effect

of MLA is the more efficient irradiation redistribution based on the highly-ordered
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Figure 4.7: Photodegradation efficiency of (a) MO, (b) NFX, (c) SFD, (d) SMX using
surface MLs and ZnO with different concentration (under visible LED). Enhancement
of photodegradation efficiency of (e) MO, (f) NFX, (g) SFD, (h) SMX by using surface
MLs
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structure in MLA, which is also demonstrated in the optical simulations.[200]

The enhancement factor for the MLs-enhanced photodegradation using ZnO as

the catalyst is calculated with equation (4.4). As shown in Figure 4.7 (e-h), the

enhancement factor becomes lower at higher ZnO concentrations. The amount of

active species is the key factor determining the rate of photodegradation. In the

photodegradation enhanced by ZnO and surface MLs, the number of active species

is up to the dosage of ZnO and the number of hot spots created by MLs.[112, 201]

The total number of active species (ntotal) can be estimated using Equation (4.5). In

the equation, ncatalyst is the number of active species generated due to the excitation

of ZnO, and nMLs is the number of active species attributed to the focusing effect of

MLs. The photocatalytic degradation efficiency is dependent on the number of active

species in the system. Therefore, the enhancement factor with MLs is positively

related to the ratio of nMLs and ncatalyst in Equation (4.6). With an increase in

the concentration of ZnO, ncatalyst also increases while nMLs is fixed, therefore, the

enhancement factor drops down.

ntotal = ncatalyst + nMLs (4.5)

f ∼ ntotal

ncatalyst

= 1 +
nMLs

ncatalyst

(4.6)

The enhancement factor in η of ZnO-photocatalyzed degradation by surface MLs

is also monitored with the elongated irradiation time of light treatment. The en-

hancement factor for the four organic pollutants is plotted with the irradiation time

in Figure 4.8. For MO and SMX, the factor becomes smaller when the irradiation

time increases from 1 h to 2 h. Reversely, the factor grows in the photocatalytic

degradation of NFX and SFD during a longer treatment time. The difference in the

enhancement factor not only is due to the type of pollutants but is also related to

the properties of MLs. The enhancement factor obtained by MLR shows less change
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Figure 4.8: Enhancement factor of ZnO-photocatalyzed degradation efficiency of (a)
MO, (b) NFX, (c) SFD, (d) SMX with surface MLs after irradiation time of 1 h and
2 h.
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than that by MLA after the longer irradiation time.

4.3.4 General enhancement of photocatalytic degradation with
surface MLs under visible light

The effectiveness of surface MLs is verified by using a different catalyst in the

photocatalytic degradation process. As shown in Figure 4.9 (a-d), more decrease

in absorbance peaks is presented when TiO2 is used as the catalyst compared to

that without a catalyst. When combining TiO2 with surface MLs, more organic

pollutants are degraded than those in the treatment with only TiO2. After the same

light treatment process, the MLA-enhanced photocatalytic degradation with TiO2

has the most decrease in absorbance peak values.

The η values of all pollutants after the irradiation of 1 h with only TiO2 or with

both TiO2 and MLs are displayed in Figure 4.9 (e). The η values of all four pollu-

tants have been further improved after applying MLs in the photocatalytic degrada-

tion with TiO2. Moreover, MLA shows more enhancement compared to MLR. The

enhancement factor by using MLR and MLA are shown in Figure 4.9 (f). The effect

of surface MLs on the degradation catalyzed by TiO2 is similar to that catalyzed by

ZnO. Therefore, surface MLs accelerate photocatalytic degradation, regardless of the

types of catalysts.

4.3.5 MLs-enhanced photocatalytic degradation under sim-
ulated solar light

The representative absorbance spectra of SMX solution after the irradiation under

different conditions are shown in Figure 4.10 (a-d). By comparing Figure 4.10 (a)

and (c), it is found that the absorbance peak drops faster when the concentration

of ZnO increases. As shown in Figure 4.10 (a) and (b), the decrease of absorbance

peak value is higher when MLA is used in the light treatment. Such difference is also

displayed in Figure 4.10 (c) and (d), where the concentration of ZnO changes to 10

mg/L.
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Figure 4.9: Representative absorbance curves of (a) MO, (b) NFX, (c) SFD, (d) SMX
after the light treatment under the visible LED lamp for 1 h. (e) Photodegradation
efficiency and (f) enhancement factor of TiO2-photocatalytic degradation efficiency
of pollutants with surface MLs after irradiation time of 1 h.
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Figure 4.10: Representative absorbance curve of SMX solution after the light treat-
ment with (a) only ZnO particles with a concentration of 100 mg/L (b) both ZnO
with a concentration of 100 mg/L and MLA (c) only ZnO particles with a concentra-
tion of 10 mg/L (d) both ZnO with a concentration of 10 mg/L and MLA under the
simulated solar light. (e) Photodegradation efficiency and (f) enhancement factor of
SMX under different conditions.
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The η values of all conditions presented in Figure 4.10 (a-d) are plotted in Figure

4.10 (e). For the concentration of ZnO equal to 100 mg/L, η reaches 72.4% within

3 h when both MLA and ZnO were used. To achieve a similar η with the ZnO

concentration of 10 mg/L, around 5 h is required in the presence of MLA. The η

under the simulated solar light is higher than that under the visible LED light due

to the difference in light intensities and wavelength range.

The degradation efficiency of SMX with MLA is higher than that without MLA

under the simulated light, which is the same phenomenon under visible light. The en-

hancement factors by MLA with two concentrations of ZnO under the simulated solar

light are plotted with the irradiation time in Figure 4.10 (f). When the concentration

of ZnO is 100 mg/L, the enhancement factor fluctuates around 1.2 as the irradia-

tion time changes from 1 h to 3 h. For the photocatalytic degradation with a ZnO

concentration of 10 mg/L, the enhancement factor by MLA is higher than that with

100 mg/L of ZnO. However, the factor drops from 1.6 to 1.4 as the irradiation time

increases from 1 h to 8 h. The results under the simulated solar light reveal that the

ordered spatial arrangement of MLs is optimal for photocatalytic degradation when

the light source is closer to real solar light. The higher enhancement factor under the

lower concentration of ZnO further validates our assumption shown in Equation (4.6)

under simulated solar light.

The η of MLs-enhanced photocatalytic degradation of SMX is positively correlated

with the intensity of simulated solar light in the range from 0.3 Sun to 1 Sun (Figure

4.11 (a-b)). As the irradiation time increases from 1 h to 2 h, the enhancement of η by

improving the intensity of light is different. As the light intensity increases from 0.3

Sun to 1 Sun, the η increases from 2.1% to 5.6% with only ZnO after the irradiation

of 1 h, while the η is enhanced from 4.3% to 9.0% by using ZnO combined with MLA.

(Figure 4.11 (a)) The enhancement in η becomes larger when the irradiation time

increases to 2 h based on Figure 4.11 (b).

In addition, the η of SMX with both of MLA and ZnO is always higher than that
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Figure 4.11: Photodegradation efficiency of SMX after the irradiation for (a) 1 h and
(b) 2 h under the irradiation of the simulated solar light with different intensities (c)
The enhancement factor of η by using MLA during the irradiation for 1 h and 2 h

with only ZnO under varying light intensities. The enhancement factor obtained

by using MLA is shown in Figure 4.11 (c). Under irradiation with the same light

intensity, the change of the enhancement factor after adding the irradiation time from

1 h to 2 h is less than 0.6. The influence of irradiation on the performance of MLA is

negligible in the first two hours of photodegradation of SMX. The enhancement factor

drops down when the intensity becomes higher, showing that surface MLs perform

better under irradiation with low light intensity.

4.3.6 MLs-enhanced photocatalytic degradation in a glass
container

The MLs-enhanced photocatalytic degradation can be conducted in the MLs-

decorated glass vials. As demonstrated in Figure 4.12 (a), the glass vial keeps trans-

parent with surface MLs immobilized on the inner wall. In the microscopic image

(Figure 4.12 (b)), surface MLs on the vial gave various sizes and random spatial dis-

tributions because of the homogeneous hydrophobic coating on the inner surface of

the vial. The diameter of MLs displayed in the picture is from 1.40 µm to 310 µm.

The surface coverage rate of the MLs is around 50%.

The application of MLs-decorated vials can also enhance the η of degradation. As

shown in Figure 4.12 (c), the η of degradation with MLA obtained from UV Vis

spectra (Appendix B, Figure S3) is always higher than that using only ZnO. Under
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Figure 4.12: (a) Experimental set-up of ZnO-photocatalyzed degradation of SMX so-
lution with the MLs-decorated vial (C(ZnO)=10 mg/L, C(SMX)=5mg/L, pH=7.0)
(b) The optical image of the MLs on the inner wall of a glass vial (c) Photodegra-
dation efficiency of SMX with ZnO in a bare glass vial and an MLs-decorated vial
(d) Enhancement factor of ZnO-photocatalyzed degradation with the MLs-decorated
vial
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the irradiation of simulated solar light (1 Sun), the η of SMX with ZnO (10 mg/L)

reaches 50.2% after five hours of light treatment, while the value is further improved

to 56.0% after using the MLs-decorated vial. As demonstrated in Figure 4.12 (d), the

enhancement factor by using MLs-decorated vials is 1.60 after the irradiation for 1 h

and then continuously decreases with the irradiation time.

The degradation of SMX is significantly influenced by the concentration of SMX.

When the concentration of SMX is less than 5 mg/L, a lower concentration of SMX

results in a lower degradation rate.[202] The higher degradation rate with the exis-

tence of surface MLs directly leads to a lower concentration of SMX after irradiation.

Therefore, the degradation rate of SMX with surface MLs drops faster than the pro-

cess happening in the bare vial. As a consequence, the enhancement factor with

MLs-decorated vials will decrease with time.

4.3.7 Effect of water matrix on MLs-enhanced photodegra-
dation

The photocatalytic degradation of SMX with ZnO can be enhanced with surface

MLs not only in ultra-pure water but also in synthetic river water and real river

water. The photo in Figure 4.13 (a) displays the collection point of the river water.

By comparing the transmittance curves of different water matrices (Figure 4.13 (b)),

we find that the transparency of synthetic water and river water is less than that of

river water, especially in the wavelength ranging from 200 nm to 500 nm.

As displayed in Figure 4.13 (c), the η of SMX with both MLR and MLA is im-

proved compared with that with only ZnO. Similar to the results observed in pure

water, MLA has better performance than MLR in accelerating the photodegradation

of SMX. The η with the same type of MLs and irradiation time in the synthetic water

is lower than that achieved in the ultra-pure water (Figure 4.10 (e)). Compared with

the enhancement factor with surface MLs in ultra-pure water during the same irra-

diation time, the enhancement factor in synthetic river water is higher. For example,
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Figure 4.13: (a) A photo of the real river water collection site (b) Transmittance
curves of three types of water matrices (c) Photodegradation efficiency of SMX in
simulated water under simulated solar light (d) Enhancement factor of photocat-
alytic photodegradation efficiency of SMX achieved by MLR and MLA during 2 h
and 5 h of irradiation. (e) Photodegradation efficiency of MO in the real river water
under simulated solar light (f) Enhancement factor of photocatalytic photodegrada-
tion efficiency of MO obtained by MLA during 1 h, 2 h, and 5 h of irradiation.
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the enhancement factor of MLR is 1.61 and 1.43 after 2 h and 5 h of irradiation,

respectively. When using MLA, the factor is 3.0 for 2 h and 2.5 for 5 h (Figure 4.13

(d)).

The enhancement of photocatalytic degradation is also observed when using real

river water as the matrix. The photodegradation efficiency of MO in river water and

the enhancement factor of η over the irradiation time are plotted in Figure 4.13 (e)

and (f), respectively. Without utilizing ZnO, around 14% enhancement is achieved

by MLA after 5 h of irradiation. Compared with the condition without the catalyst

and surface MLs, the degradation efficiency of MO is enhanced by a maximum of

163% with only ZnO after 5 h of irradiation. By setting MLA on the top of the light

treatment chamber, the photocatalytic η of MO is further improved under the same

irradiation condition, which is 235% higher than the control group and 27% higher

than the group only with catalyst.

The difference in η and the enhancement factor after changing the water matrix

into synthetic river water or real river water can be attributed to the variation in

the transmittance of water. The transmittance of the synthetic water in the range

between 200 nm and 500 nm drops as displayed in Figure 4.13 (b), while the decrease

in transmittance of river water is even sharper. The decrease in the transmittance is

possibly caused by more light absorption of the synthetic river water and real river

water. As a consequence, the irradiation intensity in synthetic river water and river

water should be lower than that in ultra-pure water, thus the enhancement of η by

surface MLs is higher (as displayed in Figure 4.11 (c)).

4.4 Conclusions

In summary, our work demonstrates the microlenses (MLs)-enhanced photocat-

alytic degradation efficiency of micropollutants in water. More free radicals gener-

ated in the presence of surface MLs contribute to higher degradation efficiency. The

enhancement is generally observed for all four targeted organic contaminants by us-
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ing two kinds of photocatalysts. The microlens array is more effective than random

microlenses in the photodegradation of all involved pollutants, which is attributed

to the more effective redistribution of the irradiation energy. The performance of

surface MLs, represented by an enhancement factor, varies with pollutants because

of the difference in degradation mechanisms. Additionally, the enhancement in the η

of photocatalytic degradation is higher at a lower concentration of the photocatalyst

or under irradiation with lower intensity. Therefore, the results suggest that sur-

face MLs have the potential for applications where the excitation of photocatalysts

is suppressed. The feasibility of surface MLs in improving decontamination is also

verified in synthetic river water and a real river water matrix. In the next stage, sur-

face MLs may be tested in the light treatment of water samples containing multiple

contaminants.

4.5 Supplementary materials

Supplementary data to this article can be found in the Appendix, section A.2.
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Chapter 5

Scalable and facile formation of
microlenses on curved surfaces
enabling a highly customized
sustainable solar-water nexus

5.1 Introduction

Sunlight is an important sustainable energy resource in the remediation of contami-

nated water[4, 65, 66]. For example, solar water disinfection can effectively inactivate

a wide range of pathogens, due to a synergistic effect between UV irradiation and

temperature.[67, 68] Solar energy can also be transformed into chemical energy for

the degradation of hazardous materials in water.[203, 204] Current limitations in the

application of solar-driven technologies include limited types of solar-degradable or-

ganic contaminants[205], small capacity[206], energy loss in contaminated water, in

particular with high turbidity in water sources [207], and high dependence on sunlight

intensity [208]. So far, to overcome the challenge of the high turbidity of contaminated

water and the restricted sunlight availability, a possible solution is to redistribute and

focus light with low intensity at local hot spots.[78, 209]

Among technologies to improve the efficiency of solar energy usage, microlenses

(MLs) offer clear advantages in terms of flexibility[23], adaptability[78, 142], and

scalability[128, 143]. MLs are able to redistribute and focus light and inhibit the loss
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of energy due to light reflection and scattering.[146, 147] Thanks to the strong near-

field focusing effect of MLs, the focal points of MLs were hot spots with higher local

irradiance intensity and temperature.[29, 78, 111, 112] Recently MLs are increasingly

integrated in solar-driven optical devices [22, 144, 145]. In addition, surface MLs can

enhance the photodegradation efficiency of organic pollutants in water.[32]

Several typical reactors are used for the solar-water treatment. Among them,

inclined plate collectors are developed from the horizontal plates, receiving more irra-

diation due to the tilted angle for higher effectiveness[210]. With using tube receivers,

parabolic trough collectors have the higher effective area and more concentrated solar

radiation inside than planar reactors.[68, 211] Compound parabolic collectors combine

the functions of multiple types of reactors and further improve the solar harvesting

efficiency [212, 213]. Generally, reactors with curved surfaces are found to be more

efficient for solar-driven water treatment. Integrating MLs on the surface of these re-

actors may have the potential for further improving the photodegradation efficiency.

Currently, most of the fabrication technologies of MLs are largely limited to flat

substrates, small surface areas, and a low total number of MLs.[25, 119, 120, 122,

124, 127, 214, 215]. Multiple steps are required to fabricate MLs on curved surfaces.

For instance, an ML array (MLA) can be prepared on a flexible PMMA substrate

through screen printing followed by UV curing.[128] By combining a flexible mask

and the reactive ion etching process, MLs were fabricated on photo-curable resin

with a curved surface.[129, 130] In a multiple-templating method, arrays of MLs on

a planar substrate are first copied to a flat film of siloxane elastomer that was bent

into a curved template for a second round of templating.[131, 132] The technologies

mentioned above are dependent on complicated devices[26, 133] and precise control of

the dosage of the materials of MLs[134]. In comparison, surface MLs can be fabricated

without sophisticated equipment by a solvent exchange process followed by local

photopolymerization. [27, 185] The advantages of solvent exchange include various

available substrate materials, solution-based fabrication processes, and flexibility for
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adjusting the size and curvature of MLs[28, 29, 33, 136, 138, 216–222]. However,

surface MLs made by solvent exchange process are still restricted on 1D fiber or 2D

planar surfaces, which limits the development of surface ML-functionalized reactors

for a broader range of applications in solar water decontamination inside large reactors

with curved surfaces.

In this work, we present a highly tunable and scalable approach for producing MLs

on 3D topological surfaces using a solvent dilution process. We apply this method to

design reactors with improved photodegradation efficiency of organic contaminants

in water. The method proves to be feasible for the preparation of reactors having

irregular shapes, large surface areas that are comparable to three times of a standard

4-inch wafer, or made with glass or plastics, allowing for the functionalization of a

broad range of reactors with MLs. By adjusting the parameters in the solvent dilution

process, we are able to alter the size distribution and surface coverage rate of MLs.

The as-prepared MLs on curved surfaces may provide a simple and effective approach

to enhance solar-driven photodegradation in water treatment.

5.2 Methodology

5.2.1 Fabrication and characterization of PMMA surface mi-
crolenses (MLs) on glass

Surface poly (methyl methacrylate) (PMMA) MLs were polymerized from the

surface methyl methacrylate (MMA) microdroplets forming in a solvent dilution pro-

cess. The solvent dilution process could be conducted in arbitrary glass reactors with

functionalized inner surfaces.

A dilution process was designed to generate surface microdroplets on the com-

plicated surface, which is based on a three-component fluidic system. The ternary

system was composed of water, ethanol, and methyl methacrylate (MMA), and the

phase diagram of this system was shown in Figure 5.1 (a). Before the solvent dilution

process, the inner surfaces of reactors were hydrophobized with octadecyltrichlorosi-
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lane (OTS, 98.9%, Acros Organics, Fisher Scientific). The coating procedure was

the same as what was described in the previous literature.[185] During the dilution

process, solution A with a volume of four-tenths of the reactor capacity was first

added. Solution A contained 6.2 vol% MMA (≥ 98.5%, Alfa Aesar) and 0.62 vol% 2-

hydroxy-2-methylpropiophenone (96%, Fisher) as a photoinitiator in 50 vol% ethanol

aqueous solution. Afterwards, solution B that contained 0.05 vol % photoinitiator

in MMA-saturated Milli-Q water was pumped into the vertical-set reactor through

two outlets placed at the opening of the reactor with a fixed flow rate of (shown in

the sketch in Figure 5.1 (c)). The total volume of solution B for the solvent dilu-

tion process was three times of the capacity of a reactor. The excess liquid in the

solvent exchange process was excluded from the top of the reactors. During the sol-

vent dilution process, the concentration of MMA changed along the dilution curve

demonstrated in Figure 5.1 (a-b). MMA microdroplets containing the photoinitiator

formed on the inner surface of the reactors due to the oversaturation when solution

B replaced solution A.

The reactor used was optional from the self-designed arbitrary glass reactors with

different shapes shown in Figure 5.1 (d). Two of the reactors had cylindrical shapes

but with different dimensions. The smaller cylindrical glass reactor had a volume of

30 mL (Class A clear glass vial, Fisherbrand). The smaller cylindrical reactor was

utilized as a representative reactor for the adjustment of parameters in the solvent

dilution process due to its stability in dimension and simplicity of structure. The

adjusted parameters include the initial volume of solution A before the solvent dilution

(VSolA), initial concentrations of MMA in solution A (CMMA,0), and flow rates when

adding solution B. A much larger glass cylindrical reactor was also used to verify

the scalability of this method, which had an inner diameter of 8.0 cm, a height of

10.0 cm, and a volume of 503 mL. Considering the scale of the reactor, the OTS

coating procedure of the inner surface was modified into a chemical vapor deposition

method reported in the literature to save the use of chemicals.[223] During the solvent
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dilution process in the larger cylindrical reactor, a solid cylindrical object with the

same height as the reactor and a diameter of 5.0 cm was set vertically in the center of

the reactor to decrease the required amount of solution A and B. Three tubes instead

of two were evenly set at the openings in the solvent dilution process to ensure the

required flow rates. The other four irregular reactors included a snowman shape, a

petal shape, a three-arms shape, and a flower shape reactor, and the volume inside

was around 9 mL, 11 mL, 27 mL, and 72 mL, respectively. The shape, materials,

volume, surface area, and surface area to volume ratio (S/V) of all arbitrary reactors

with surface MLs functionalized and corresponding conditions in the solvent dilution

process were summarized in Table 5.1.

Sample CMMA,0 VSolA Flow rate
Reactor

Number /vol% /mL /mL·min−1
Reactor Volume (V) Surface area (S) S/V

shape /mL /cm2 /cm−1

1 6.2 12 6

Cylindrical 30 49 1.6

2 4.7 12 6

3 7.6 12 6

4 4.7 8 6

5 4.7 5 6

6 7.6 12 8

7 7.6 12 3

8 7.6 12 10

9 7.6 12 15

10 7.6 60 8 Cylindrical 503 251 0.5

11 6.2 4 6 Snowman shape 10 41 4.1

12 6.2 4 6 Petal shape 11 47 4.3

13 6.2 11 6 Three-arm 27 58 2.1

14 6.2 29 6 Flower shape 72 257 3.6

Table 5.1: Conditions of solvent dilution process for the preparation of ML-
functionalized reactors

After the solvent dilution process, the glass reactors filled with the mixture of

solutions were sealed and irradiated under a UV lamp (365 nm, Analytik Jena UV

lamp). Surface microdroplets of MMA containing a photoinitiator were polymerized
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into PMMA under UV irradiation. (Figure 5.1 (e)). The reactors with microdroplets

on the inner surface were irradiated for 20 min to 40 min depending on the reactor size.

During the irradiation process, the glass reactors were rotated every 10 min to ensure

that sufficient irradiation was all around the reactors. After photopolymerization of

the droplets, the reactors functionalized with MLs were rinsed with water and ethanol

subsequently and dried by air for characterization. The glass reactors functionalized

with surface MLs were observed with an optical microscope (Nikon H600l and Nikon

DSFi3). Each of the MLs functionalized cylindrical reactor (sample 1 to 9) was

divided into three parts, bottom (15 mm), middle (28 mm), and top part (15 mm)

for microscope observation. In order to analyze the surface coverage rate and the size

distribution of MLs in each sample, five photos were collected for each sample and

were analyzed with Image J. The inner surface of a plastic bottle without surface

functionalization could be also utilized as the substrate of surface microdroplets and

MLs in the presence of surfactant, which was demonstrated in the Appendix C (Figure

S1 (a-b)).

5.2.2 Photodegradation inside ML-functionalized reactors

In order to evaluate the performance of ML-functionalized reactors, the pho-

todegradation of organic contaminants in the water matrix was conducted in the

reactors. Methyl orange (MO, Sigma-Aldrich, ACS reagent) was utilized as one of

the organic pollutants to demonstrate the effectiveness of the ML-functionalized re-

actors. 5 mg/L MO aqueous solution was prepared by using ultrapure water (Milli-Q

Direct 16) as the solvent, and the pH value was controlled at 3.0 by adding sulfuric

acid (98%). Similarly, the aqueous solution of sulfamethoxazole (SMX, analytical

standard, Sigma Aldrich), another typical organic contaminant in wastewater, with

a concentration of 5 mg/L was prepared. The pH value of the SMX solution was not

changed with acid or base and was measured at 7.0.

The ML-functionalized cylindrical glass reactors fabricated by altering the con-
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Figure 5.1: (a) The phase diagram of a ternary system composed of water, ethanol,
and methyl methacrylate (MMA) and (b) the zoomed-in plot, and the dilution paths
involved in the MLs fabrication are displayed. (c) The sketch of the fabrication
process of a surface microlenses (MLs) functionalized-reactor based on a vertical-
oriented solvent exchange process, using a snowman shape reactor as an example,
and the opening of the reactor is set on top. (d) The reactors with different shapes In
the solvent dilution process, the opening of each reactor was labeled with a red dashed
box. (e) The sketch of the UV curing process to transform surface microdroplets to
surface MLs. (f) The experimental set-up of the indoor light treatment of MO solution
in an ML-functionalized petal-shape reactor, from 0 d (day) to 3 d.
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ditions in the solvent dilution process (sample 1 to 9) were firstly filled with MO

aqueous solution and then horizontally set under the simulated solar light (1 Sun,

SS200AAA Solar Simulation Systems, Photo Emission Tech) for 1 h, 2 h, and 3 h.

The ML-functionalized reactors with irregular shape (sample 11 to 14) were used for

the photodegradation of MO under both simulated solar light and natural indoor sun-

light (Figure 5.1 (f)). The light spectrum of the light source was shown in Appendix

C, Figure S2. The photodegradation efficiency, η, was calculated via Equation (5.1)

to quantify the extent of photodegradation. According to Beer-Lambert law[224]

(Equation (5.2)), the absorbance value of MO at a certain wavelength is proportional

to the concentration of MO in the solution. Therefore, Equation (5.1) could be trans-

formed into Equation (5.3), where Aini is the peak value of the absorbance curve at

the wavelength of 504 nm and Aaft is the peak value at the same wavelength after

the light treatment. The absorbance values of the MO solution were obtained from a

UV-visible spectrometer (Thermoscientific, Genesys 150).

η =
Cini − Caft

Cini

× 100% =
Aini − Aaft

Aini

× 100% (5.1)

A = log10(
I0
I

) = εCL (5.2)

η =
Aini − Aaft

Aini

× 100% (5.3)

A bare cylindrical reactor was used to conduct the same photodegradation process

as the control group. The enhancement in η achieved by the surface MLs that were

functionalized on the inner surface of cylindrical glass reactors was represented by an

enhancement factor defined by Equation (5.4).

f =
η(MLs reactor)

η(Control)
(5.4)
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The larger ML-functionalized glass cylindrical reactor (sample 10) was also used

for the photodegradation of MO and SMX in ultra-pure water under indoor solar

light. 500 mL MO or SMX aqueous solution prepared with the same method as

mentioned above was added to sample 10. The solution-filled bottle was set beside

the window for indoor light irradiation in Room 12-380 in Donadeo Innovation Centre

for Engineering, Edmonton, Canada. For each round of light treatment, a bare glass

bottle filled with the same amount of aqueous solution was set under the same light

source simultaneously for comparison. The photodegradation of MO in water was

conducted from December 17, 2021, to March 16, 2022, while the photodegradation

of SMX in water started on March 16, 2022, and ended on May 15, 2022. η of MO and

SMX was calculated by Equation (5.3) by inserting the absorbance values obtained

from the UV vis spectrometer.

5.2.3 Optical simulations of surface MLs

The surface ML-functionalized reactors filled with MO solution were modeled in

three-dimensional space with Zemax OpticStudio. Considering the 3D curved surface

had complex geometric structures, MLs functionalized on the curved surface could

be classified into two situations, as illustrated in Figure 5.2 (a). The surface ML was

immobilized on a convex surface or a concave surface in situation 1 or 2, respectively

(Figure 5.2 (b-c)). The whole system was illuminated by a plane wave source along

the Z direction. The space within the reactor was filled with MO aqueous solution,

and the yellow arrows indicated the direction of irradiation, as shown in Figure 5.2

(b-c). The source intensity was set to be the same as in the experiment (1 Sun). To

identify the focal point of the ML, an X-Z plane monitor was placed along the central

axis of the ML to obtain a cross-sectional intensity profile. The point in the profile

with the highest irradiance intensity was identified as the focal point.

The peak irradiation intensity (IPeak) in the cross-sectional light intensity profile

was defined as the intensity at focal points of MLs. The peak intensity normalized
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Figure 5.2: (a) Sketch of a 3D curved surface functionalized with surface MLs under
light irradiation. Surface MLs can be classified into two types. The ML on a convex
surface is defined as situation 1, while the ML on a concave surface is defined as
situation 2. (b) Zoom-in sketch of MLs in (b) situation 1 and (c) situation 2. Here,
R1 is the curvature of the lens, and R2 is the curvature of the surface at the position
of the ML. r is the lateral radius of the ML, and h is the height of the ML. θ is the
contact angle of the ML, and α is the half-central angle of the area occupied by the
ML on the curved surface.
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by the area covered by an ML (iPeak) was calculated based on Equation (5.5), which

eliminated the influence of the size of surface MLs and revealed the strength of fo-

cusing effect of MLs. ITotal is the total intensity at the focal points of MLs within an

area of 1 cm2 from a specific sample, which can be calculated by Equation (5.6). In

Equation (5.6), N is the total number of MLs within an area of 1 cm2 from a specific

sample.

iPeak =
IPeak

πr2
(5.5)

ITotal =
n=N∑︂
n=1

IPeak (5.6)

The thickness of a single ML, h, is the key parameter for the optical simulation,

which is obtained by Equation (5.7) based on the geometric relationship shown in

Figure 5.2 (b-c). In the equation, R1 and R2 are the curvatures of the spherical side

of the ML and the surface of the 3D curved reactor surface, respectively. r is the

lateral radius of the observed ML which can be extracted by the analysis with Image

J. α is half of the central angle that is occupied by the single ML, and θ is the contact

angle of PMMA MLs on the OTS-coated substrate which is 7.5 (±0.2)◦.[28] In order

to distinguish the difference between situation 1 and 2, R2 had a positive value for

situation 1 and a negative value for the other situation.

h = R1(1 − cosθ) + R2(1 − cosα) (5.7)

5.3 Results and discussion

5.3.1 Light intensity of MLs functionalized on the curved
surface of glass reactors

Figure 5.3 (a) and (b) show the representative cross-sectional light intensity profile

of a single ML on the curved surface at the spot with a convex structure (situation
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1) and concave structure (situation 2) under the light irradiation, respectively. The

lateral radius (r) of the ML involved in the optical simulations is 30 µm, located on

the inner surface of a glass reactor with the curvature (R2) of 11 mm (Figure 5.3

(a)) and -11 mm (Figure 5.3 (b)). In situation 1, a focal point with the highest local

intensity is found at the position of 164 µm below the top point of the inner surface

of the reactor. In situation 2, no focal point exists and the light beams under the ML

have higher intensity than other areas, contributed by the focusing effect of the ML.

In comparison, the maximum intensity of light under the ML with the same lateral

radius (r) is around 105 higher in situation 1 than that in situation 2. The huge

difference indicates that the ML-functionalized convex surface has a much stronger

focusing effect due to the shape of the reactor surface.

According to the optical simulations, the dependence of peak irradiance intensity

(IPeak) on the size of MLs and the curvature of the reactor surface varies in situation 1

and 2. As demonstrated in Figure 5.3 (c), IPeak continuously increases with the lateral

radius of the MLs in situation 1 for the reactors with different curvature. When R2

is 30 mm, the MLs with the same radius achieve the highest intensity at focal points,

while the IPeak is the lowest when the R2 is 15 mm. In situation 2, IPeak maintains

a similar value when the size of MLs differs (Figure 5.3 (d)). Slight enhancement

IPeak is observed when the curvature value of the reactor surface increases, which is

possibly attributed to the weaker diffusing effect of the concave surface with a larger

curvature value.

The area occupied by a single ML determines the amount of energy received from

light irradiation. In order to quantify the strength of the focusing effect of MLs, iPeak

is defined by normalizing IPeak by the area covered by the ML. The influence of MLs

lateral size and reactor curvature on iPeak is revealed in Figure 5.3 (e-f). In situation

1 (Figure 5.3 (e)), iPeak does not continuously increase but shows a maximal value

when the lateral size of the MLs reaches a certain value. The size of MLs with the

highest iPeak shifts with the curvature of the reactor surface. In situation 2 (Figure
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5.3 (f)), iPeak decreases with the lateral radius of MLs due to the negligible change

of IPeak.

5.3.2 Controlled fabrication of MLs on the inner surface of
cylindrical reactors

The representative photos of ML-functionalized cylindrical glass reactors prepared

by solvent dilution and local photopolymerization are displayed in Figure 5.4 (a). As

shown in the photo, the cylindrical reactor with surface MLs functionalized remains

transparent. Surface MLs are immobilized all over the inner surface of the reactors.

The difference in MLs density and size is observed in the vertical direction. Based on

the difference, each reactor is divided into three regions, including the top, middle,

and bottom region, and the properties of MLs in each part are relatively identical.

The difference in the fabrication conditions of sample 1 to 9 is quantified by the

concentration change of MMA with time in the solvent dilution process, which is

displayed in 5.4 (b-d). According to the varied parameters, the concentration dilution

curves of MMA are classified into three groups. For sample 1, 2, and 3, only the initial

concentration of MMA (CMMA,0) in solution A is altered, for sample 2, 4, and 5, only

the initial volume of solution A (VSolA) is changing, and for sample 3, 6, 7, 8, and 9,

only the flow rate during solvent dilution varies.

The concentration of MMA (CMMA) with dilution time (t) can be calculated by

equation (S1). Before the solvent dilution process, the initial concentration of MMA

is CMMA,0, and the initial volume of solution A is VSolA. The dilution process can be

divided into stages based on the correlation between the total volume of liquid (VT )

and t. In the first stage, VT is smaller than the volume of the reactor (VR), and t

should be smaller than the critical time, tR. tR is the dilution time when VT is the

same as VR. At this stage, VT is equal to the addition of the volume of VSolA and

solution B (VSolB) at the time of t. VSolB can be calculated by the flow rate (Q) and t,

so VT can be calculated with equation (S2). With equation (S2), the value of tR can
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Figure 5.3: Cross-sectional view of the light intensity profile of a single ML (r=30 µm)
at the curved surface reactor in (a) situation 1 (convex surface, R2=11 mm) and (b)
situation 2 (concave surface, R2=-11 mm). Z=0 represents the top point of the inner
surface of the cylindrical reactor. Peak irradiance intensity (IPeak) of a single ML with
different r on the surface with varied R2 in (c) situation 1 and (d) situation 2. Peak
irradiance intensity normalized by the area covered by an ML (IPeak) calculated with
Equation (5) of a single ML with different r functionalized on the curved surface with
varied R2 in (e) situation 1 and (f) situation 2. The dash and solid lines separately
indicated the trend of IPeak and iPeak with the lateral radius of a single ML.
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calculated according to equation (S3). By combing equation (S2) and equation (S3),

CMMA in the first stage can be quantified by the equation (5.8). When t is larger

than tR, which is the second stage of the dilution process, the addition of VSolA and

VSolB is over VR, so VT becomes constant and equal to VR. In the second stage, the

differential change of CMMA (dCMMA) with differential time (dt) is demonstrated by

equation (S4), and by integrating equation (S3) from time 0 to t, the CMMA function

with t in the second stage is obtained by equation (5.9).

Stage 1 (t≤tR):

CMMA =
CMMA,0 · VSolA

VSolA + Q · t
(5.8)

Stage 2 (t>tR):

CMMA =
CMMA,0 · VSolA

VR

· exp[− Q

VR

· (t− tR)] (5.9)

The morphology and spatial distribution of surface MLs are demonstrated by the

images obtained from the optical microscope in Figure 5.4 (e-g). In all three re-

gions, surface MLs randomly distributed on the homogeneous hydrophobic surface.

Size distribution variation among the top, middle, and bottom regions of each ML-

functionalized cylindrical reactor is validated with size analysis in the Appendix C,

Figure S3 (a-i). By comparing the size distribution curves in the bottom region and

the top region, it is found that a single peak can be observed in the lateral radius

range from 5 to 65 µm. However, the size distribution curve of MLs in the middle

region does not present an obvious peak in the same range of size. The frequency of

MLs with a lateral radius larger than 70 µm in the middle region is higher than that

in the other two regions. Generally, the lateral diameters of MLs in the middle region

are generally larger than the diameters of MLs in the top and bottom regions.

The spatial difference in the size distribution along the glass cylindrical glass re-

actor is attributed to the variation of MMA concentration gradient with the relative

position in the reactor and time. The solvent dilution process in cylindrical reactors

can be divided into three stages as illustrated by the sketch in Appendix C (Figure

104



S4). In the first stage, the ouzo effect can be observed after adding solution B to

solution A. Small droplets (size: a few µm to tens µm) form and adsorb onto the

hydrophobic surface. The microdroplets formed in this stage become the MLs in the

bottom region after the UV curing step. In the second stage, as the ratio of wa-

ter further increases, phase separation happened, resulting in the formation of larger

droplets (hundreds of µm). In this stage, the droplets are transferred into the MLs in

the middle region. In the third stage, the total amount of the liquid added exceeds

the capacity of the reactor and starts to get out of the reactor. Due to the phase

separation, the oil-rich phase sits on the upper part and is excluded from the reactor

first. Therefore, the concentration of MMA drops significantly. The rapid decrease

of oil concentration leads to the decrease of droplet size, so as the size of MLs size on

the curved surface.

The adjustment in the parameters during the solvent dilution process brings about

the variation of the overall size distribution of surface MLs on each glass cylindrical

reactor as illustrated in Appendix C, Figure S5 (a-c). The overall size distribution

curves consider all the MLs on the inner surface of the reactor regardless of the

variance among the three regions. By comparing sample 1, 2, and 3 (Appendix C,

Figure S5 (a)), the largest lateral radius among MLs in a reactor increases with

CMMA,0 in solution A. Among sample 2, 4 and 5 (Appendix C, Figure S5 (b)), higher

frequency of MLs with lateral radius over 80 µm the sample is observed when VSolA

is larger. By controlling the flow rate of filling solution B for sample 3, 6, 7, 8, and

9 (Appendix C, Figure S5 (c)), the width of the size distribution is enlarged at the

higher flow rate. In addition, the portion of MLs with lateral size smaller than 50

um becomes higher, and the maximum size of MLs becomes larger as the flow rate

increases, which is more obvious in the sample prepared with a flow rate higher than

8 mL/min.

The influence of each parameter in the solvent dilution process is analyzed based

on the MMA dilution curves in Figure 5.4 (b-d) and the corresponding size distri-
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bution in sample 1 to 9. Higher CMMA,0 in solution A contributes to the higher

oversaturation level during the solvent dilution process, so larger surface MLs are

generated in sample 3. Except the CMMA,0 in solution A, the total amount of MMA

determines the oversaturation level during the solvent dilution. For sample 2, 4, and

5, the concentration gradient of MMA is larger under the condition with a higher

VSolA. Therefore, more MLs with a radius over 80 µm were observed in sample 2.

By increasing the flow rate in the solvent dilution process, the oversaturation level

decreases more rapidly. Simultaneously, the higher flow rate also results in a faster

mass transfer rate, contributing to the growth of droplets. Therefore, we could see a

broader size distribution in the sample at a higher flow rate (Appendix C, Figure S5

(c)).

The surface coverage rate of all ML-functionalized cylindrical glass reactors is plot-

ted in Figure 5.4 (h). The minimum surface coverage rate is 30.6% obtained from

sample 1, and the maximum rate is 49.9% in sample 3. By comparing the samples

fabricated with varied CMMA, it is found that the surface coverage rate increases with

the volume ratio of MMA. Among the samples with the only difference in the VSolA,

the surface coverage rate first decreases and then increases with the volume of solution

A. By only adjusting the flow rates during the solvent exchange process, the surface

coverage rate first increases and then remains at a similar level when increasing the

flow rate from 3 mL/min to 15 mL/min. The total intensity at the focal points of

MLs in each sample (ITotal) can be calculated based on the optical simulations of MLs

on the curved surface and the size information extracted from optical images of MLs.

Sample 6 has the highest ITotal, while sample 5 has the lowest ITotal. The difference in

the value of ITotal of ML-functionalized cylindrical glass reactors is determined by the

variation of MLs properties, including the surface coverage rate and size distribution

of MLs.

The correlation of ITotal and the parameters in the solvent dilution process is in-

vestigated for the optimization of the ML-functionalized reactors. The correlation
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between ITotal and CMMA,0 in solution A is demonstrated in Figure 5.4 (i). As CMMA,0

increases from 4.7 vol% (sample 2) to 7.0 vol% (sample 3), ITotal decreases first and

then increases. As displayed in Figure 5.4 (i), ITotal of the samples increases when

the VSolA is improved from 5 mL to 12 mL. The improvement in ITotal is the possi-

ble consequence of the higher surface coverage rate of MLs in the sample prepared

with larger VSolA (Figure 5.4 (h)) and more MLs with the lateral radius over 80 µm

(Appendix C, Figure S5 (b)). The correlation between ITotal and the flow rate in

the solvent dilution process is illustrated in Figure 5.4 (j). When the dilution rate

varies between 3 mL/min and 15 mL/min, ITotal first increases and then decreases as

the dilution rate becomes higher. Among the five samples fabricated with different

flow rates in solvent dilution, sample 6 has the highest ITotal. The possible reason

for the high ITotal in sample 6 is the relatively high surface coverage (Figure 5.4 (h))

and more MLs with lateral size between 20 µm to 60 µm (Appendix C, Figure S5

(c)), which is the size range of MLs with relatively higher focusing effect as shown in

Figure 5.3 (e).

Among the three involved parameters in the solvent dilution process, the flow rate

causes the most significant change of ITotal. The effect of changing CMMA, 0 and

VSolA is mainly revealed in MLs with larger radius (over 70 /mum), and those larger

MLs play a less important role in the focusing effect as indicated in Figure 5.3 (e).

In comparison, the size distribution width can be adjusted by controlling the flow

rate in the solvent dilution process. According to the experimental results, the ITotal

reaches the maximum value when the flow rate is 8 mL/min. However, if the flow rate

further increases, CMMA changes too fast to ensure a stable concentration gradient.

In this situation, some large MLs (r > 200 µm) form and escape from the surface due

to the increasing buoyancy, and then the portion of small MLs (r < 20 µm) becomes

higher, leading to a lower value ITotal and the weakened focusing effect.
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Figure 5.4: (a) The photos of ML-functionalized cylindrical glass reactors from sample
1 to 9 (scale bar: 2 cm). Each reactor is divided into three regions, including the top
(15 mm), middle (28 mm), and bottom (15 mm) regions. The concentration of MMA
(CMMA) with the time in solvent dilution process within samples prepared with (b)
different initial MMA concentrations (sample 1, 2, and 3), (c) varied initial volume
of solution A (sample 2, 4 and 5), and (d) varied dilution rates (sample 3, 6, 7, 8 and
9). Optical images of MLs on the inner surface of sample 1 to 9 in the (e) top region,
(f) middle region, and (g) bottom region (scale bar: 300 µm). (h) Surface coverage
rates of MLs on the inner surface of sample 1 to 9. Correlation between ITotal in an
area of 1 cm2 and (i) initial MMA concentrations in solution A (sample 1, 2, and
3) and varied initial volume of solution A (sample 2, 4, and 5), (j) varied dilution
rates (sample 3, 6, 7, 8 and 9). (k) The photodegradation efficiency (η) of MO and
(l) enhancement factor of η under the simulated solar irradiation of 1 h, 2 h, and 3
h with bare cylindrical glass reactor (control group) and ML-functionalized sample 1
to 9. (m) η of MO after the light treatment of 1 h and 2 h with the ITotal over the
area of 1 cm2 in sample 1 to 9.
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5.3.3 Enhancement of photodegradation of MO in ML-functionalized
cylindrical reactors under simulated solar light

Based on the representative absorbance spectra in Appendix C (Figure S6), the en-

hancement of photodegradation of MO by ML-functionalized cylindrical glass reactors

is confirmed. Based on the UV-visible spectra, the photodegradation efficiency of MO

under the simulation light is calculated and plotted with irradiation time in Figure

5.4 (k). In the control experiment conducted in the bare cylindrical glass reactor, the

degradation of MO during the irradiation of 3 h is negligible. For the photodegrada-

tion of MO in the ML-functionalized cylindrical glass reactors, the photodegradation

efficiency obviously increases under the same irradiation condition. The enhancement

factor calculated with Equation (5.4) helps to quantify the improvement in η of MO

in ML-functionalized cylindrical glass reactors (Figure 5.4 (l)). The enhancement fac-

tor of MO photodegradation in ML-functionalized cylindrical glass reactors decreases

with the irradiation time. During the same time of light treatment, the difference in

the enhancement of η is observed among sample 1 to 9. Sample 6 shows the high-

est enhancement factor of 73.5, while the least enhancement is found in sample 5.

The difference in the performance of ML-functionalized cylindrical glass reactors is

attributed to the varied properties of surface MLs in each sample that are caused by

altering fabrication conditions in the solvent dilution process. In brief conclusion, the

size and number of MLs determine the strength of the focusing effect, quantified by

ITotal, which is revealed in the variation of η of MO in the ML-functionalized reactors

(Figure 5.4 (m)).

5.3.4 MLs on the surface of the reactors in complex geome-
try: properties and performance in photodegradation

Aside from cylindrical reactors, surface MLs can be immobilized on the inner wall

of more complex reactors, such as snowman-shaped, petal-shaped, tree-armed, and

flower-shaped glassware. As shown in Figure 5.5 (a-d), the whole inner surface of
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glass reactors with irregular shapes are functionalized by surface MLs, and the ML-

functionalized reactors remain transparent. By zooming on the smaller area, surface

MLs are observed to be randomly distributed over the inner wall of the reactors.

The details of MLs morphology and surface coverage rates are obtained from the

representative microscope images of sample 11 (snowman shape) and sample 12 (petal

shape) in Appendix C (Figure S7 (a-d)). The surface coverage rate of MLs in sample

12 is around 6% higher than that in sample 11. By plotting the size distribution

curves of MLs on the inner surface of the two reactors in Appendix C, Figure S7 (c),

we can observe that the frequency of MLs decreases with the lateral radius of MLs

in both reactors. The frequency of MLs with a radius smaller than 7 µm is higher in

the petal shape reactor than that in the snowman shape one, while a larger portion

of MLs with a radius larger than 50 µm are found in the snowman shape reactor.

The reactors from sample 11 to 14 are utilized for the photodegradation of organic

pollutants under either natural light or simulated solar light. The experimental set-up

shown in Figure 5.5 (e) enables the MO solution-filled reactors to receive solar light

through the glass window. As the irradiation time increases, an obvious decay of color

is observed in the ML-functionalized reactors (Figure 5.5 (f)), but the color change of

solution in the bare glass reactors is indistinguishable. The more rapid color change

in ML-functionalized irregular reactors indicates the faster degradation rate of MO,

which is confirmed by the photodegradation efficiency calculated by Equation (5.1).

In Figure 5.5 (g-h), η of MO in reactors without surface MLs and with surface MLs is

plotted with irradiation time, respectively. In comparison, η in the ML-functionalized

petal shape reactor is the highest, reaching 71.0% after 11 d of irradiation, achieving

around 2 times enhancement compared with that without surface MLs.

The improvement of photodegradation of MO by surface MLs functionalized on

the wall of irregular reactors under simulated solar light is significant. With the ex-

perimental setup demonstrated in Figure 5.5 (i), the light source is set on top of the

reactors. During the irradiation of 2 hours, the color change of MO solution in the
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Figure 5.5: The photo and zoom-in photo of surface MLs-decorated (a) snowman
shape (sample 11), (b) petal shape (sample 12), (c) three-arms (sample 13), and (d)
flower shape (sample 14) glass reactor. (e) ML-functionalized reactors filled with MO
solution (5 mg/L, pH=3.0) irradiated by the natural light indoor treatment for 6
days. (f) The color change of MO solution after the irradiation of 11 d in sample
11 to 14. η of MO in (g) bare and (h) ML-functionalized arbitrary glass reactors
with irradiation time. (i) Experimental set-up of the simulated solar light treatment
of MO in sample 11 to 14. (j) The color change of MO solution in sample 14. η of
MO in the (k) bare and (l) ML-functionalized irregular glass reactors under simulated
solar light. Experimental set-up of the natural light indoor treatment of (m) MO (5
mg/L, pH=3.0) and (n) SMX solution (5 mg/L, pH=7.0), and a photo of an ML-
functionalized large cylindrical reactor (sample 10) and the zoom-in image of MLs on
the inner surface are attached on (m). η of (o) MO and (p) SMX under the natural
light indoor with a bare glass bottle (control) and sample 10.
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unmodified reactors is negligible (Appendix C, Figure S8), while the decolorization

of MO solution is more obvious in the ML-functionalized reactors after the irradi-

ation, especially the ML-functionalized flower shape reactor (Figure 5.5 (j)). The

photodegradation efficiency of MO in the irregular glass reactors without and with

surface MLs is plotted in Figure 5.5 (k) and (l). On one hand, η of MO is less than

7% in all bare irregular glass reactors after the irradiation under simulated solar of

2 hours. On the other hand, η of MO in the ML-functionalized irregular reactors

is substantially increased. Among all ML-functionalized irregular glass reactors, the

flower shape reactor has the best performance, in which η of MO reaches 83.0% after

the treatment of 2 h, which is more than 12 times higher than the η in the nonfunc-

tionalized flower shape reactor.

As shown in photodegradation efficiency, we can conclude that surface MLs gen-

erally improve the photodegradation efficiency of MO under natural indoor light and

simulated solar light. In addition, the effect of surface MLs varies correspondingly

while the shape of the reactor changes. One of the possible reasons is the variance

in the surface area to volume ratio of reactors with different shapes. In the experi-

ments under the irradiation of office light, η of MO increases with the surface area

to volume ratio of reactors. However, after changing the direction of irradiance, the

actual area receiving the irradiation of light sources is also altered, further affecting

the performance of ML-functionalized reactors. (shown in Appendix C, Figure S9).

As shown in the photodegradation under the simulated solar light, the flower shape

reactor presents much higher η than any other reactors due to the highest irradiated

area with the light source set on top of the ’multi-petals’ side. Additionally, the prop-

erties of surface MLs, such as surface coverage rate and size distribution, vary with

the reactor shape because different geometric structures of the reactor may disturb

the formation and growth of microdroplets during the solvent dilution process. Last

but not least, the curvature of the reactor surface also influences the strength of the

focusing effect, as shown in Figure 5.3. To optimize the design of ML functionalized
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reactors with complicated shapes, further studies are required in the future.

5.3.5 3.5 Enhanced photodegradation under indoor solar light

The fabrication method of surface MLs with solvent dilution can be scaled up by

16.7 times larger in volume and 5.6 times larger in the surface area inside a cylindrical

glass reactor. The scaled-up ML-functionalized glass reactor (sample 10) and the

zoom-in image of MLs on the inside wall are displayed in Figure 5.5 (m), showing

the high transparency of the ML-functionalized glass bottle and the morphology of

surface MLs.

With the experimental setup in Figure 5.5 (m-n), higher photodegradation effi-

ciency of either MO or SMX in the ML-functionalized bottle under natural indoor

light is acquired than that in a bare bottle (Figure 5.5 (o-p)). The improvement

of photodegradation under natural indoor light firstly increases with the irradiation

time and then decreases, which is observed in the degradation of both MO and SMX.

The highest enhancement factor in η by the ML-functionalized bottle is 6.57 for the

degradation of MO after 62 d of irradiation, while the highest enhancement is 1.22

for the degradation of SMX after 27 d of light treatment. Such a difference in the

enhancement factor of organic pollutants is due to the variation of photodegradation

mechanisms.[33] In addition, compared with the enhancement of η achieved in the

wide cylindrical reactors is much lower than that in the narrower cylindrical reactors

(sample 1 to 9) and the reactors with irregular shapes (sample 11 to 14). One of

the important reasons may be the much lower surface area to volume ratio of the

wider cylindrical reactor (Table 5.1). Last but not least, the ML-functionalized glass

bottle can be reused multiple times without observing any difference in the chemical

properties of MLs (as shown in Appendix C, figure S10).
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5.4 Conclusions

MLs are fabricated on curved surfaces for enhanced photodegradation of organic

contaminants in water through the polymerization of surface microdroplets made

by a solvent dilution process. The solution components, solution amount, and flow

conditions during the dilution process can be controlled to obtain customized size

distribution and surface coverage rate of MLs. Enhanced photodegradation efficiency

is demonstrated in six types of ML-functionalized reactors. Both optical simulations

and experimental results show that the strength of the focusing effect of MLs on a

reactor quantified by the total intensity at the focal points of MLs is correlated with

the dimensions and spatial arrangement of MLs and the curvature of the surface. The

photodegradation efficiency is improved by over 80 times at maximum with MLs on

the reactor wall. Furthermore, the method is applied to fabricate MLs over the surface

of a large reactor with a capacity of up to 500 mL, demonstrating the scalability of

the approach. The technology demonstrated in this work may be implemented to

design compact and efficient reactors for sustainable solar-driven water treatment.

We envision that the fabrication technology of MLs on 3D curved surfaces developed

in this work opens up a wide range of applications of MLs in novel optical devices

and sensing, with potential impact far beyond photodegradation in sustainable solar-

driven water treatment focused in the current study.

5.5 Supplementary materials

Supplementary data to this article can be found in the Appendix, section A.3.

Additional data include the morphology of ML-functionalized PET reactor, spectra

of simulated solar light and natural light indoor, equations for the calculation of

MMA concentration during the solvent dilution process, the size distribution of MLs

on cylindrical reactors and corresponding analysis, a sketch of the mechanism of

droplets formation in the solvent dilution process, representative UV-visible spectra
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of MO solution during the light treatment in cylindrical reactors under simulated solar

light, characterization of surface MLs on the surface of irregular reactors (for sample

11 and 12), color change of the MO solution before and after the light treatment in

irregular reactors, the light treatment results in ML-functionalized irregular reactors

(sample 13 and 14) by changing the irradiation direction, and the stability of surface

MLs after irradiation confirmed by FT-IR spectra.
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Chapter 6

Convex and concave microlens
arrays with tunable curvatures for
enhanced photodegradation of
organic pollutants in water: a
contact or non-contact approach

6.1 Introduction

Currently, the challenges of the practical application of solar-driven photodegrada-

tion include the restricted conversion rate of solar energy to chemical energy[13], the

difficulty in scaling up the reactor[14], and the decentralized and intermittent features

of solar irradiation[15, 16]. Some strategies have partially addressed the problems

occurring in the solar-driven photodegradation process. For example, diverse pho-

tocatalysts, such as ZnO[225–227], TiO2[227, 228], Bi2WO6[229, 230], carbon-based

materials[231, 232], and biological materials[233, 234], have been proven effective in

improving the utilization efficiency of solar energy by lowering the energy barrier of

the photodegradation of organic pollutants. However, the effectiveness of photocata-

lysts is significantly suppressed when solar becomes weaker[103, 106]. Some reactors

for solar-driven processes, such as compound parabolic collectors[104, 213], success-

fully increase the amount of treated wastewater with a fluidic system and concentrate

the solar irradiation by the curved surfaces, but those reactors require precise man-
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ufacturing and extra maintenance.[235] Therefore, a technology is required to con-

veniently integrate with other technology and improve the light-harvesting efficiency

under various irradiation conditions.

Microlens arrays (MLAs) are lenses with the dimension between a few µm to hun-

dreds µm, that are arranged in specific patterns.[236] MLAs are widely applied in

optical systems to optimize the redistribution of light.[237, 238] MLAs are not only

able to converge or diverge the light similar to the macroscopic lenses but also act

as important components in the devices for imaging[17, 18], photo-responsive sen-

sors[239, 240], light emitting devices[25, 241], and fluorescence detection[242, 243]

because of the near-field effect. In addition, MLAs are easy to be integrated with di-

verse devices due to their relatively small size.[24] The outstanding optical properties

and small dimensions of MLAs also make them promising in the applications of MLAs

in the solar harvesting process. The usage of MLAs has successfully improved the

power conversion efficiency of solar cells.[23, 125] MLA-functionalized reactors have

been reported to significantly enhance the water desalination efficiency driven by so-

lar energy by creating hot spots with much higher light intensity and temperature via

the strong focusing effect.[78] Importantly, enhanced photodegradation efficiency of

organic contaminants in water has been observed by implementing the MLAs in direct

or catalytic photodegradation, especially when solar irradiation becomes weaker.[32,

33]

The optical properties of MLAs are found to be closely related to their geome-

try. Curvature is one of the important parameters that influence the redistribution

of light that transmits through the MLAs. Previous work has found that the MLA

with a larger curvature and similar lateral size has higher light intensity at the focal

points.[244, 245] Concave MLA with adjustable curvature showed different scattering

ability[124] and focusing performance[246]. In our previous work, the photodegrada-

tion of methyl orange in the presence of the PMMA MLA with larger curvatures had

higher enhancement.[32] Therefore, tuning the curvature is an effective method to
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optimize the optical properties of MLA according to the requirements of the design

of solar-driven reactors. However, most of the fabrication methods of MLAs with

adjustable curvatures have certain limitations.

Mechanical machining[247] or direct laser writing[26, 248] helps to precisely control

the curvature and shape of MLAs, while the precision requirements and the expenses

are too high to achieve for most practical applications. The aforementioned direct

formation techniques are restricted to a chip scale and are hard to meet the require-

ments of real reactors. Changing the surface tension of precursor liquid is one of the

commonly used methods to tune the curvature of MLAs.[245, 249, 250] For the inkjet

printing technology, the surface tension of viscous ink before UV curing can be tuned

by coating different silane layers onto the substrate.[134] Alternatively, the surface

tension can also be gradually changed by controlling the temperature of precursors,

and larger curvature is obtained under lower temperatures with stronger surface ten-

sion.[251, 252] However, the range of the tunable curvature is limited in the methods

based on the surface tension adjustment. For most of the methods mentioned above,

the size of a single microlens in the MLA is over 100 µm, which restricted the study

of the potential of MLAs with even smaller dimensions. In addition, MLAs manu-

factured by the majority of the technologies are confined on planar surfaces since the

devices for pattern formation, such as photolithography, are not adaptable to curved

surfaces.[24, 253] Therefore, a scalable technology to fabricate the MLAs with tunable

curvature, smaller dimensions till a few µm, and flexible substrate is worthwhile to

develop for more effective solar-driven photodegradation reactors.

Surface MLAs produced by a solvent exchange process and in-situ photopoly-

merization have been reported to have tunable curvatures[140, 160]. Surface mi-

crodroplets arrays composed of monomers and photoinitiators form on hydrophobic

domains on the pre-patterned substrate due to the oversaturation during the solvent

exchange process.[27] As the concentration gradient of monomer and flow conditions

during the exchange of process, the growth of the microdroplets is correspondingly
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influenced, leading to the variance of contact angles.[28] After transforming the micro-

droplets arrays into MLAs, the variance of contact angle is reflected in the difference

of curvatures[135]. Furthermore, surface MLA can also be utilized as a new pre-

patterned substrate with the MLAs acting as the new hydrophobic domains for the

formation of the secondary MLA on top[30, 160] MLAs fabricated by such method

could achieve great uniformity and precise dimension to a few microns, which are also

able to enhance the photodegradation of organic contaminants in water. However, no

systematic work has been conducted to optimize the method to prepare the MLAs

suitable for solar-driven reactors for contaminated water. Furthermore, MLAs pre-

pared by this fabrication technology are restricted to a limited scale on 2D surfaces

and can hardly be integrated with real reactors. Last but not least, the polymeric

MLAs that have been reported used for the photodegradation enhancement are set

inside the reactors and immersed in the contaminated water, possibly introducing

secondary pollution.[32]

In this work, we develop both convex polymeric MLAs and concave MLAs with

tunable curvatures to enhance the photodegradation of organic contaminants in water.

The polymeric convex MLAs are obtained through photopolymerizing surface micro-

droplets nucleating on a pre-patterned substrate during the solvent exchange process.

Surface microdroplets can form on top of the convex MLA base and then merge with

the base MLA into a new convex MLA with higher curvatures after the photopolymer-

ization. By adjusting the flow rates, monomer concentrations, and rounds of solvent

exchange, we are able to finely tune the curvature and lateral radius of the MLAs.

These polymeric convex MLAs can be repeatably imprinted on elastic PDMS films

by soft lithography to create concave MLAs embedded on PDMS films. The optical

properties of convex and concave MLAs are characterized by optical simulations and

confocal microscopy. The performance of PLMA convex MLAs and concave MLAs

with various curvatures is evaluated by the photodegradation efficiency of organic

contaminants under simulated solar light. Based on the strength of focusing effects
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which is correlated with the curvature of MLA, the influence of curvatures on the

effectiveness of convex and concave MLs is investigated. To explore the potential of

MLAs with tunable curvatures, we conduct light treatment under suppressed irradia-

tion conditions in real river water and synthetic high-turbidity water. The convex and

concave MLAs with tunable curvatures fabricated in this study provide a sustainable

approach to enhance solar-driven photodegradation in complicated water matrices

and can be easily coupled with diverse systems.

6.2 Methodology

6.2.1 Fabrication and characterization of convex polymeric
microlens array with varied curvatures through solvent
exchange

Surface convex polymeric microlenses array (MLA) were fabricated by in-situ pho-

topolymerization of nanodroplets array. The formation of surface nanodroplets array

is carefully controlled through a highly-tunable solvent exchange process which has

been reported in the literature [27, 30, 160]. In a confined 2D fluidic chamber fully

filled with solution A, solution B was added to replace solution A at certain flow rates.

Solution A consisted of a UV-curable monomer, photoinitiator, and a mixture of good

solvent and poor solvent of monomer, while solution B was the poor solvent saturated

with the monomer and photoinitiator. The UV-curable monomers used for the work

included lauryl methacrylate (LMA, Acros Organics) and 1,6-hexanediol diacrylate

(HDODA, 98.5%, Alfa Aesar). Surface nanodroplets formed on the hydrophobic sub-

strate due to the oversaturation induced by the solvent exchange process. (Figure 6.1

(a-1)) By using a pre-patterned substrate that had circular hydrophobic domains and

hydrophilic surrounding areas, the formation of monomer nanodroplets was restricted

in the circular domains, and a highly ordered array of surface nanodroplets was gener-

ated. The pre-patterned substrate was fabricated with the photolithography method

reported in the literature [140]. After the UV curing step under irradiation at the
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wavelength of 365 nm (Analytik Jena UV lamp) for 15 min, surface nanodroplet ar-

rays were transformed into polymeric convex microlens arrays (MLAs). (Figure 6.1

(a-2))

Surface polymeric MLA that was fabricated with one round of solvent exchange

and local photopolymerization can be used as the new substrate for more rounds of

solvent exchange process (Figure 6.1 (a-3)), and surface nanodroplets would prefer to

form on top of MLA due to the lower surface energy than on the spacing area.[160]

After the UV curing step, the surface nanodroplets on top of the MLA were cured

into the polymer and merged with the base structure, creating a new MLA.(Figure

6.1 (a-4)) During each round of solvent exchange, the volume of nanodroplets could

be carefully controlled by adjusting the composition of solution A or the flow rates

when solution B was added to solution A.[27, 28] The conditions of preparing MLA

samples and the corresponding sample name were listed in Table 6.1. For sample 1

to 7, surface MLAs were fabricated on a pre-patterned substrate with an area of 672

mm2 (56 mm× 12 mm). For sample 8 to 11, the area covered by MLA with tunable

curvature was expanded to 100 cm2 (10 cm× 10 cm) by scaling up the chamber and

substrate, plus customized flow conditions during the solvent exchange.

The morphology of polymeric convex MLAs was characterized by the optic micro-

scope (Nikon H600l) equipped with a camera (Nikon DSFi3). Combining the photos

from the microscope and the analysis by Image J, the lateral size of a single ML and

the surface coverage rate of MLA in every sample were measured. The 3D structure

of polymeric MLA was characterized by an atom force microscope (AFM, tapping

mode, Bruker Innova) and a confocal microscope (Axio CSM 700, Zeiss). The inten-

sity profiles of polymeric MLA was acquired by capturing the light intensity around

sample 1 to 11 through a confocal laser scanning microscope (SP8, Leica).
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Figure 6.1: (a) Steps of fabricating convex MLAs with tunable curvatures. In step
1 (a-1), the microdroplets form on pre-patterned substrates during the first round of
solvent exchange; In step 2 (a-2), the microdroplets are polymerized under UV light
and transformed into an MLA; In step 3 (a-3), the microdroplets form on top of the
MLA obtained in previous step; In step 4 (a-4), the microdroplets are polymerized
and combined with the MLA base. (b) Steps of fabricating concave MLAs embedded
in PDMS films. In step 1 (b-1), the convex MLAs are functionalized with silane;
In step 2 (b-2), the degassed mixture of PDMS pre-elastomer and curing agent is
cast on top of functionalized convex MLAs; In step 3 (b-3), the mixture of PDMS
pre-elastomer and curing agent are cured in the oven at the temperature of 75 ◦C for
45 min; In step 4 (b-4), the PDMS films are peeled off from the convex MLAs. The
step (b-2) to step (b-4) can be repeated for multiple times.
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Sample Substrate Solution A Flow rate (mL/h)

1 Pre-patterned glass (672 mm2) 2.0 vol% LMA, 0.2 vol% initiator in ethanol 8

2 Sample 1 1.0 vol% LMA, 0.1 vol% initiator in ethanol 6

3 Sample 1 2.0 vol% LMA, 0.2 vol% initiator in ethanol 6

4 Sample 1 3.0 vol% LMA, 0.3 vol% initiator in ethanol 4

5 Sample 1 4.0 vol% LMA, 0.4 vol% initiator in ethanol 3

6 Sample 1 4.0 vol% LMA, 0.4 vol% initiator in ethanol 4

7 Sample 6 2.0 vol% LMA, 0.2 vol% initiator in ethanol 4

8 Pre-patterned glass (100 cm2) 2.0 vol% LMA, 0.2 vol% initiator in ethanol 45

9 Sample 8 2.0 vol% LMA, 0.2 vol% initiator in ethanol 35

10 Pre-patterned glass (100 cm2) 3.8 vol% HDODA, 0.4 vol% initiator in 50 vol% ethanol/water solution 35

11 Sample 10 2.0 vol% HDODA, 0.2 vol% initiator in 50 vol% ethanol/water solution 30

Table 6.1: Conditions of solvent exchange process for the preparation of convex poly-
meric MLAs

6.2.2 Fabrication and characterization of reverse microlens
array with varied curvatures through soft lithography

Flexible concave MLAs could be repeatedly prepared by using the polymeric convex

MLAs as the templates. Polymeric convex MLAs prepared with the same condition

with sample 8 to 11 were used as templates, and those polymeric MLAs were func-

tionalized before the soft lithography.(Figure 6.1 (b-1)) For PLMA convex MLAs,

a commercialized spray (Pro-Tex protector spray, Moneysworth & Best) was used

to make the PLMA MLA templates more hydrophobic at room temperature. For

PHDODA MLAs, perfluorodecyltrichlorosilane (PFOTS, 97%, Sigma Aldrich) was

coated through a chemical vapor deposition (CVD) process. During CVD coating

process, a desiccator was pre-purged by a vacuum pump (MZ1C, BrandTech) for 30

min and then placed in an oven at 100 ◦C for 60 min. Then the cleaned and dried PH-

DODA MLAs were placed in the preheated desiccator with a well of 150 µL PFOTS.

After purging out the air with the vacuum pump for 30 min, the desiccator was kept

in the oven at 80 ◦C for 60 min.

To obtain the reverse structure of polymeric MLA, PDMS pre-elastomer and curing

agent (SYLGARD 184, Dow) was thoroughly mixed with a weight ratio of 15 to 1.

The mixture was degassed within a desiccator connected to the vacuum pump for

3 hours to remove the bubbles. Afterwards, 20 g of the mixture was poured into
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a petri dish (diameter: 150 mm, PYREX), in which the functionalized polymeric

surface MLA template (10 cm × 10 cm) was set at bottom center.(Figure 6.1 (b-2))

After a curing process at 80 ◦C for 25 min in an oven, a flexible crosslinked PDMS

film with a concave MLA structure with a thickness of around 1 mm was peeled

off from the polymeric MLA template and then sonicated in acetone and ethanol

for 10 min, respectively.(Figure 6.1 (b-3)) As shown in Figure 6.1 (b-4), the surface

functionalized polymeric convex MLA could be repeatedly used as the template for the

fabrication of the PDMS film with a concave MLA structure. The PDMS films were

defined as concave PDMS MLAs. Similar to convex polymeric MLAs, the morphology

and intensity profiles of concave PDMS MLAs were caught by optical microscope

and confocal microscope. Aside from AFM, the scanning electron microscope (SEM,

Sigma FESEM, Zeiss) was utilized to observe both the top view and cross-sectional

view of the PDMS concave MLA, which provided more accurate depths of the concave

MLAs.

6.2.3 Photodegradation of organic pollutants in an aqueous
environment with convex microlens arrays and reverse
microlens arrays

Convex polymeric and concave PDMS MLAs were both applied in the photodegra-

dation of organic pollutants in water. Two typical organic contaminants, methyl or-

ange (MO, 85%, Sigma-Aldrich) and carbendazim (CBZ, analytical standard, Sigma

Aldrich), were chosen as the model compounds to compare the performance of dif-

ferent MLA samples in improving the photodegradation efficiency, and the chemi-

cal structures were shown in Figure 6.2 (a-b). Since convex polymeric MLAs were

immobilized on glass substrates, the MLA-decorated substrate was set on top of a

self-assembled light treatment reactor with the side with MLA facing down, shown in

Figure 6.2 (c). In the light treatment reactor equipped with concave PDMS MLAs,

the MLAs were set on top with MLAs facing down. To avoid the adsorption of target
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Figure 6.2: Chemical structures of the organic pollutants used in the photodegrada-
tion, including (a) methyl orange (MO) and carbendazim (CBZ). The sketch of the
self-assembled reactors for the light treatment with (b) convex MLAs or (c) concave
MLAs on PDMS films.

contaminants on the PDMS surface, PDMS MLAs were separated from the water

solution by a transparent PE film (thickness: 12 µm) (Figure 6.2 (d)).

To investigate the performance of convex polymeric MLAs with different curva-

tures, the light treatment of MO solution (5 mg/L, pH=3.0) was conducted with

bare glass (control) and sample 1 to 7 under the irradiation of simulated solar light (1

Sun) of 1 h. The reactor scale for the convex polymeric MLAs was 12 mm in width,

56 mm in length, and 0.57 in height. The performance of concave PDMS MLAs was

verified in the photodegradation of model compound solution in a scaled-up reactor

under the irradiation of simulated solar light. The influence of irradiation intensity

on the effectiveness of PDMS MLAs in photodegradation enhancement was discussed

by shifting the irradiation intensity from 1 Sun to 0.4 Sun.

In addition, the effectiveness of concave PDMS MLA was applied in the pho-

todegradation of 5 mg/L MO solution prepared in different water matrices. The water

matrices used for the preparation of MO solution included ultrapure water (produced

by Milli-Q Direct 16), real river water (collected from Whitemud Creek to the North
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Saskatchewan River in Edmonton, Alberta, Canada on July 25, 2022), and ultrapure

water dispersed with 0.2 g/L SiO2 particles. The original real river water had a pH

value of 7.5 (Accumet AE150, Fisher Scientific), a TOC value of 25.6 mg/L (TOC-L

Series, SHIMADZU), and a COD value of 163.3 mg/L (pre-dosage HANNA vials),

and the SiO2 dispersed water had a turbidity of 154.0 (±3.9) NTU (T-100 Handheld

Turbidity Meter, Oakton), helping to simulate the practical wastewater[254]. The

pH value of the MO solution prepared in all water matrices was adjusted to 3.0 by

adding 1 M sulfuric acid solution, and MO solution with SiO2 particles was stocked

in the dark at 4 ◦C overnight until the adsorption of MO reached the equilibrium.

The photodegradation of another typical organic pollutant in ultrapure water, CBZ,

was conducted in the presence of concave PDMS MLA to prove that concave PDMS

MLAs were not only effective for MO. The concentration of CBZ solution was 5 mg/L

at a pH value of 7.0. In contrast to the direct photolysis process used for MO so-

lution, the photodegradation of CBZ in the presence of concave PDMS MLA was

studied through both direct photolysis and photocatalytic degradation. The photo-

catalytic degradation of CBZ was conducted by dispersing 10 mg/L commercial ZnO

nanoparticles (certified ACS powder, Fisher Chemical, with a band gap of 3.26 eV)

as photocatalysts in the solution.

The photodegradation efficiency (η) of specific contaminant was defined in Equa-

tion (6.1). Cbef and Caft were the concentration of the contaminant before and after

the light treatment, respectively. According to Beer-Lambert Law, the concentra-

tion of the analyte is proportional to the absorbance value when the concentration

is within a linear range. Therefore, the η of the contaminant could be Abef and Aaft

obtained with UV-visible spectroscopy (UV-vis, Thermo fisher, Genesys 150), which

was the peak absorbance value of the solution before and after the light treatment,

respectively. To quantify the enhancement from the surface MLAs, an enhancement

factor was defined by Equation (6.2). In the equation, ηMLA was the degradation

efficiency with MLA-involved treatment, and ηctrl was the degradation efficiency of
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the contaminant in the control group, i.e. the same treatment without MLA.

η =
Cbef − Caft

Cbef

× 100% =
Abef − Aaft

Abef

× 100% (6.1)

f =
ηMLA

ηctrl
(6.2)

6.2.4 Optical simulations of convex and concave MLAs

Convex polymeric MLAs and concave MLAs involved in light treatment systems

were modeled in three-dimensional space with Zemax OpticStudio. The light treat-

ment system was composed of a plane wave light source (along the Z axis), a convex

or concave MLA, substrates, and water phase containing organic contaminants, and

those components were organized according to the same set-up shown in Figure 6.2

(c-d). The intensity of light sources was equal to the intensity of the simulated solar

light (1 Sun). For each convex polymeric MLA sample, an X-Z plane detector (6.6

µm × 80 µm) was placed along the central axis of a single ML to obtain a cross-

sectional intensity profile. Horizontal light-flux (X-Y plane) detectors (37 µm × 37

µm) were inserted below convex or concave MLAs at different Z positions to capture

the top-view light irradiation profiles of each sample.

Light through the convex polymeric MLA would be focused at the focal point of

each ML in the array, and the focal distance was demonstrated by the cross-sectional

intensity profiles of a single ML in specific convex MLA sample. The focus points

were considered as the hot spots of convex polymeric MLAs. In comparison, the

light passing through concave PDMS MLA would diverge, but the diverged light

would interfere with each other and form points with higher light intensity below the

concave MLA. The points with the maximum irradiation flux in all the horizontal

detectors below the concave MLA were defined as the hot spots of PDMS concave

MLAs. To quantify the strength of enhancing the local intensity of irradiance of all

MLAs, the intensity at hot spots of MLs (Ihs) in each MLA sample within the area
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of 1 cm2 was added up and defined as ITotal, and the total number of MLs within the

area was N, as shown in Equation (6.3).

ITotal =
n=N∑︂
n=1

Ihs (6.3)

6.3 Results and discussion

6.3.1 Geometric morphology and optical properties of con-
vex MLAs

The change of the lateral size and height of PLMA convex MLAs (sample 1 to 7)

on the pre-patterned substrate prepared by solvent exchange has been demonstrated

in Figure 6.3. The top view of each PLMA convex is presented in the photos captured

through an optical microscope (6.3 (a-g)), showing the highly-ordered structures in

each convex MLA sample. A representative 3D profile of MLA obtained by AFM is

shown in Figure 6.3 (h). The cross-sectional profiles of single MLs from 7 samples are

extracted from the 3D graph and are displayed by the Z-X plot in 6.3 (i). With the

analysis with ImageJ, the lateral radius and surface coverage rate of sample 1 to 7 are

measured (Figure 6.3 (j)). The lateral radius (r) of a convex ML in the array increases

between 2.3 µm and 3.2 µm from sample 1 to sample 7, resulting in a larger surface

coverage rate. The maximum surface coverage rate reaches around 65% in sample

7. According to the Z-X plot from AFM, the MLA with a larger sample number is

higher, and the pitch height (h) reaches around 3 µm in sample 7. The contact angles

of convex MLAs in different samples are calculated by assuming the MLs in spherical

shape in Figure 6.3 (k), which can be tuned from 32◦ to 49◦.

Based on the lateral size and height of PLMA convex MLAs, the volume of a sin-

gle ML in each convex MLA is obtained and summarized in Figure 6.3 (l). With our

method, the volume of each ML can be controlled on a femtoliter scale, which involves

only 10−14 M monomers in the photopolymerization process. The precise control of
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Figure 6.3: Optical images of (a) sample 1, (b) sample 2, (c) sample 3, (d) sample 4,
(e) sample 5, (f) sample 6, and (g) sample 7 obtained by optical microscope equipped
with a camera. (h) The 3D profile of a representative PLMA MLA from an AFM. (i)
Cross-sectional profiles of single MLs from each PLMA convex MLA sample, obtained
by a confocal microscope. (j) Lateral size of a single ML and surface coverage rate
in each PLMA convex MLA sample. (k) Height and contact angle of a single ML
in each PLMA convex MLA sample (l) The volume of a single ML in each PLMA
convex MLA sample (Unit: femtoliter, i.e. fL).
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the volume of each ML is attributed to the well-controlled diffusive growth of the mi-

crodroplets during the solvent exchange. The diffusive growth process is driven by the

concentration gradient of the monomer at the wavefront and affected by the flow rate

during the solvent exchange. Either a higher concentration of monomer in solution

A or the larger flow rate of solvent exchange speeds up the diffusive growth of the

microdroplets. Surface microdroplets selectively form within hydrophobic domains

on the pre-patterned substrate or on top of previous convex MLA due to the lower

surface tension at those spots. As a result, the microdroplets with higher diffusive

growth rates present slight lateral expansions but obvious enhancement of height.

The focusing effect of MLAs is is revealed via optical simulations and confocal

microscopy. The possible light paths of light through a convex MLA are illustrated

in Figure 6.4 (a) in comparison to the situation with a bare glass substrate. With the

optical simulations, the top view of the light intensity profiles of convex MLAs and

the cross-sectional view of the intensity profiles of a single ML in an MLA is captured

(Appendix D, Figure S1 and S2). Here, the light intensity profiles of two samples with

the largest difference in curvature, sample 1 (Figure 6.4 (b,d)) and sample 7 (Figure

6.4 (c,e)), are displayed as examples. As shown in the intensity profiles of all PLMA

convex MLAs from optical simulations, an array of focal points with the strongest

light intensity exists at the horizontal plane, the distance of which from the MLA

substrate is equal to the focal distance of a single ML. The highest intensity of light

at the focal points of each convex MLAs varies from 3.89×10−10 W to 5.17×10−10 W,

while the focal distance changes between 14 µm and 8 µm. The PLMA convex MLA

with higher curvature has the stronger intensity at the focal points and a shorter focal

distance. The highest peak intensity value is observed in sample 7, which is around

33% higher than that under the lowest one in sample 1.

The confocal microscope experimentally captures the actual 3D light intensity pro-

files of MLAs (Appendix D, Figure S3). The representative top view and cross-

sectional view intensity profiles extracted from 3D intensity profiles in sample 1 and
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Figure 6.4: (a) A sketch of the possible light path through (1) a convex MLAs on
a glass substrate or (2) a bare glass substrate. Top view of light intensity profiles
around the focal distance away from the substrate of (b) sample 1 and (c) sample 7
by optical simulations. Cross-sectional view of a single ML in (d) sample 1 and (e)
Sample 7 by optical simulations.
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Figure 6.5: Top view (at focal points) and cross-sectional view of light intensity
profiles of sample 1 captured by the confocal microscope for (a) sample 1 and (b)
sample 7. (c) The correlation between the focal distance and the aspect ratio (h/r)
of each PLMA convex MLA.

7 are displayed in (Figure 6.5 (a-b)). The brightest light spots arranged in arrays

validate the focusing effect that is also observed in optical simulations. The brightest

light spots in the 3D intensity profiles are identified as the focal points of the MLAs,

and the vertical distance between the focal points and the convex MLA is the focal

distance. The focal distance decreases from 16 µm in sample 1 to 7 µm in sample 7,

close to the results from optical simulations. It is observed in Figure 6.5 (c) that the

focal distance of a convex MLA gradually decreases with the ratio of height (h) to

the lateral radius (r) of an ML in the array (h/r), showing a linear relationship when

the aspect ratio is between 0.57 to 0.92.

6.3.2 Geometric morphology and optical properties of con-
cave MLAs

The polymeric convex MLAs with varied curvatures can function as the template

for preparing PDMS concave MLAs. By adjusting the flow rate and solution A

composition, PLMA and PHDODA MLAs are immobilized on a square glass substrate

with an area of 100 cm2. As shown in Figure 6.6 (a), the array of colorful light

spots is captured under the flashlight of a smartphone, indicating the highly ordered
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structures within a large area. After the soft lithography process, the concave MLAs

were obtained on the surface of a PDMS film with a thickness of around 1 mm, and

the appearance of the PDMS film with a concave is displayed in Figure 6.6 (b). The

array of colorful light spots is also observed but weaker due to the distortion of the

flexible PDMS film. The cross-sectional view of a single ML in the concave MLA is

demonstrated in the sketch in 6.6 (c), where r is the lateral radius, d is the depth,

and θ is the reverse contact angle of the ML. The concave MLA structure is validated

by the SEM images of the top and cross-sectional surface of the PDMS film in 6.6

(d).

The images by optical microscope of the polymeric MLAs and corresponding con-

cave MLAs on PDMS films demonstrated the highly ordered structures and the dif-

ference between the convex and concave structures. As shown in the photos of convex

MLAs made with PLMA or PHDODA (sample 8 to 11, Figure 6.6 (e-h)), the lateral

radius of two rounds of solvent exchange is larger. The darker color in sample 9 and

11 can be considered as evidence of the formation of higher MLAs after a second

round of solvent exchange and photopolymerization. As shown in Figure 6.6 (i-j) and

the r and h of concave MLAs extracted from SEM images (Table 6.2), smaller lateral

radius and poorer circularity are observed in the concave MLAs obtained from the

PLMA convex MLAs than the original convex MLAs. Meanwhile, the concave MLAs

prepared by using PHDODA convex MLAs as templates remain the almost same

shape and lateral size (Figure 6.6 (k-l)). To verify the stability of PHDODA convex

MLAs after peeling off the PDMS film with concave MLA structures, the microscope

images of PHDODA convex MLAs after 1 to 4 rounds of structure replication are

presented in Appendix D, Figure S4. The PHDODA convex MLAs remain on the

substrate without any deformation, suggesting the preparation of the concave MLAs

on PDMS films is repeatable.

The changes in dimension and shape in concave MLAs made from PLMA convex

MLAs are possibly caused by the deformation of PLMA MLAs during the thermal
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Figure 6.6: The photo of (a) a representative convex MLA (sample 10) on a 4-inch
square glass substrate and (b) a PDMS film with a concave MLA which is copied
from sample 10 (concave MLA S10), and the photos are taken by a phone camera
with flashlight. (c) Images of concave MLA S10 in top view and cross-sectional view
by SEM (scale bar: 4 µm). (d) A sketch of a single concave ML on PDMS film, r
is the lateral radius, d is the depth, and θ is the reverse contact angle of the ML.
The images by the microscope of convex MLAs, including (e) PLMA convex MLA
with OTS-coated 4-inch square glass as substrate (sample 8), (f) PLMA convex MLA
with sample 8 as substrate (sample 9), (g) PHDODA convex MLA with OTS-coated
4-inch square glass as substrate (sample 10), and (h) PHDODA convex MLA with
sample 8 as substrate (sample 11). The images by the microscope of concave MLAs
on PDMS film (thickness: 1 mm), including (i) the concave MLA using sample 8 as
a template (concave MLA S8), (j) the concave MLA using sample 9 as a template
(concave MLA S9) (k) the concave MLA using sample 10 as a template (concave
MLA S10) (l) the concave MLA using sample 11 as a template (concave MLA S11).
From (e) to (l), the scale bar is 25 µm.
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Sample r (µm) h (µm) θ (◦)
8 2.29 1.32 58
9 2.54 1.59 64
10 2.63 1.31 53
11 2.78 1.45 55

Table 6.2: Geometric parameters of concave MLAs on PDMS films

curing steps of PDMS elastomer. Such deformation of convex MLAs is attributed to

the relatively low glass transition temperature of PLMA.[255] PHDODA has a higher

glass transition temperature, so PHDODA MLAs do not reflow during the thermal

curing step, making the corresponding PDMS concave MLAs remain in the same size

and shape. Therefore, concave MLAs using PHDODA convex MLAs as templates are

mainly discussed below due to the repeatable geometric features.

The cross-sectional light intensity profiles at different depths below the concave

MLAs on PDMS films are acquired with optical simulations. Optical simulations

reveal that light is diverged by the concave MLAs when passing through the PDMS

film. Then, the diverged light interferes with each other, creating hot spots in the

space close to the concave MLA, which is interpreted in the sketch in Figure 6.7 (a).

The possible light paths are validated in the cross-sectional light intensity profiles

obtained from optical simulations (Figure 6.7 (b)). The depth with the highest inci-

dent flux under the PDMS concave MLAs is defined as the focal distance of concave

MLAs. By using the concave MLA made from sample 10 as an example, the intensity

change with the depth below the concave MLA is demonstrated in Figure 6.7 (c). As

a comparison, the top-view intensity profiles under a bare PDMS film at the same

depths are displayed in Figure 6.7 (d). At the depth around 15 µm below the MLA

spots with intensity is nearly 10 times higher than the situation without concave

MLAs. In the intensity profiles under the concave MLA, the light intensity rapidly

decreases, and the peak intensity becomes 5 times smaller at the depth of 45 µm

compared with the peak intensity at the depth of 15 µm. Meanwhile, the intensity

across the detection plane under the planar PDMS film is uniform and keeps stable
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Figure 6.7: (a) A sketch of the possible light path through a PDMS film with concave
MLAs. (b) Simulated cross-sectional view of light intensity profiles between two rows
of MLs in a representative concave MLA on the PDMS film (concave MLA S10). Top
view light intensity profiles at the horizontal plane 15 µm, 25 µm, and 45 µm below
(c) concave MLA S10 and (d) a bare PDMS film. Top view light intensity profiles by
optical simulations of (e) concave MLA S8, (f) concave MLA S9, (g) concave MLA -
S10, and (h) concave MLA S11.

across the region from the depth of 15 µm to 45 µm, which is continuously lower than

that under concave MLA.

To compare the strength of focusing effect of all the concave MLAs, the top view

of the light intensity profiles with the maximum index flux of each sample is cap-

tured for analysis. As displayed in Figure 6.7 (e-h), the concave MLAs made from

the convex MLA with 2 rounds of the solvent exchange process and local photopoly-

merization exhibit a higher peak irradiation flux. For the concave MLAs made from

PLMA convex MLAs, the peak flux increases by around 22%, while around 16% en-

hancement is also presented in the concave MLA made from PHDODA MLA with

higher curvature. According to the parameter in 6.2, the concave MLA with a larger

θ tends to have a stronger focusing effect. Comparing with the highest peak intensity
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achieved by PLMA convex MLA (sample 7), the peak intensity in concave MLAs is

comparable, making the concave MLAs promising in enhancing the degradation of

organic contaminants as well. However, this conclusion is somewhat limited in the

concave MLAs made from PHDODA convex MLAs because the deviation between

actual properties and simulation results may vary due to the deformation of PLMA

convex MLAs during the thermal curing steps.

The light spots with stronger intensity can be also identified in the intensity pro-

files obtained by a confocal microscope. As shown in Figure 6.8 (a-d), the spots with

the strongest points are not located at the same planar surface, which is attributed

to the deformation of the flexible PDMS film during the characterization. The defor-

mation of concave MLAs fabricated by using PLMA convex MLAs as templated is

also displayed in the intensity profiles by confocal microscope (Figure 6.8 (a-b)). In

comparison, the concave MLAs on PDMS made from sample 10 and 11 displayed in

Figure 6.8 (c-d) are much more uniform. The focal distances of concave MLA S10 and

concave MLA S11 are estimated by analyzing the focal point of each ML included in

the 3D intensity profiles, which are around 17 µm and 9 µm, respectively. The focal

distance displayed in the intensity profiles by confocal microscope verifies the results

in optical simulations. The decay of the intensity is indicated in the cross-sectional

intensity profiles obtained by a confocal microscope, which is also consistent with

what is observed in the optical simulations.

6.3.3 Photodegradation efficiency of an organic contaminant
with convex MLAs having tunable curvatures

Photodegradation efficiency (η) of MO in an aqueous solution with convex MLAs is

obviously enhanced, especially with the MLs with higher curvature. The absorbance

spectra of MO solution that is irradiated with different convex PLMA MLAs under

1-h irradiation of visible LED light are shown in Figure 6.9 (a). With the peak

absorbance values, η of MO after the irradiation of 1 h is calculated with Equation
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Figure 6.8: Top view and cross-sectional view of light intensity profiles obtained by
confocal microscope of (a) concave MLA S8, (b) concave MLA S9, (c) concave MLA -
S10, and (d) concave MLA S11 at the horizontal plane where the maximum irradiance
flux values are observed.
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Figure 6.9: (a) Representative absorbance spectra of MO solution (5 mg/L, pH=3.0)
before and after 1-h irradiation of visible LED light (intensity: 21.64 W/cm2) with
PLMA convex MLAs with different curvatures (from sample 1 to 7). (b) Photodegra-
dation efficiency (η) of MO in the reactor equipped with different PLMA convex
MLA, and the dashed line indicates the efficiency in the control group. (c) The total
intensity at the focal points of MLs (ITotal) within an area of 1 cm2 in each PLMA
convex MLA (sample 1 to 7). (d) The correlation between η of MO and ITotal of each
MLA within an area of 1 cm2.

(6.1) and plotted in Figure 6.9 (b). All groups with PLMA convex MLAs achieve

higher (η) than the control group. From sample 1 to 7, the (η) continuously increases,

reaching the maximum value of 75% when sample 7 is applied.

Such enhancement in η is possibly correlated with the stronger focusing effect of

MLs with larger curvature. To verify the correlation, ITotal is in each convex MLA

among sample 1 to 7, which is the total intensity at the focal points of MLs in the

array with an area of 1 cm2, is defined to quantify the focusing effect of each convex

MLAs. Based on the optical simulations, ITotal of sample 1 to 7 is figured out (Figure

6.9 (c)). As mentioned above, the PLMA convex MLA with a larger sample number
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has the larger curvature (Figure 6.3), which also has a larger ITotal, indicating a

stronger focusing effect. In Figure 6.9 (d), η of MO is correlated with ITotal of convex

MLA, and an approximately positive linear relationship is presented between the two

parameters. Such correlation may assist the design of MLAs for photodegradation

reactors with enhanced η. However, the enhancement in η can hardly increase due

to the upper limit of the curvature of PLMA convex MLAs in the current method

(Appendix D, Figure S5).

6.3.4 Photodegradation efficiency of organic contaminants
with concave MLAs in different water matrices

The performance of the concave MLAs on PDMS films is investigated in the degra-

dation of MO in different water matrices (Figure 6.10 (a)) under the simulated solar

light. Due to the flexibility and robustness of concave MLAs, they can be equipped

in a non-contact set-up illustrated in Figure 6.2 (d). To avoid the possible side effect

on light focusing by the non-uniformity of concave MLAs made from sample 8 and

9, only the concave MLAs copied from PHDODA MLAs are studied in light treat-

ment. The transmittance of all concave MLA samples utilized in photodegradation

experiments is over 90% under the light with wavelength from 300 nm to 1000 nm

(Appendix D, Figure S6) For the photodegradation of MO in ultrapure water under

the simulated solar light with the intensity of 1 Sun or 0.4 Sun, η of the groups with

concave MLAs made from sample 10 to 11 is higher than the control group without

concave MLAs (Figure 6.10 (b-c)). When decreasing the light intensity of irradiation

during the light treatment, η of MO after the light treatment is lower no matter

whether concave MLAs are applied or not, but the variation between groups caused

by different concave MLA samples becomes larger under the irradiation with lower

intensity. Among all the concave MLAs, the one made from sample 11 achieved the

most enhancement of the η of MO. Concave MLAs on PDMS films fabricated with

PHDODA convex MLAs perform better than those made from PLMA convex MLAs
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in accelerating the degradation of MO.

The variance of η obtained from different concave MLAs comes from several factors.

Firstly, the highly ordered structure of concave MLAs contributes to the focusing

effect of concave MLAs, which is influenced by the template materials. Deformation

of PLMA convex materials during thermal curing of PDMS leads to poorer regularity

in corresponding concave MLAs, suppressing the focusing effect of the concave MLAs.

Secondly, higher transmittance of concave MLAs on PDMS films also does a favor to

the photodegradation rate. As shown in the transmittance spectra in Appendix D,

Figure S6, concave MLAs made from PLMA convex MLAs have lower transmittance

than those from PHDODA MLAs in the wavelength range of the simulated solar light.

Last but not least, the strength of focusing effect of concave MLAs plays an important

role to enhance the η of organic pollutants. For two concave MLAs obtained from the

PHDODA convex MLAs, both the regularity of MLs and transmittance are similar

to each other, but the peak irradiance flux of the concave MLA made from sample

11 is larger according to the simulation results. As a result, more enhancement of η

is observed in the concave MLA using sample 11 as the template.

The photodegradation of MO assisted by the concave MLAs on PDMS films is also

conducted in river water. The concave MLAs made from sample 10 and 11 are selected

as examples due to the better performance in enhancing η in light treatment using

ultrapure water as the water matrix. Similar to the degradation in ultrapure water,

the concave MLA using sample 11 as the template still has the best effectiveness

in improving the η of MO in river water under the irradiation of 1 Sun or 0.4 Sun.

Meanwhile, the photodegradation under the weaker irradiation is slower in river water,

the same as in ultrapure water. However, the η of MO in river water is generally lower

than that in ultrapure water under the same irradiation conditions (Figure 6.10 (d-

e)), especially for the control group. With the application of concave MLAs, the

gaps of η resulting from different water matrices are narrowed. For the concave MLA

presenting the highest enhancement, the η after the irradiation of 45 min under 1-
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Figure 6.10: (a) Photos of ultrapure water (PW) and river water used in the prepara-
tion of MO solution for light treatment. Photodegradation efficiency (η) of MO in the
solution prepared with ultrapure water with four concave MLAs made from sample
10 and 11 after the irradiation of simulated solar light with the intensity of (b) 1 Sun
or (c) 0.4 Sun. η of MO in the solution prepared with river water with concave MLAs
made from sample 10 and 11 after the irradiation of simulated solar light with the
intensity of (d) 1 Sun or (e) 0.4 Sun. Enhancement factors of MO photodegradation
in different water matrices and with varied concave MLAs under the irradiation of
(f) 1 Sun or (g) 0.4 Sun.
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Sun simulated solar can be even neglected. Besides the two water matrices above, the

function of the concave MLA made from sample 11 is also studied in a water matrix

with high turbidity. SiO2 particles are dispersed into the MO solution prepared with

ultrapure water. As shown in the plot in Appendix D, Figure S7, the degradation rate

decreases while the enhancement of η achieved by the concave MLA is more obvious

in the solution with higher turbidity.

The effectiveness of concave MLAs is quantified by the enhancement factor defined

in Equation (6.2) and plotted with the time of irradiation in Figure 6.10 (f-g). Based

on the change of enhancement, the influence of different factors on the performance

of concave MLAs is investigated. As the irradiation time becomes longer, the en-

hancement factor decreases due to the lower degradation rate of MO with concave

MLAs in the later stage of the reaction. The concentration MO in the reactor with

concave MLAs is lower than that in the control group, resulting in lower degradation

rates. When the intensity of irradiation decreases from 1 Sun to 0.4 Sun, the en-

hancement factor by concave MLAs significantly increases. In the situation of weak

irradiation, such as 0.4 Sun, the energy barrier of the degradation of MO is hard to

go over. Nevertheless, the hots spots with higher intensity are created in the top

layer of the solution by using concave MLAs, making the photodegradation easier to

happen under weak irradiation. The higher enhancement factor in river water and

highly turbid water than that in ultrapure water also benefits from the redistribution

of light by concave MLAs when light energy is not sufficient. Less energy from light

can be used for photodegradation because of the stronger absorbance in river water

caused by impurities or the lower transmittance in highly turbid water. Concave

MLAs improve the intensity in the space with focusing effects, reducing the loss of

light energy. In brief conclusion, the concave MLAs are able to effectively enhance

the photodegradation of MO, especially when the irradiation is weakened due to the

condition of light sources or the properties of water matrices.

The effect of concave MLAs on PDMS films in enhancing η is also validated with
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Figure 6.11: Photodegradation efficiency (η) of CBZ in ultrapure water (a) without
or (b) without ZnO as photocatalyst after the irradiation of simulated solar light
(intensity: 1 Sun). (c) Enhancement factors of MO photodegradation achieved by
the concave MLA made from sample 11 (concave MLA 11) without and with ZnO in
the light treatment.

the photodegradation of another typical organic contaminant, carbendazim (CBZ),

in ultrapure water. Direct photodegradation without photocatalysts and the ZnO-

photocatalytic degradation process are both conducted in the presence of the concave

MLA made from sample 11. According to the η obtained after the light treatment in

Figure 6.11 (a-b), the concave MLA contributes to faster degradation of CBZ regard-

less of the existence of the photocatalyst. In the photocatalyst-assisted degradation,

η significantly increases for both the control group and the concave MLA-involved

group. However, the enhancement factor by the concave MLA in photocatalytic

degradation is relatively smaller than that in direct photodegradation (Figure 6.11

(c)), since the η in the control group containing catalysts is already improved.

Even though the enhancement factor by the concave MLA is not outstanding, the

usage of concave MLA to enhance the photodegradation of organic contaminants is

still promising. On one hand, concave MLAs are able to enhance the η of different

organic pollutants. On the other hand, the effectiveness of concave MLAs is proven

in diverse scenarios, including different irradiation intensity, varied water matrices,

and alternative degradation mechanisms (with and without photocatalysts). Further-

more, the concave MLAs can be set outside of the reactor, avoiding the adsorption

of contaminants and possible photocatalysts particles, which is difficult to realize for
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convex MLA. Multiple concave MLAs on PDMS films can be obtained from a single

convex MLA with highly tunable curvature. The thermal stability and hydropho-

bicity of PDMS film also make the concave MLA easy to maintain in some outdoor

applications.

6.4 Conclusions

Polymeric convex microlens arrays (MLA) with controllable curvatures are fabri-

cated with a scalable and reproducible method based on multiple solvent exchange

processes and local photopolymerization processes. Combing with soft lithography

technology, multiple concave MLAs with tunable curvatures can be reproduced by

imprinting the convex MLAs on PDMS films. The validation through confocal mi-

croscopy and optical simulations shows that focal points with stronger light intensity

exist under both convex and concave MLAs, which can serve as hot spots of photore-

actions and contribute to the higher degradation efficiency of organic contaminants.

Furthermore, the focusing effect of MLAs also becomes stronger by increasing the

curvature of convex and concave MLAs, which is revealed by the improved total

light intensity at focal points, contributing to higher enhancement in photodegrada-

tion efficiency. The flexible structure and stable physiochemical properties enable

the concave MLAs to be easily implemented to photoreactors in a non-contact set-

up, avoiding possible secondary contamination. Notably, the effectiveness of concave

MLAs is also approved under irradiation with lower intensity, real river water sam-

ples, the water with high turbidity. In summary, the fabrication technology of convex

and concave MLAs with tunable curvatures developed in this work would inspire the

design of solar-driven devices providing enhanced decontamination performance and

strong adaptability to complicated wastewater treatment.
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6.5 Supplementary materials

Supplementary data to this article can be found in the Appendix, section A.4.

Additional data include the optical simulations results and 3D light intensity profiles

by the confocal microscope of PLMA convex MLAs from sample 2 to sample 6, the

photos of PHDODA convex MLA after 4 rounds of soft lithography under the optical

microscope, the images of PLMA convex MLAs with equal to or more than 3 rounds of

solvent exchange and photopolymerization, transmittance test of the concave MLAs

embedded PDMS films, and the photodegradation efficiency of MO enhanced by

concave MLA S11 in water with higher turbidity.
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Chapter 7

Conclusions and outlook

7.1 Conclusions

In summary, this work focuses on microlenses (MLs), an effective solution to en-

hance the utilization efficiency of solar energy in the treatment of polluted water

containing organic contaminants. The implementation of MLs brought about signifi-

cant enhancement in the photodegradation efficiency under various conditions. The

fabrication procedures of MLs were developed based on solvent exchange processes,

expanding the formation of MLs from 2D surfaces to 3D topological spaces. The

systematic analysis provided a deeper understanding of how parameters during the

solvent exchange or dilution process influenced the properties of MLs, including size

distribution, spatial arrangement, and curvatures. Furthermore, the scale-up fabrica-

tion of MLs facilitated their application in more types of solar-driven reactors. This

work also demonstrated, for the first time, the mechanisms of MLs-involved photol-

ysis and photocatalytic degradation through experimental and simulation results. A

quantitative analysis methodology was proposed to assess the focusing effects of MLs,

enabling the correlation between MLs’ properties and the enhancement of photodegra-

dation efficiency and providing guidance on the optimization of MLs fabrication and

reactor design.

In Chapter 3, the enhancement of photodegradation efficiency by surface MLs was

observed under various solution conditions while the degradation pathway remained
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the same. The morphology, number density, and spatial arrangement of MLs were

found significantly affect the MLs-involved photodegradation efficiency. Compared

with the control group without surface MLs, random MLs forming on homogeneous

hydrophobic substrates could be ∼ 600% more effective in the photodegradation of

methyl orange, while the improvement of the efficiency by microlens arrays (MLAs)

was extra 100% higher than random MLs. The simulation results indicated that

highly ordered MLA might result in a locally high concentration of active species

around the focal points array, and further accelerate the photodegradation. The

photodegradation efficiency of four organic contaminants in glass vials functional-

ized with MLs was all significantly higher than those in unmodified bottles, which

was considered as a potential application of MLs in practical solar-water treatment

reactors.

The MLs-enhanced photocatalytic degradation of typical micropollutants was in-

vestigated in Chapter 4. The presence of surface MLs led to higher photodegradation

efficiency, which was attributed to increased concentrations of free radicals, as deter-

mined by electron spin resonance spectra. The enhancement in degradation efficiency

was generally observed for all four targeted organic contaminants when either ZnO or

TiO2 was used as the photocatalyst. The ability of surface MLs in improving decon-

tamination was validated in not only ultrapure water but also synthetic river water

and a real river water matrix. Comparing highly ordered microlens arrays (MLAs)

with randomly distributed MLs, MLAs showed superior performance in the photo-

catalytic degradation of all organic pollutants due to more effective redistribution

of the irradiation energy. The enhancement factor, representing the improvement in

photodegradation efficiency, varied among pollutants because of different degradation

mechanisms. Furthermore, the enhancement factor was higher at lower photocatalyst

concentrations or under irradiation with lower intensity, indicating the potential of

surface MLs to boost photodegradation efficiency in scenarios where photocatalyst

excitation is suppressed.
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A novel method of fabricating MLs on curved surfaces was introduced in Chapter

5, in which surface microdroplets were generated in a solvent dilution process and then

photopolymerized into MLs. The size distribution and surface coverage rate of MLs

were controlled by adjusting the solution components, solution amount, and flow con-

ditions during the dilution process. The scalability of the approach was demonstrated

by successfully fabricating MLs over the wall of a large reactor with a capacity of up

to 500 mL. Reactors with arbitrary shapes were functionalized by surface MLs via the

method and evaluated for their ability in enhancing the photodegradation of organic

contaminants in the aqueous phase. Enhanced photodegradation efficiency is ob-

served in all six types of ML-functionalized reactors, and the efficiency was improved

by over 80 times at maximum. Both optical simulations and experimental results re-

vealed that the strength of the focusing effects of MLs on a reactor, quantified by the

total intensity at the focal points of MLs, was dependent on the dimensions, spatial

arrangement of MLs, and curvature of the reactor wall. The technology demonstrated

in the chapter might be implemented to design compact and efficient reactors for sus-

tainable solar-driven water treatment. Moreover, the fabrication method of MLs on

3D curved surfaces might have the potential to be applied in a wide range of applica-

tions, particularly in novel optoelectronic and sensing devices, extending its impact

beyond the realm of photodegradation in solar-driven water treatment.

The potential of MLAs in enhancing the photodegradation of organic contaminants

was further explored in Chapter 6. Polymeric convex MLAs with tunable curvatures

were fabricated by several rounds of solvent exchange and local photopolymerization,

which was a scalable and reproducible method. Multiple concave MLAs with tun-

able curvatures were reproduced by imprinting a convex MLA on PDMS films as

well. Both experimental observations through confocal microscopy and theoretical

analysis by optical simulations provided evidence of the presence of focusing effects

in both convex and concave MLAs. Furthermore, the higher total light intensity at

focal points was obtained as the curvature of convex and concave MLAs increased,
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suggesting stronger focusing effects and more enhanced photodegradation efficiency

of organic contaminants. Unlike the rigid nature of convex MLAs immobilized on

glass substrates, the flexible structure and stable physiochemical properties of con-

cave MLAs allowed for easy implementation to photoreactors in a non-contact setup,

thereby minimizing the risk of secondary contamination. Importantly, the effective-

ness of concave MLAs was demonstrated under various conditions, such as lower

irradiation intensity, real river water samples, and highly turbid solution. In sum-

mary, the developed fabrication technology for convex and concave MLAs in this

chapter presented new possibilities for designing solar-driven devices with enhanced

decontamination capabilities and exceptional adaptability for complex wastewater

treatment.

7.2 Outlook

Despite considerable efforts invested in studying the principles of MLs-enhanced

photodegradation and optimizing the properties of MLs for more efficient solar-driven

water decontamination reactors, certain limitations in terms of time and techniques

hinder further investigation into some specific topics. Here are several promising

directions that deserve continued exploration in future research:

(1) In this thesis, the materials of surface MLs are limited to a few types of acrylic

polymers, such as poly (methyl methacrylate) (PMMA), poly (lauryl methacrylate)

(PLMA), and poly (1,6-Hexanediol diacrylate) (PHDODA). Even though the stability

of those materials under the irradiation of real or simulated solar of over 30 h has been

proven, the durability of those materials after a longer period of usage is uncertain.

As the currently used materials start to degrade with time, harmful byproducts may

be generated and cause secondary contamination. One of the candidate solutions to

this problem is to utilize degradable and environmental-friendly polymer materials

for MLs preparation, such as PVA (poly(vinyl alcohol)) [167, 168], PNIPAM (poly(N-

isopropyl acrylamide)) [169, 170], and some biomacromolecules like silk protein and
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cellulose [171, 172].

(2) Till now, the fabrication of MLs on 3D topological surfaces has been realized.

However, the MLs immobilized on curved surfaces via the solvent dilution process

still are randomly distributed over the whole substrate. As we know from this work,

MLAs functionalized on planar substrates provide stronger focusing effects and more

enhancement in photodegradation efficiency. According to the premises, functionaliz-

ing 3D topological spaces by MLAs with tailored properties us is promising to further

improve the effectiveness of MLs-functionalized reactors in water decontamination.

(3) The physiochemical properties of MLs need to be further verified during the

solar-driven photodegradation processes. The possibility of physical abrasion and the

risk of detachment of MLs is relatively low due to their tiny size. Most MLs have a

lateral radius between a few µm and 100 µm, with a height less than 3 µm according

to the results obtained from the optical microscope or AFM microscopy. Meanwhile,

when the contaminated aqueous solution is added to the reactor for light treatment,

the flow is laminar flow, and the thickness of the boundary layer[27] is much larger

than the height of MLs. Therefore, the flow velocity near the MLs is too slow to

cause the abrasion or detachment of MLs during the light treatment process. Except

for physical stability, the chemical stability of polymeric convex MLs still requires

systematic study, including leaching tests and aging tests for the materials of convex

MLs. However, for concave MLs which are separated from the aqueous phase, only the

influence of the aging of PDMS under a long period of irradiation on the properties

of concave MLAs needs to be studied.

(4) As inspired by the surface functionalization of convex MLAs before the PDMS

casting step in Chapter 6, the modification of the functional group of the surface

of MLAs may open up the applications of surface MLs. For example, the practical

application of photocatalysts is restricted due to the excessive steps to separate and

recycle the photocatalysts during the water treatment. Immobilizing the photocata-

lysts on certain matrices is one of the popular strategies to address the problem. With
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the surface-modified surface MLs, it is possible to immobilize photocatalysts onto the

surface of surface MLs, enabling a synergistic effect between MLs and photocatalysts.

(5) In order to understand the principle of MLs-enhanced photodegradation, only

the degradation pathway of a single organic contaminant is monitored during the

light treatment with MLs. However, in most cases of practical wastewater treatment,

multiple types of organic contaminants are mixed with each other, resulting in com-

plicated degradation pathways. In the next stage of research, surface MLs may be

evaluated in the light treatment of water samples containing multiple contaminants.

Chromatography, mass spectrum, and other advanced analytical technique will be

more frequently used for the accurate analysis of the composition of each target con-

taminant. Whether the selective enhancement by MLs of certain organic pollutants

exists is pending to verify.

(6) In our work, the concentration of organic contaminants is from 2.5 mg/L to 50

mg/L for the convenience of the analysis of photodegradation kinetics and mechanisms

in the presence of MLs. However, MLs, as an effective component for photodegra-

dation, are more suitable to be used in the post-treatment of contaminated water

where the actual concentration of organic contaminants is at ppb level (i.e. at µg/L).

UV vis spectrum is the main technique we used to measure the concentration differ-

ence of contaminants during the photodegradation, with a limit of detection (LOD)

at around 0.3 ppm[256], which is not qualified for calculating the photodegradation

efficiency of contaminants at the ppb level. Some techniques with higher precision

and a lower LOD, such as liquid chromatography–mass spectrometry, are required to

verify the effectiveness of MLs in situations with a trace amount of pollutants.

(7) As demonstrated in this work, surface MLs developed based on solvent exchange

or solvent dilution process can be functionalized on reactors with a volume as large

as 500 mL, indicating the scalability of this method. In addition, the enhancement

of photodegradation efficiency with MLs-functionalized reactors has been observed

under solar light with different intensity. Therefore, it is promising to apply MLs-
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functionalized reactors for the solar-driven water decontamination process, especially

in remote areas where advanced oxidation facilities are not available. Another advan-

tage of the MLs-functionalized reactors is their portability, which would be convenient

for household water treatment or basic water treatment during traveling[257].
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[212] E. Isarain-Chávez et al., “Degradation of pharmaceutical beta-blockers by elec-
trochemical advanced oxidation processes using a flow plant with a solar com-
pound parabolic collector,” Water research, vol. 45, no. 14, pp. 4119–4130,
2011.

[213] Q. Zheng et al., “3d printed photoreactor with immobilized graphitic carbon
nitride: A sustainable platform for solar water purification,” Journal of Haz-
ardous Materials, vol. 399, p. 123 097, 2020.

[214] S. Thiele, K. Arzenbacher, T. Gissibl, H. Giessen, and A. M. Herkommer, “3d-
printed eagle eye: Compound microlens system for foveated imaging,” Science
advances, vol. 3, no. 2, e1602655, 2017.

[215] H. Zhang et al., “3d printing of a pdms cylindrical microlens array with 100%
fill-factor,” ACS Applied Materials & Interfaces, vol. 13, no. 30, pp. 36 295–
36 306, 2021.

[216] H. Yang, S. Peng, X. Hao, T. A. Smith, G. G. Qiao, and X. Zhang, “Surfactant-
mediated formation of polymeric microlenses from interfacial microdroplets,”
Soft Matter, vol. 10, no. 7, pp. 957–964, 2014.

[217] H. Yu, Z. Lu, D. Lohse, and X. Zhang, “Gravitational effect on the formation
of surface nanodroplets,” Langmuir, vol. 31, no. 46, pp. 12 628–12 634, 2015.

[218] Z. Lu, H. Xu, H. Zeng, and X. Zhang, “Solvent effects on the formation of sur-
face nanodroplets by solvent exchange,” Langmuir, vol. 31, no. 44, pp. 12 120–
12 125, 2015.

170



[219] S. Peng, D. Lohse, and X. Zhang, “Spontaneous pattern formation of surface
nanodroplets from competitive growth,” ACS nano, vol. 9, no. 12, pp. 11 916–
11 923, 2015.

[220] Z. Lu, M. H. K. Schaarsberg, X. Zhu, L. Y. Yeo, D. Lohse, and X. Zhang,
“Universal nanodroplet branches from confining the ouzo effect,” Proceedings
of the National Academy of Sciences, vol. 114, no. 39, pp. 10 332–10 337, 2017.

[221] M. Li, L. Bao, H. Yu, and X. Zhang, “Formation of multicomponent sur-
face nanodroplets by solvent exchange,” The Journal of Physical Chemistry
C, vol. 122, no. 15, pp. 8647–8654, 2018.

[222] L. Bao et al., “Flow-induced dissolution of femtoliter surface droplet arrays,”
Lab on a Chip, vol. 18, no. 7, pp. 1066–1074, 2018.

[223] E. Dietrich, E. S. Kooij, X. Zhang, H. J. Zandvliet, and D. Lohse, “Stick-jump
mode in surface droplet dissolution,” Langmuir, vol. 31, no. 16, pp. 4696–4703,
2015.

[224] D. F. Swinehart, “The beer-lambert law,” Journal of chemical education, vol. 39,
no. 7, p. 333, 1962.

[225] R. Sabouni and H. Gomaa, “Photocatalytic degradation of pharmaceutical
micro-pollutants using zno,” Environmental Science and Pollution Research,
vol. 26, pp. 5372–5380, 2019.

[226] T. T. Guaraldo, R. Vakili, J. Wenk, and D. Mattia, “Highly efficient zno photo-
catalytic foam reactors for micropollutant degradation,” Chemical Engineering
Journal, vol. 455, p. 140 784, 2023.

[227] I. Ani, U. Akpan, M. Olutoye, and B. Hameed, “Photocatalytic degradation of
pollutants in petroleum refinery wastewater by tio2-and zno-based photocata-
lysts: Recent development,” Journal of cleaner production, vol. 205, pp. 930–
954, 2018.

[228] S. Lotfi, K. Fischer, A. Schulze, and A. I. Schäfer, “Photocatalytic degrada-
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Electron spin resonance (ESR) detection 

(a) 

(b) 

Figure S1. (a) The possible cleavage position (m/z is the mass-to-charge ratio of certain 

species. Byproduct A: m/z=172.0059, byproduct B: m/z=294.9452, byproduct C: 

m/z=308.0758, byproduct D: m/z=320.0653) in a MO molecule in the photodegradation. 

(b) The electron spin resonance spectrum of methyl orange (MO) solution after the light 

treatment without MLs and with MLs for 30 min, using 50 mM DMPO as the spin trap. 
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2 
 

 

The electron spin resonance (ESR) technology is utilized to verify if free radicals play an 

important role in the photodegradation process. The ESR spectrum of samples that are 

irradiated for 30 min in presence of a spin trap is displayed in Figure S1 (b). There are no 

characteristic signals of free radicals, such as hydroxyl radicals and superoxide radicals, 

detected in samples after light treatment no matter surface MLs are used or not. The ESR 

spectrum indicates that the above-mentioned free radicals do not participate in the 

photodegradation in the first 30 min of photodegradation. The results also prove that the use of 

surface MLs does not cause the formation of free radicals. 

 

 

 

 

 

 

Figure S2. Light spectrum of the light resource (wavelength: 300-900 nm) with different 

intensities (20.12, 21.64, 22.76, and 24.39 W/m2). 
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3 
 

 

Figure S3. The UV-vis absorbance curves of MO solution after irradiation (a) without MLs, 

(b) with MLs_70, and (c) with ML array_2 as the light treatment time increased. The 

concentration of MO solution was 5 mg/L, with pH=3.0. The MO solution was degassed for 

15 min before light treatment, and the light intensity was 21.64 W/m2. 

 

 

 

 

 

 
 

Figure S4. Absorbance curves of MO solution at (a) high oxygen level (no degassing step 

before treatment) and (b) low oxygen level (degassing for 15 min before light treatment). The 

MO solution (initial MO concentration: 5 mg/L, pH value: 3.0) was irradiated for 1 hour. The 

black dashed lines represent the solution before treatment, while the colorful solid lines show 

the solution after treatment without (W/O) and with MLs. 
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4 
 

 
 

Figure S5. Top-view intensity profiles of (a) random MLs on homogeneous hydrophobic 

substrate and (b) ML array at the depth of 224 µm. 

 

 

 

 

Figure S6. Cross-sectional intensity profile of a single ML with refractive index (n) equal to 

(a) 1.437, (b) 1.492 (PMMA MLs used in this work), (c) 1.512, (d) 1.669, and (e) 1,768 on a 

prepatterned substrate with diameter of 5 µm and contact angle of 73°. 
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5 
 

 

Figure S7. The photodegradation efficiency of MO solution after irradiation of 30 min with 

(a) surface coverage and (b) median lateral radius of random MLs. 

 

 

Figure S8. Photos of the glass bottles functionalized by MLs (a) before and (b) after light 

treatment (indoor solar light of more than 30 days and simulated solar light of more than 30 

hours). The bottles are labelled as MLs vial_1, _2, and _3, corresponding to the volume of 

methyl methacrylate in solution A for solvent exchange equal to 3 mL, 4 mL, and 5 mL. 
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Supplementary Information_Ch4 
 

Enhanced photocatalytic degradation of organic contaminants in water by 

highly tunable surface microlenses 

 

1. Physicochemical properties of commercial photocatalysts 

Characteristics of the commercial ZnO and TiO2 nanoparticles. ABET: BET surface area; Vpo: 

pore volume; Dpo: mean pore size. 

Table S1. Physicochemical properties of photocatalysts1 

 

 

 

 
*: Porosity test is based on the particle densities of 5.60 g/cc and 3.90 g/cc for ZnO and TiO2, 

                                                             
1 Suara, M. A.; Ganiyu, S. O.; Paul, S.; Stafford, J. L.; El-Din, M. G. Solar-activated zinc oxide photocatalytic 
treatment of real oil sands process water: Effect of treatment parameters on naphthenic acids, polyaromatic 
hydrocarbons and acute toxicity removal. Science of The Total Environment 2022, 819, 153029 

Catalyst ABET (m2/g) Porosity* Vpo (cc/g) Dpo (nm) 

ZnO 3.34 0.112 0.0226 27.1 

TiO2 46.8 0.644 0.465 39.8 
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respectively. 1 

 

Figure S1. The morphology of (a) ZnO particles and (b) TiO2 particles was characterized by a 

scanning electron microscope (SEM, Zeiss Sigma FESEM). The samples for SEM 

characterization were immobilized on a Si substrate and coated with Au/Pd layer by metal 

sputtering (Leica ACE600 Carbon/Metal coater) before SEM observation. Tauc plot of (c) ZnO 

and (d) TiO2 were obtained with diffusion reflectance spectroscopy (Hitachi U-3900H). 

 

 

2. Correlation between absorbance value obtained by UV-Vis spectrometer and the 

concentration of organic pollutants 

 

Figure S2. Absorbance values of standard aqueous solutions with varied concentration for four 

organic pollutants, including (a) methyl orange (MO), (b) norfloxacin (NFX), (c) sulfadiazine 

(SFD), and (d) sulfamethoxazole (SMX). The linear relationship between absorbance value 

and concentration proved that the concentration range of organic pollutants involved in this 

work obeyed the Beer-Lambert Law.  

 

(a) (b) 

(c) (d) 
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3. Measurement of the concentration of sulfamethoxazole (SMX) in synthetic river water 

with an ultra-performance liquid chromatography 

The sulfamethoxazole (SMX) in synthetic river water were measured on an ultra-performance liquid 

chromatography (Acquity H-class UPLC, Waters, USA) coupled to a single quadrupole mass spectrometer 

(SQ Detector 2, Waters, USA). The electrospray ionization (ESI) source was operated in positive ion mode 

and monitored the SMX at 254.06 (m/z) with a cone voltage of 22 V. Chromatographic separations were 

performed on an ACQUITY UPLC® BEH C18 column (1.7 µm, 2.1 × 50 mm, Waters, USA) with mobile 

phases of 4 mM ammonium acetate and 0.1% acetic acid in water (A), and acetonitrile (B). The elution 

gradient was 0-0.5 min, 5% B; 0.5-3 min, increased from 5% to 95% B; then returned to the initial condition 

95% B at 3.1 min and held for 1.5min to equilibrate column with a flow rate of 0.4 mL/min. The column 

was controlled at 40 ˚C, and the injection volume was 5 µL. Data was acquired using MassLynx (Waters, 

UAS) and data were processed using TargetLynx (Waters, UAS).  

 

 

 

4. Electron spinning resonance (EPR) spectra of ZnO in methanol after the irradiation of 

simulated solar light 

 
Figure S3. Electron spinning resonance (ESR) spectra in methanol after the irradiation of 

simulated solar light for 30 min. (The black curve is for the condition without ZnO particles 

and surface MLs. The green curve represents the treatment with both ZnO (10 mg/L) and MLA 

under a visible. DMPO with the concentration of 50 mM was added in to the system as the 

spinning trap. 
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5. UV-Vis spectra of SMX solution with ZnO in MLs-decorated vials under simulated 

solar light 

  

Figure S4. UV-vis spectra of SMX solution (5 mg//L, pH = 7.0) before and after the light 

treatment with a concentration of ZnO at 10 mg/L under simulated solar light with (a) bare 

glass vial and (b) a MLs vial. 

 

 

6. Elongated light treatment of MO, NFX, SFD, and SMX aqueous solution under 

simulated solar light 
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Figure S5. UV-vis spectra of MO, NFX, SFD, and SMX solution (5 mg//L, pH = 7.0) before 

and after the light treatment with surface MLA and a concentration of ZnO at 50 mg/L under 

simulated solar light (intensity: 1 Sun) after (a) 4 h for MO solution, (b) 8 h for NFX solution, 

(c) 12 h for SFD solution, and (d) 8 hours for SMX solution. The concentration of all 

contaminants in aqueous solution is 5 mg/L at pH value of 7.0. The photodegradation efficiency 

for each organic contaminant is labelled in the corresponding spectrum.  

 

7. Stability of surface MLs after light treatment with photocatalysts 

The surface MLs, including both random MLs and ML array, before and after all rounds of 

experiments were characterized by optical microscope to check their stability in the 

photocatalytic system.  

 

Figure S6. Images of (a) random MLs (scale bar: 200 µm) and (b) ML array (MLA) (scale bar: 

10 µm) after visible light treatment of 60 h and simulated solar light of 30 h. The total 

irradiation time under different light sources is not continuous. (c) UV vis absorbance spectrum 

for the PLMA MLA immobilized on glass substrate before and after the irradiation of simulated 

solar light of 30 h. 
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Supplementary Information_Ch5 
 

Scalable and Facile Formation of Microlenses on Curved Surface enabling a 

Highly Customized Sustainable Solar-Water Nexus 

 

1. Morphology of polymethylmethacrylate (PMMA) surface MLs on PET bottle assisted 

with surfactant 

The inner surface of a plastic bottle without surface functionalization could be utilized as the 

substrate of surface microdroplets and MLs in the presence of surfactant. A PET (polyethylene 

terephthalate) plastic bottle purchased from a grocery shop with an inner diameter of 3.2 cm, a 

height of 7.4 cm, and a volume of 60 mL was used in the solvent B. Instead of MMA saturated 

Milli Q water, solution B was the cetrimonium bromide (CTAB) aqueous solution with a 

concentration of 1.2 critical micelle concentration (CMC), while other procedures kept the 

same as for other samples. 18 mL solution A composed of 45.8 vol% Milli Q water, 45.8 vol% 

ethanol, 7.6 vol% MMA, and 0.8 vol\% photoinitiator was first added into the plastic bottle. 

Then, solution B was added to the plastic bottle with a flow rate of 7 mL/min. After the solvent 

dilution process, UV curing, washing, and drying steps, the plastic bottles with PMMA surface 

MLs functionalized were obtained for the characterization of the optical microscope.  

 
Figure S1. (a) An optical image (scale bar: 1 cm) and (b) and a zoom-in image (scale bar: 250 µm) of 

the MLs on the inner surface of the plastic bottle. 

 

Surface microdroplets and microlenses can form not only on a functionalized hydrophobic 

substrate but also on an untreated, non-uniform plastic surface with the assistance of a 

surfactant. As shown in Figure S1 (a), surface MLs are successfully immobilized on the inner 

surface of a plastic bottle, and the bottle remains transparent after surface MLs are 

1 cm 250 µm 

(a) (b) 
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functionalized on the inner surface. The morphology of surface MLs on the curved plastic 

surface is displayed in Figure S1 (b). Surface MLs on the plastic surface present a more uniform 

size distribution and smaller lateral size than that on the hydrophobic curved glass surface, 

which is corresponding with the phenomenon observed in surface MLs on a planar substrate. 
[1] By using the cationic surfactant aqueous solution with a concentration of 1.2 critical micelle 

concentration as solution B, the untreated plastic surface will be coated with surfactant 

molecules by an adsorption process. Surface microdroplets are pinned onto the plastic surface 

before the adsorption of surfactant molecules reaches the equilibrium state, and then 

transformed into surface MLs locally through photopolymerization.  

 

 

2. Light spectrum of the simulated solar light and indoor sunlight 

 

Figure S2. Light spectra of the light resource utilized in light treatment with MLs functionalized 

reactors, including simulated solar light and indoor sunlight (2022 May 15, Room 12-380 in 

DICE, Edmonton, Canada). 

 

 

 

3. Equations for deriving the concentration of MMA (𝑪𝑪𝑴𝑴𝑴𝑴𝑴𝑴) in solvent dilution process 

CMMA  is the concentration of MMA in the reactor at the dilution time of t. The initial 

concentration of MMA is defined as CMMA,0, and the initial volume of solution A is VSol A. At 

the time of t, the total volume of liquid is VT. tR is the dilution time when VT is the same as the 

volume capacity of the reactors, VR. Q is the flow rate of adding solution B into the reactor 

during the dilution process.  
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CMMA = CMMA,0∙VSol A
VT

 (Equation S1) 

when t < tR, VT = VSol A + 𝑄𝑄 ∙ 𝑡𝑡 (Equation S2) 

when t ≥ tR, VT = VR (Equation S2′) 

tR =
V𝑅𝑅 − V𝑆𝑆𝑆𝑆𝑆𝑆 𝐴𝐴

𝑄𝑄
 (Equation S3) 

𝑑𝑑𝐶𝐶𝑀𝑀𝑀𝑀𝐴𝐴 = −CMMA∙𝑄𝑄∙𝑑𝑑𝑑𝑑
V𝑅𝑅

 (Equation S4) 

 

4. Size distribution of surface MLs in top, middle, and bottom regions of cylindrical 

reactors (sample 1 to 9) 

Compared with the size distribution of surface MLs fabricated in a 2D confined channel 

through the solvent exchange process, [2] the size distribution of surface MLs on the 3D curved 

surface by the solvent dilution process presents different features. First of all, the size 

Figure S3. Size distribution curves of surface MLs located in bottom, middle, and top region in (a) 

sample 1, (b) sample 2, (c) sample 3, (d) sample 4, (e) sample 5, (f) sample 6, (g) sample 7, (h) sample 

8 , and (i) sample 9. 
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distribution of MLs made with solvent dilution is broader than that in the confined channel. In 

the confined channel, it is supposed that the mixing of solution A and B is sufficient at the wave 

front. However, in the situation of solvent dilution, solution A and B are not well mixed in the 

region where the nucleation of surface microdroplets happens. In addition, the dilution process 

includes three stages where the concentration change of MMA differs. Therefore, the 

concentration gradient is more difficult to control in the solvent dilution process than that in a 

confined space, resulting in a broader size distribution. Secondly, the frequency of MLs with 

smaller lateral radius on the curved surface is significantly higher than those obtained in the 

confined 2D channel. The possible explanation is that smaller droplets are easier to pin on the 

curved surface. As the droplets become larger, the buoyant force becomes larger than the 

pinning force of oil droplets, and the droplets will easily detach from the surface. 

 

 

5. The sketch of the process of solvent dilution process 

 

Figure S4. Sketch of surface nanodroplets formation during the solvent dilution process, 

including (a) the initial sate with only solution A. (b) step 1: the composition of ternary system 

locating in the ouzo region, (c) step 2: phase separation happening in the reactors, and (d) step 

3: the oil-rich phase escaping from the reactor.  

 

 

6. Overall size distribution of surface MLs in each cylindrical reactor (sample 1 to 9) 

The overall size distribution of surface MLs on each glass cylindrical reactor is demonstrated 

in Figure S5 (a-c). The influence of the CMMA on the size distribution of MLs is reflected in 
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Figure S5 (a), where the size distribution curves of samples prepared with varied CMMA (sample 

1, 2, and 3) are displayed. It can be observed that the peak positions in the size distribution 

curves vary with samples. The peak position in sample 1 is the smallest, at the radius of 8 µm. 

As a comparison, the positions of peaks of sample 2 and 3 are located around 29 µm and 59 

µm, respectively.  

 

The initial volume of solution A (V𝑆𝑆𝑆𝑆𝑆𝑆 𝐴𝐴) also influences the size distribution of surface MLs on 

the curved surface. By comparing the size distribution curves of sample 2, 4, and 5 (Figure S5 

(b)), it is observed that there is a peak in the interval where the lateral radius ranges from 10 to 

80 µm in all three samples. The variation of peak positions in the size distribution of MLs 

caused by different V𝑆𝑆𝑆𝑆𝑆𝑆 𝐴𝐴 is less than 10 µm, which is much smaller than that resulted from the 

change of CMMA . Comparing with the difference in the peak position, the deviation in the 

frequency of MLs with the lateral radius larger than 80 µm is more obvious among samples 

prepared with varied V𝑆𝑆𝑆𝑆𝑆𝑆 𝐴𝐴. When the V𝑆𝑆𝑆𝑆𝑆𝑆 𝐴𝐴 added to the reactor is larger before the solvent 

dilution process, the higher frequency of MLs with the lateral radius over 80 µm is observed 

on the reactor surface.  

 

The size distribution of samples fabricated with various flow rates in the solvent dilution 

process is displayed in Figure S5 (c). For samples made with flow rates smaller than 8 mL/min 

in the solvent dilution process, the size frequency drops with the lateral radius and shows a 

peak between 20 µm and 200 µm. The peak in the size distribution curve of sample 6 starts 

from 24 µm and ends at 117 µm, with a width of 93 µm. The peak width in the sample made 

with the lowest flow rate (sample 7) is only 66 µm, which is the narrowest peak. Therefore, the 

Figure S5. Overall size distribution of MLs-decorated cylindrical reactors (sample 1-9) with 

with (a) varied CMMA,0, (b) VSol A, and (c) varied flow rates in the solvent exchange process. 
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width of the size distribution peak decreases when the flow rate increases from 3 to 8 mL/min. 

If further speeding up the dilution process (sample 8 and 9), the full width of the size 

distribution is further widened, but the peak between 20 to 200 µm is not obviou and the portion 

of MLs with lateral radius less than 50 µm also increases. 

 

 

7. Representative UV-visible spectra of MO solution before and after the irradiation of 

simulated solar light in sampple 1 to 9 

 

Figure S6. Absorbance spectra of methyl orange (MO) before and after the light treatment 

under the simulated solar light for 1 h, 2 h, and 3 h with (a) bare glass vial (b) sample 1, (c) 

sample 2, (d) sample 3, (e) sample 4, (f) sample 5, (g) sample 6, (h) sample 7, (i) sample 8, and 

(j) Sample 9. 

 

8. Presentative optical images of MLs on irregular reactors (sample 12 and 13) 

The variance in the size distribution and surface coverage of MLs on irregular reactors is caused 

by the differentiated geometry. For example, due to the similar capacity of sample 12 and 13, 

the amount of solution A and B consumed and the flow rate in the solvent dilution process in 

the two reactors is almost the same, so as the concentration gradient in the reactors after the 

same period of time.  However, during the unit time, the increased surface area covered by the 

rising liquid level is larger in the reactor with a larger width, which is sample 13. Therefore, 
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more surface nanodroplets are generated with a similar concentration gradient, resulting in 

smaller sizes and a higher surface coverage rate of MLs.  

Figure S7. Optical microscope image of MLs-functionalized (a) snowman shape (Sample 12) 

and (b) petal shape glass reactors (Sample 13). (c) Size distribution and (d) surface coverage 

rate of surface MLs on the inner wall of double piece and triple piece glass container. 

 

 

9. Color change of MO solution before and after the light treatment in irregular reactors 

 

Figure S8. Color change of MO solution (5 mg/L, pH= 3.0) in (a) unfunctionalized irregular 
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glass reactors (sample 11 to 14) under simulated solar light for 2 h. Color change of MO 

solution (5 mg/L, pH= 3.0) under the irradiation of simulated solar light for different time in  

MLs-funtionalized (b) snowman shape reactor (sample 11), (c) petal shape reactor (sample 12), 

(d) three-arms shape reactor (sample 13). 

 

 

10. The influence of the irradiation direction on the performance of MLs-funtionalized 

irreagular reactors in the photodgeradation of MO 

 

Figure S9. (a-b) Different set-ups for the MLs-functionalized three-arms shape reactor (sample 

13) and flower shape reactor (sample 14). (c) The photodegradation efficiency of MO solution 

(5 mg/L, pH =3.0) under the simulated solar light (1 Sun) with different set-up.  
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11. Stability of surface MLs after the irradiation of simulated solar light 

 

Figure S10. FTIR spectrum of PMMA MLs funtionalized on cylindrical glass reactors (a) 

before and (b) after the light treatment of more than 10 hours.  
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mediated formation of polymeric microlenses from interfacial microdroplets. Soft Matter, 

10(7), 957-964. 
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nanodroplets by solvent exchange. Langmuir, 31(44), 12120-12125. 
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Supplementary Information_Ch6 
 

Convex and Concave Microlens Arrays with Tunable Curvatures for 

Enhanced Photodegradation of Organic Pollutants in Water: A Contact or 

Non-contact Approach 
 

1. Optical simulations of PLMA convex MLAs with varied curvature 

 
Figure S1. Cross-sectional view of the light intensity profile of a single ML in (a) sample 1, (b) sample 

2, (c) sample 3, (d) sample 4, (e) sample 5, (f) sample 6, and (g) Sample 7 by optical simulations. The 

focal points are labeled by the red bars.  
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Figure S2. Top view of the light intensity profile of a 5×5 MLA in (a) sample 1, (b) sample 2, (c) sample 

3, (d) sample 4, (e) sample 5, (f) sample 6, and (g) Sample 7 by optical simulations.  

 

2. 3D light intensity profiles of PLMA convex MLAs by confocal microscopy 

 
Figure S3. 3D light intensity profiles of PLMA convex MLAs, including (a) sample 1, (b) sample 2, (c) 

sample 3, (d) sample 4, (e) sample 5, (f) sample 6, and (g) Sample 7 by confocal microscopy.  
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3. Durability of PHDODA MLA on silicon substrates after peeling concave MLAs-

embedded PDMS films off 

 

Figure S4. Photos of a hydrophobized PHDODA convex MLA on a silicon substrate after 1 to 

4 rounds of replication by PDMS elastomer by optical microscope, under (a) ×20 objective lens 

and (b) ×40 objective lens.  

 

 

 

4. The upper limit of the curvature of PLMA convex MLAs by multi rounds of solvent 

exchange 

For the second round of solvent exchange, the maximum LMA concentration is 4 vol% and the 

maximum flow rate is 4 mL/h when using sample 1 as the base MLA, or 2 vol% LMA and flow 

rate at 4 mL/h when using sample 6 as the base MLA. The MLA used as the base for another 

Figure S5. Optical images of the photopolymerized LMA microdroplets after coalescence due 

to (a) higher concentrations of LMA than the upper limit (b) an MLA with higher curvature 

than sample 6 being used as the base. 
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round of solvent exchange process should not have larger curvature than sample 6. If the LMA 

concentration, flow rate or solvent exchange round go over the limitation mentioned above, the 

microdroplets coalescence will frequently happen and destroy the highly ordered structure of 

MLA (as shown in the image below). Therefore, the lateral radius and curvature of the ML can 

not be infinitely decrease. 

 

 

 

5. Transmittance of concave MLA-embedded PDMS films 

 

Figure S6. Transmittance curves of the bare PDMS film and concave MLAs embedded PDMS 

films. The thickness of all films is around 1 mm.  

 

 

5. Photodegradation of MO in high-turbidity water enhanced by a concave MLA  

The turbidity of the Milli Q water dispersed with 0.2 g/L SiO2, and MO solution with 0.2 g/L 

SiO2 dispersed was tested with the turbidity meter. Each sample was tested for 4 times to collect 

an average value and the error.  

 

Sample Turbidity (Unit: NTU) 

Milli Q water with SiO2 dispersed 154.0 (±3.9) 

MO solution (5 mg/L) with SiO2 dispersed 154.5 (±6.4) 
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Figure S7. Photodegradation efficiency of MO in Milli-Q water and high turbidity (HT) Milli-

Q water prepared by dispersing SiO2 particles without (Control) and with the concave MLA 

prepared from sample 11 (Concave MLA_S11).  
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