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Abstract 

The use of solar energy is generally considered as one of the most beneficial solutions against 

non-renewable resources such as coal and oil. Substantial efforts have been made to design, 

test and synthesize new materials that can transform light energy into thermal, chemical, and 

electrical energy. Semiconductor materials are widely examined because of their ability to 

produce photo-generated electrons which can, therefore, be used to produce energy or generate 

chemical reactions. Therefore, regardless of how solar energy is utilized, the main issue is the 

light-harvesting capability of the materials, which essentially determines the number of 

photoinduced carriers. This thesis offers insights into the use of spherical colloidal photonic 

crystals or otherwise known as photonic beads as light harvesters for environmental 

applications involving sensors, photocatalysis and photoelectrochemical cells (PEC). The 

spherical photonic crystal structure can possibly be the cutting-edge material for next-

generation light-harvesting devices. The present work offers the development of robust, easy, 

stable photonic beads generation along with the technical challenges of building the structure 

under different methods.  

For the first time, we have demonstrated that the spherical photonic crystal structure offers 

extra leverage for light trapping as opposed to planar photonic crystals, particularly for 

fluorescent signal enhancement. Subsequently, the fabrication of inverse spherical photonic 

crystal structure was demonstrated in order to study the electron-hole pair separation in 

photocatalysis by effectively trapping light at the photonic band edges. The use of 

photoelectrochemical systems (PECs) is an attractive option for solar-driven water splitting, 

which can provide continuous, viable, carbon-free energy by converting direct sunlight into 
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more useable energy. We have also designed and developed PEC cells to collect a full spectrum 

of solar energy and increase the efficiency of the PEC device by incorporating the photonic 

crystals, which can effectively enhance light-harvesting capabilities and thereby improving the 

stability of the device. 

The objective of this thesis is to analyze the interaction of light-matter in spherical colloidal 

photonic crystals experimentally and to optimize the structures for use with optical sensors, 

photocatalysis and wireless photoelectrochemical cells. The finding of this research not only 

enhance our knowledge for light manipulation in spherical colloidal photonic crystals but also 

contribute to the development of a new effective platform.  
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1. Introduction  

Life on Earth is driven by energy 1. Autotrophs use energy from the sun and the heterotrophs 

gain energy from the autotrophs. Man is one of such heterotrophs, the ability to use additional 

energy somatically enables human beings to use a lot more energy than any heterotrophs which 

have ever evolved. The discovery of fire and the use of fossil fuels have enabled humans to 

release large quantities of energy over a very short period. By using this energy, humans have 

altered the environment to meet their needs and demand. The human population has efficiently 

extended its resource base to overcome future demands for a long period of time. The current 

world population of more than 7.7 billion continues to grow, while nearly 70% of world power 

is supplied from fossil fuel. Fossil fuels contain so much energy that even when inefficiently 

used, they produce an outstanding rate of return. The exhaustion of the three-quarters of fossil 

fuel, however, is not far away and no other energy source is affordable or developed to replace 

it. It is, therefore, a crucial time to look for a different resource.  The best way to solve all the 

problems in the world, including the greenhouse effect, is to use renewable energies. Solar 

power can be the best alternative resource which can be created and rendered economically 

viable.  

Solar power is simply the energy that is directly generated by the sun and gathered usually on 

the surface of the Earth. Only a very tiny proportion of the total generated radiation from the 

sun reaches the earth and has been harnessed by humans since ancient times using a variety of 

technology. Visible and infrared light occupies a privileged position throughout the 

electromagnetic radiation spectrum of total radiation that reaches the earth's surface were 

infrared radiation makes up 50% and 42% of visible light. Moreover, the energy range of this 

portion of the electromagnetic spectrum is consistent with the energy field of almost all 

electronic transitions in the matter, offering high levels of resonant interactions. So, the 

interaction between light and matter is something we see every day and most electromagnetic 
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phenomena result from light (electromagnetic waves)  interacting with matter 2. The color of 

objects around us and the light you see from the screen when you read this information is an 

outstanding illustration of light waves, which are simply expressions of light absorption and 

scattering.  

Thus, the ability to control light is a topic of interest in many areas of study ranging from 

artificial photosynthesis, photoelectrochemical and photovoltaics due to its importance in the 

energy conversion process. All these processes typically begin with the absorption of a photon. 

Moreover, the quantum efficiency of the materials is limited by the low absorption of photon 

in a tiny volume, especially for nanoscale materials. An increase in the interaction between 

light and nanoscale material is very important for efficient energy conversion.  

1.1. Background & Research gap  

The techniques used to improve light harvesting can usually be categorized as part of the two 

methods below. 

 The first strategy is to extend the optical regime of the semiconductor. Semiconductors often 

used for photocatalysis and photovoltaic applications such as TiO2 or ZnO has wide electronic 

bandgap and primarily absorb UV radiation, which represents only 4.5% of solar radiation that 

reaches the earth. 3,4 Most solar energy is therefore not used, which decreases the light harvest 

capability on these semiconductors. Few strategies have been introduced to raise the range of 

exploitable energy. One approach is doping the semiconductor with metal cations 5 However, 

the effectiveness of the doped semiconductors in photocatalysis and photovoltaics (PV) was 

observed to drop significantly over time even in the UV zone due to a rise in carrier 

recombination sites. Another approach includes doping non-metal ions to reduce the electronic 

bandgap of the semiconductor to move the optical absorption limit into the visible spectrum. 6-

9 These ions go into the lattice, replace oxygen and shifts the optical absorption edge to lower 
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energy resulting in improved photoreactivity 10,11. However,  photoreactivity has decreased in 

some cases due to the lower redox power of photogenerated electron (e-) and holes (h+) 12.  The 

other direction is to rely on the rapid development of the plasmonic effect, which in recent 

years has drawn significant attention. In semiconductors, noble metal nanoparticles such as Au 

13 and Ag 14 can be integrated were the localized surface plasma resonance enhances the light 

harvest capability of the nanocomposite. To sensitize semiconductors with ruthenium 

complexes 15, organic dye 16, quantum dots 17, perovskites 18, narrow bandwidth 

semiconductors 19 and luminescence up-conversion particles 20 is another approach were the 

sensitizers absorb visible radiation and transfer the photogenerated electron-hole pairs to the 

wide-bandgap semiconductors. 

The second strategy is to control the light to improve its interaction with the semiconductor. 

Improving light interaction with semiconductor involves manipulating the propagation of light 

using different nanostructures. For example, hierarchically organized porous materials offer 

interconnected porosity on distinct scales of length that are extremely favorable for light 

harvest 21,22. Also, multiple scattering systems can be used to absorb more photons under a 

given light incidence 23. Thus, by combining the nanoscale material with optical nanostructures 

material absorption can be enhanced. 

 The use of photonic nanostructures has drawn significant attention in recent years which helps 

in combining and manipulating light effectively on a nanoscale 24-27. This phenomenon has 

created excellent enthusiasm, in particular, the role of planar photonic crystals not only in the 

fields of optics and photonics, but also in material science to improve photochemical responses. 

However, especially in the case of a bandmatch, the interaction of light-matter in photonic 

beads is not clear. This work employs fluorophore fluorescence and photocatalytic reaction 
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efficiency to compare the various structures for obtaining an in-depth understanding on the 

interaction of light-matter in photonic beads. 

 

1.2. Objective  

Main Objective 

To design and characterize Spherical Colloidal Photonic crystals suitable for efficient light 

harvest. 

Specific Objective 

• Fabrication of spherical colloidal photonic crystals of different size ranges and studying 

its optical property. 

• Investigation of the optical properties of spherical colloidal photonic crystals, when the 

fluorophore is embedded and study the photo-emission dynamics 

• Fabrication of inverse TiO2 spherical colloidal photonic crystals. 

• Investigation of the optical property of inverse spherical colloidal photonic crystals and 

study the light harvest at bandgap edges for efficient electron-hole pair separation in 

photocatalysis. 

• Employing the planar TiO2 photonic crystal to increase the light harvest for wireless 

water splitting. 

 

1.3. Outline of the thesis  

The outline of this PhD thesis is as follows: 

Chapter 1: Introduction.  

This chapter outlines the importance and the objective of experiments that are carried out for 

the thesis. 
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Chapter 2: Literature Review.  

This chapter describes the overview of the photonic crystals, their types and their optical 

characteristics. Explored prior research on spherical colloidal photonic crystals, theoretical 

background, their fabrication methods, its superior property over planar photonic crystals and 

its application. 

Chapter 3: Fabrication of Photonic beads.  

This chapter outlines the details of the experimental design and the significant tools used to 

characterize the photonic beads. 

Chapter 4: Ensembles of spherical colloidal photonic crystals: Their optical properties and 

enhancement of fluorescence.  

This chapter discusses the relation of light-matter in photonic beads and their interaction when 

the fluorophore is embedded and compared their performance with planar photonic crystals.  

Chapter 5: Enhanced light harvest at bandgap edges for efficient electron-hole pair separation 

and investigating the optical property of Inverse photonic beads. 

 This chapter contains the details of experiments carried out towards synthesizing the Inverse 

structure of photonic beads and its light-harvesting capability at the bandgap edges for efficient 

electron-hole pair separation in photocatalysis. 

Chapter 6: Photonic crystal enhanced artificial leaf for wireless water splitting. 

This chapter presents the details of the novel experiment carried out towards the use of TiO2 

photonic crystal for enhanced light trapping and explains the working mechanism of the PEC 

device for wireless water splitting.  

Chapter 7: Conclusion and future scope. 
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 This chapter outlines the major highlights of the experiments conducted, limitations in the 

current experiments and its future directions. 
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2. Literature review  

2.1. Photonic Crystals  

Two Physical Review Letters articles in the year 1987 1 and 1991 2 have revolutionized the 

development of photonic crystals. Photonic crystals (PC) are materials with a periodicity in the 

dielectrically constant 3.  The propagation of light in photonic structure is similar to that in 

crystalline solid, which can produce several forbidden frequencies, called the photonic bandgap 

(PBG) or stopband. PBG represents the prohibited energy range in which the photons of certain 

energy cannot propagate or transmit through the material and neither electrons can emit 

photons inside the crystal. Thus, the structural periodicity results in Bragg’s diffraction. This 

offers a perfect way to conveniently shape or mould light. The periodic refractive index (RI) 

structure influences photon movement just as the ionic lattice influences the movement of 

electron in solids providing the ability to control light propagation and radiation.  

 

 

Figure 2-1: Light propagation inside the bandgap (b) light propagation outside the bandgap 3 

 

The concept governing the bandgap emerges when scattered light from many lattice planes 

interfere constructively. Figure 2-1a, shows that light of certain frequency is scattered inside 

the dielectric part of photonic crystal, the scattered light on each layer is in phase with each 

other creating a standing wave with the incident wave. This frequency of light doesn’t 
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propagate through the PC and is reflected. For the frequency outside the bandgap as shown in 

Figure 2-1b, the partially scattered waves are out of phase canceling each other and allowing 

the incident frequency of light to pass through the structure. This implies that photonic crystal 

acts as a photonic insulator in the bandgap for certain frequencies, where the light flow is 

inhibited literally without any failure of absorption and can change the absorption significantly 

outside the bandgap. 

 

 

Figure 2-2: Band diagram of Photonic crystal with energy on the Y axis and k position vector on the X-axis 4 

 

Thus the light-standing wave-peaks of the PBG are positioned mainly at the lower and 

higher photonic energy edge (Figure 2-2), where the red line indicates the standing waves at 

the red regime which is primarily localized with high refractive index dielectric section of the 

crystal and standing waves at the blue regime is localized with lower RI dielectric section of 
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the photonic crystal. Close to Brillouin zone, the light at the centre travels with a velocity of 

 
𝐶𝑜

𝑛
, where n represents the average refractive index and co represents the speed of light in 

vacuum. The group velocity of light decreases when the photon energy reaches the photonic 

bandgap. At the blue and red edge of the photonic bandgap, disappearing group velocity is 

observed, and the light velocity changes from vacuum velocity to nearly zero i.e 𝑑𝐸 𝑑𝑘⁄  = 0 

for an ideal PC. This decrease in group velocity implies the photons can stay for a longer time 

increasing the duration of the optical path of the light wave in PC. Thus photons with reduced 

group velocity are termed as slow photons 5. The formation of slow photon stems out from the 

interaction between the reflected frequency and the transmitted frequency of light. This process 

enables the manipulation of light by photonic crystals in a distinctive way. Moreover, the width 

of the bandgap can be increased by increasing the refractive index contrast. 
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Figure 2-3: one-dimension, 2-D two-dimension, 3-D three-dimension PC with their brillouin zone at the top 

and the colors representing different dielectric constant at the bottom 

 

Depending on the direction of periodicity, photonic crystal can be (1-D) one dimension, 

(2-D) two dimension or (3-D) three dimension, Figure 2-3. In 1D photonic crystal the periodic 

refractive index modulation occurs in one direction 6. Lord Rayleigh studied the high 

reflectivity of light over a well-defined wavelength range known as stopband for 1D photonic 

crystal also knowns as Bragg mirrors which are used to reduce reflection and improve the 

quality of lenses. These 1-D photonic crystals are highly angle-dependent and so the control of 

light happens only in a limited direction. In a 2D photonic crystal, the photonic crystal 

modulation happens in two directions creating omnidirectional photonic bandgap but to 

confine light in the third dimension we have to rely on total internal reflection 7. The periodical 
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modulation of the photonic crystal in 3D photonic crystal happens in all three directions 

resulting in a complete bandgap 8.  

2.2. Colloidal photonic crystals 

Different techniques have been used for the production of photonic crystals and can generally 

be categorized into two types: top-down and bottom-up. Typical top-down approaches use 

techniques such as electron beam lithography, X-ray lithography which are expensive and are 

almost difficult for mass production. In contrast, a bottom-up strategy utilizes colloidal 

crystallization an efficient platform for preparing photonic crystals that are cheap and highly 

ordered in nature. The colloidal photonic crystals (CPhC) are formed in three dimensions by 

self-assembly of monodispersed colloidal nanoparticle such as SiO2 
9, Polystyrene (PS) 10 and 

polymethylmethacrylate (PMMA). Face centred cubic  (FCC) and hexagonal closed pack 

(HCP) are the most thermodynamically favored packing of colloidal photonic crystals 11. The 

photonic bandgap for colloidal photonic crystal is typically pseudogap 12 and hence the films 

made of colloidal crystals show differing colors on view at different angles. However, this 

angle dependence is uncomfortable for building certain optical materials and detector systems 

with wide viewing angles. It is essential to understand that PBG arises only for certain 

symmetries. Researchers have produced considerable attempts to find and manufacture PCs 

with large PBG. For the complete photonic bandgap, ideal photonic crystals should be diamond 

lattice 13, which will help to control the light in all three directions. Additionally, a specific 

condition must be fulfilled: the refractive index modulation of the material must be greater than 

2.0. Till date, the complete bandgap in 3D photonic crystals have largely been in microwave 

or infrared regions 14. Complete photonic bandgap for has not yet been experimentally created 

in the visible regime. 
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2.3. Photonic beads or spherical colloidal photonic crystals 

As a subset or a parallel system, photonic beads are three-dimensional periodic arrays of 

monodisperse colloidal particles with a spherical geometry. These 3D spherical colloidal 

assemblies are capable of controlling, modifying, or confines electromagnetic waves in all 

three dimensions. While, with the spherical symmetry, photonic beads achieve almost complete 

bandgap without any necessity of the refractive index of the material used. Moreover, the 

photonic bandgap or reflecting wavelength of the photonic bead are independent of light 

rotation at a fixed incident angle, extending their use in displays, sensors 15, magnetically 

switchable color 16 and color codes for biomaterial evaluation.17. These spherical photonic 

crystals are also known in the name of photonic balls, supra balls, photonic beads, supra 

particles, crystal beads or opal balls. 

2.3.1. Optical Property of Spherical colloidal photonic crystal  

Spherical confined curvature is a distinctive structural characteristic of photonic beads, where 

the electromagnetic waves of all three dimensions can be controlled, modified or concealed. 

The photonic bandgap or stopband of the spherical photonic crystal can be calculated by using 

modified Bragg- Snell law.  

                               (2-1) 

where λ is the wavelength of reflected light, ni the refractive indices of the two phases, Vi the 

volume fraction, d is the lattice constant, and D represents the constituent particle diameter. 
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Figure 2-4: (a) RGB (Red, Green, Blue) beads made of polystyrene by tuning the constituent particle size (b) 

Reflection-transmission spectrum of photonic bead (c) angle independent nature of the photonic bead (d) 

Reflection intensity profile with different bead diameter18 

 

By tuning the constituent colloid size Vogel 18 was able to achieve the change in 

reflection wavelength accordingly. It is interesting to observe that the colour of the beads 

observed under the optical microscope (Figure 2-4a) has a strong color profile at the centre and 

it disappears around the edges. Understanding the nature of color from reflection - transmission 

measurement of photonic beads was necessary. The measurement in Figure 2-4b reveals that 

only light above the critical wavelength limit is transmitted, whereas light with energies greater 

than the observed reflection peak was unable to pass through the bead. This behavior can be 

attributed to the curved nature of the bead. One of the promising features of photonic beads is 

its angle independent nature as shown in Figure 2-4c, whereby changing the angle of 

observation, it was found that the reflection peak doesn’t shift only a change in the intensity 
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was observed.  Figure 2-4d insert shows the microscopes objective lens can detect only light 

that is reflected back normal to the surface, whereas reflection at wide-angle is not picked up 

by the microscope and it disappears around the edges. Such reflections will have a larger angle 

between the incident and reflected light, which translates to constructive interference occurring 

at lower wavelengths. Therefore, only the light above the threshold is transmitted through the 

bead. The author also observed that on increasing the numerical aperture of the microscope or 

simply by magnifying the lens, light reflected at wide-angle can be collected. The intensity of 

the reflected light in photonic bead as shown in Figure 2-4d depends on the size of the photonic 

bead and the intensity reaches a saturation point when the size is around 50 µm.   

 

 

Figure 2-5: Grating diffraction in the photonic bead (PhB) (a) SEM image of photonic bead prepared using 

400nm PS particle (b) Optical image of the bead (c&d ) simulated-color profile  18 

 

Although, the color characteristics of photonic beads are predictable when beads 

constructed from colloids over 400 nm in diameter, the color profile of the bead differ 

considerably from colloids with lower colloid sizes. Beads above 400 nm show bright, vivid 

color patches on the surface, Figure 2-5b. This color patch is due to the grating diffraction 

effect of periodically arranged colloids at the surface with color traveling from blue to red from 

the centre of the bead to the rim. Using the grating equation Figure 2-5c shows the simulated 

color profile at the specific points on the surface of the bead. Figure 2-5d shows the simulated 
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color grating profile on the surface of photonic bead. Such a color transition is the characteristic 

of grating diffraction, as defined by the grating equation. 19,20  

mλ = d(sin θi + sin θm)     (2-2) 

where m is the diffraction order, λ is the wavelength of light which has constructively 

interfered, θi is the angle of incidence, θm is the angle of reflection reflected light and d is the 

distance between the individual scatters. 

2.4. Fabrication of Photonic beads 

The synthesis of PhB is classified into a wet and dry self-assembly process.21 The selection of 

the manufacturing method is focused not just on the standardized size and shape of beads, but 

also on the sort of bead required for certain applications.  

2.4.1. Dry Assembly Process 

Electro-spraying 22 and inkjet printing 21 are part of the dry assembly process where the 

fabrication process is primarily focussed on making close pack PhB and inverse PhB for mass 

production and at a faster rate.  

 

 

Figure 2-6: Dry assembly process for generation of photonic bead(a) Electro-spraying technique for the 

fabrication of photonic and inverse photonic beads 22 (b) inkjet printing technique for the fabrication of 

photonic bead 21 
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Electro spraying process involves aqueous suspension injected into a needle. The pressure 

is applied for the droplets to flow through the needle, where alternating current (AC) is applied. 

The technique provides a stable droplet generation which is achieved through the alteration of 

the electric field where solvent from the suspension droplets is evaporated. Figure 2-6 a&b 

shows the electrospray technique were the PS nanoparticles self-organize to form close-

packed, spherical photonic beads. The capillary force used in this process is liable not only for 

the spherical formation of the beads but also aids for the close packaging of beads so that the 

net surface charge prevents the droplet from coalescing. Thus, aqueous emulsion drops 

generated by the air and the capillary force offered by the electrospray method for 

droplet stabilization is considerably better in comparison to water in oil emulsions.  

Similar to electrospray technique, PhB’s are generated by the self-assembly process inside the 

droplet generated in an inkjet printer. A piezoelectric transducer induces an acoustic wave to 

break the droplet and forces the droplet from the needle to deposit on the substrate. This 

technique is less time consuming, more comfortable and practical.  

2.4.2. Wet Assembly Process 

Depending on the type of crystallisation, the wet assembly process can be classified as an 

evaporation induced process and optofluidic method. In both the wet assembly method, the use 

of microfluidic technology is necessary. The microfluidic technique has a significant advantage 

over the dry assembly process. The microfluidic technique can accurately control the flow rate 

of the continuous and dispersed phase. The microparticles generated by this method 

demonstrated useful characteristics including controlled sizes (10 to 2,000 nm in diameter), 

uniform size distribution and high reproducibility. These monodisperse droplets provide a well-

defined geometry for the self-assembly process. In addition, the method helps to easily 

synthesize Janus, core-shell and non-close PhB packs.  
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Figure 2-7: Wet assembly process for generation of photonic bead (a) Gravity driven technique for 

the fabrication of photonic bead 23 (b) Optofluidic technique for the fabrication of photonic bead 24 

 

2.4.3. Evaporation induced Crystallization  

The most common strategy for the formation of the photonic bead in a microfluidic method is 

using evaporation-induced colloidal crystallisation 25. The technological development begins 

with the micropipette to inject water suspension and the oil as co-flow to produce a 

monodispersed emulsifying suspension. The size of the bead can be controlled by adjusting the 

flow rate of the continuous phase (oil) and dispersed phase either by changing the suspension 

or by changing the droplet diameter. Figure 2-7a shows the evaporation induced crystallisation 

using a gravity-driven technique where SiO2 is used as the aqueous phase and silicon oil is used 

as an oil phase and the beads are collected in a hydrophobic container. The evaporation rate of 

this method is generally slow and takes many hours for complete crystallisation at room 

temperature 23. To accelerate the crystallisation process, Kim et al26 implemented microwave 

radiation as a heating strategy to decrease evaporation. Since superheat polar molecules can 
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selectively be used by microwaves, the emulsion droplets can be combined into PhB in a very 

short span of time. 

2.4.4. Optofluidic method  

The optofluidic method is efficient to synthesize, non-close-pack, Janus and core-shell 

photonic beads. multiple photonic structures can be synthesized through photoinduced 

consolidation were the continuous phase and dispersed phase are controlled by a syringe pump. 

The continuous phase usually contains UV curable resin with a surfactant that can detach the 

droplet from the capillaries as shown in the Figure 2-7b. The droplets are finally stabilized with 

surfactant and they are solidified by UV treatment process 27.  

2.5. Different photonic beads and their optical properties 

Photonic crystal beads could be classified into five categories:  

1. Closed pack structure 

2. Non-closed pack structures 

3. Spherical inverse opal  

4. Photonic crystal beads with Janus or multi-component structures and  

5. Photonic crystal beads with core-shell structures  

 

2.5.1. Close pack photonic beads 
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Figure 2-8: close pack photonic bead and their optical property (a) solidification process involved in  close-

pack photonic beads28 (b)Optical image and reflection spectra of different beads made of silica particle of 

varying constituent particle size 23 

 

Close-pack beads are essentially formed by evaporation induced process as shown in 

Figure 2-8a, where the capillary force holds the nanoparticles in spherical structure and van der 

Waals force binds them together. Xu et.al 29 recorded the formation of polystyrene (PS) beads 

through the use of T junction microchannels, where aqueous PS nanoparticles are used as the 

dispersed phase and hexadecane with Span 85 as the surfactant. Shear force divided the 

aqueous phase in droplets and droplet size was regulated by changing the flow rate. Bragg’s 

law estimates the photonic bandgap and changing the constituent particle size photonic 

bandgap position can be changed accordingly see Figure 2-8b. Such close-pack beads can be 

used as microcarriers for multiplex testing where each reflection peak could be used as a 

detection code. 
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2.5.2. Non-close pack photonic beads 

 

Figure 2-9 Non-close pack photonic bead and their optical property (a) solidification process involved in non-

close-pack structure30 (b)Optical image and reflection spectra of different beads made of silica particle of 

varying volume fraction with a single constituent particle size 31 

Non-close pack beads have a certain advantage over close-pack beads when it comes 

to application in bioassay where the close-packing of particles has restricted surface adsorption 

which reduces the binding kinetics for biomolecules. Non-closed pack structures are made with 

colloidal nanoparticles as the dispersed phase with polymerizable monomers as the continuous 

phase and the droplet is formed by the network of hydrogel around the colloidal nanoparticle 

see Figure 2-9. Thus, the colloidal nanoparticles self-assemble in a non-close pack manner 

where they are permanently locked in a hydrogel matrix, transforming the colloidal 

nanoparticles into a non-close packed FCC 31. The optical properties of non-close pack beads 

is similar to the close pack beads, while the presence of hydrogel contributes to enhance the 

binding kinetics that can be used as biological, heat and chemical sensors. 
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2.5.3. Janus photonic beads 

 

 

Figure 2-10: Janus photonic bead and their optical property (a) solidification process involved in janus 

structure 32 (b) Optical image and reflection spectra of janus bead made of silica particle on the right (pink) 

and PS on the left (blue)33 

 

Janus beads are referred to as beads with a biphasic geometric structure and with different 

physical-chemical features34. Liu et.al 33 recorded first Janus PhB’s with a dual photonic 

bandgap with the use of polystyrene of 180 nm in size with tritone X-100 and SiO2 of 200 nm 

in size with colloidal triacrylate photopolymerizing trimethylpropane (TMPTA), the relative 

domain sizes are influenced by the relative flow rate. A dual display of the structural color with 

multifaceted optical quality with the reflective wavelength of 500 nm for PS and 668 nm for 

SiO2 was achieved with the modification of the interfacial tension between PS and SiO2 

elements see Figure 2-10b. Likewise, Janus beads offer new platforms with different photonic 

bandage components in a single bead 35. 
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2.5.4. Core-shell photonic bead 

 

 

Figure 2-11: Core-Shell photonic bead and their optical property (a) solidification process involved in core-

shell structure 36 (b) Optical image and reflection spectra of core-shell bead made of PS as core and  silica as 

shell 33 

 

Apart from single emulsion particles, double emulsion systems could also be used for 

producing PhB.  Jia et al. 37 reported the preparation of core-shell photonic crystals using the 

microfluidic device by step-wise emulsification see Figure 2-11. In this research, the team used 

ethoxylated trimethylolpropane triacrylates (ETPTA) for the production of a strong shell to 

retain the core particles and uniformly distribute the light. Double emulsions offer ideal core-
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shell bead templates. Double emulsions containing diverse components are used as a model for 

drug delivery systems. 

2.5.5. Inverse photonic bead 

 

 

Figure 2-12: Inverse photonic bead and their optical property (a) solidification process involved in 

Inverse bead structure 38 (b) reflection spectra of inverse bead made with different size PS particles 

as a sacrificial template and optical image of those inverse beads 39 

 

The inverse opal beads can be produced either by replication or by co-assembly of a 

template 40. During the replication process, the selected materials for the final reverse opal 

sample will be mixed into the free voids of the templates see Figure 2-12. Materials include 

precursor metal oxide and hydrogels prepolymer solution, and the template is etched to achieve 

inverse opal beads of ideal spherical geometry. 

Co-assembly is another way of creating inverse spherical opal beads. The method 

involves simultaneous development of the polymer-like polystyrene nanoparticles, as the 

colloidal crystal bead template and the interstitial locations are filled with materials such as 
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SiO2 or TiO2. Thus, a sequence of inverse opaline photonic beads with distinct diffraction 

peaks can be achieved by changing the pore diameter. 

 

2.6. Application of Photonic beads 

2.6.1. Photonic beads for LED 

 

 

Figure 2-13: Photonic bead for LED device(a) Photonic beads prepared using the microfluidic 

device for LED application (b) Intensity enhancement study 41 

To enhance the white LED (WLED) luminescence, Yu et.al 41 designed red and yellow 

photonic beads using the microfluidic technique to match the emission spectrum of red 

quantum dots (QD) and yellow phosphorus. The beads of yellow and red color were 

synthesized by changing the constituent particle size and the reflection measurement were 

found to be 635 for red beads and 560 nm for yellow beads. In order to make while LED beads 

were doped into the fluorescent blend containing Red QD’s and yellow phosphorus which were 

then attached to blue (460nm) LED chip. Depending on the number of photonic beads that 
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were added, light intensity also increased dramatically. From Figure 2-13b, PC-LED (red 

curve) indicates the WLED samples of the  10 yellow and 10 red photonic bead, where the 

intensity was 30.2% higher for yellow phosphorus at 560 nm wavelength and 35.6% higher for 

the red QD’s in 635-nm wavelength. Likewise, for the 20 yellow and 20 red photonic bead 

sample (PC-LED1 -black curve) showed 35.9 percent higher at 560 nm wavelength and 49.9 

percent for 635 nm photonic beads. The power output for PC -LED sample also went up from 

92.60 to 100,85 mW, while PC-LED1 raised to 103.23 mW. 

2.6.2. Photonic beads-based perovskite 

 

 

Figure 2-14: Organometal halide perovskite photonic bead for light harvest (a) Top image shows the photonic 

crystal bead with Organometal halide perovskite formation and bottom image (b) reflection measurement of 

different  PS beads (c) Solid lines indicate the PL emission spectra and  dashed lines indicate the  reflectance 

spectra of  photonic crystal bead/ MAPb(Brx/I3-x) composite made from 330nm diameter microsphere (d,e,f,g) 

shows the  Photonic crystal bead/MAPbI3 formed with different PS microspheres of 190, 240,290 & 330nm in 

size 42 

 

Chen et al. 42 took the benefit of using photonic bead as an efficient light harvester. The team 

prepared polystyrene (PS) based photonic bead by droplet template approach, where PS 

colloids were used as the aqueous phase and silicon oil was used as a dispersed phase for 
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droplet formation with the help of micropipette. The droplet were then dried at 70°C.  The 

photonic bandgap was tuned by regulating the constituent particle size of PS spheres as shown 

in  Figure 2-14b were the constituent particle of 190, 240, 290 & 330 nm diameters. Later, the 

organic metal halide (OHP) precursor was infiltrated in the voids of the PS bead and dried as 

shown in Figure 2-14a.  Figure 2-14c, shows the overlap between the photonic bandgap of the 

PS bead and PL emission spectra of organic metal halides which enhances the light harvest at 

the band edge due to slow photon. Further to improve the stability of the perovskite, a 

transparent layer of PDMS was added and tested in water for 24h. The composition remained 

the same. Figure 2-14 d-g, shows the optical image Photonic crystal bead/MAPbI3 composite 

formed with different PS microspheres of 190, 240, 290 & 330nm in diameter. 

2.6.3. Photonic beads for photocatalysis 

 

 

Figure 2-15: Photonic bead for photocatalysis (a) Inverse TiO2 photonic bead synthesis by spray drying 

process (b) SE Image of Inverse TiO2 photonic bead (c) Reflection spectra of inverse TiO2 photonic bead (d) 

rate constant vs stopband position.43 
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A very important aspect of photocatalysis is enhancing the light-harvesting capability of 

semiconductor nanostructures for the degradation of organic compounds. Qiang et.al 43 

reported the fabrication of inverse opal TiO2 photonic beads for photodegradation of methylene 

blue (MB) under UV light. This work involves the preparation of Inverse opal photonic beads 

by spray drying technique as shown in Figure 2-15a. The team introduced PS spheres in an 

aqueous solution containing titanium precursor. The acquired spherical particles were 

calcinated to obtain inverse opal TiO2 structure see Figure 2-15b and the photonic bandgap 

were tuned by changing the particle size of PS spheres. In the interest of improving 

photocatalytic activity TiO2, the photonic bandgap was adjusted to the absorption regime of 

TiO2, showing a corresponding bandgap match on the red edge for PS sphere of size 260 nm 

as shown in Figure 2-15c. To enhance the photocatalytic activity TiO2, the photonic bandgap 

was tuned to the absorption regime of TiO2 showing a bandgap match at the red edge. It was 

found that the photodegradation of red edge match TiO2 was 1.66 times much better in 

comparison to P25.  
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2.6.4. pH sensors 

 

 

Figure 2-16: Photonic bead as pH sensor optical image of inverse opal hydrogel bead and its reflection 

spectrum change obtained for pH 1 to 9 44 

 

Ordered macroporous polymer hydrogels display a great reversible size changes in reaction to 

external stimuli, such as pH, ions, temperature or electric field, resulting in a readable shift in 

optical diffraction. The silica nanoparticles were assembled into beads with narrow 

stopbands by means of microfluidic techniques. Sun et.al showed uniform structural color in 

inverse hydrogel beads owing to the spherical 3D structure 44. The macroporous hydrogel 

provides a greater surface region, quicker ion distribution, more interaction location, and broad 

detection variety, with a quick pH-variable reaction of 30 sec. Due to the porous composition 

of the beads, ion diffusion occurs both through the void and hydrogel networks which leads to 

swelling and shift in the diffraction see Figure 2-16. 
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2.6.5. Chemical sensor 

 

 

 

Figure 2-17: photonic bead as Chemical sensor (a) schematic image of the fabrication process of Inverse 

photonic bead film and incorporation of target solution Hg2+ (b)optical image of photonic bead (c) High 

magnification SEM image on the surface of the photonic bead (d) surface of  inverse opal hydrogel bead (e) 

optical image and reflection spectra of inverse photonic bead at different concentration (f) effect of Hg2+ 

concentration change vs diffraction 45 

 

Chemical sensors react to a certain analysis in various respects. One of the most useful means 

is to alter the optical properties and particularly a visually perceptible color shift. Polymer 

spheres generally swell and shrink in the presence of certain analytes. The hydrogel includes a 

molecular recognition cluster that selectively binds to the analyte. These occurrences lead to 

swelling of the gel because of enhanced osmotic stress, which raises the mean separation 

between the colloidal spheres and thus moves the Bragg peak of the diffracted light to longer 

wavelength. 

Ye.et.al 45 reported a calorimetric sensor using photonic beads made of scaffold 

polymer for Hg2+ detection see Figure 2-17. The scaffold polymer was the inverse opal bead 

film that was exposed to the target solution and this causes the interaction between the hydrogel 

and target solution gel to shrink and in turn, it changes the color of the beads on the film causing 
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a blue shift in the Bragg’s diffraction peak position. Thus, the change in the peak position 

would help to quantitatively estimate the amount of target solution as shown in Figure 2-17(e-

f )in this case (Hg2+) 

Zhaoe et al. 46 also reported an easy and effective way of tracking DNA hybridization 

response detection with photonic beads. He used DNA-responsive photonic hydrogel crystals, 

which contain a molecular identification band, which selectively responds with the analyte was 

used. This recognition causes the gel to decrease, which increases the distance between the 

colloidal spheres and causes a change in the Bragg’s diffraction peak. 

2.6.6. Thermal sensor 

 

 

Figure 2-18: Photonic bead as Thermal sensor (a) Optical image of photonic beads at different temperature 

(b) change in temperature vs Reflection spectra of photonic bead 30 

 

Unlike dyes, photonic crystal beads are non-toxic and do not undergo photo-bleach. Since 

colloidal particles in hydrogel do not touch, the lattice constant can be easily tuned by changing 

the volume fraction of the particle. The production of gel immobilizing colloidal crystal beads 

was reported by Toshimitsu et al. 30 using the microfluidic technique to photopolymerize 

polymer gel(N-isopropylcrylamide) (PNIPAm) as a thermosensitive polymer. Figure 2-18a 
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shows the shell starting to shrink at an increased temperature which leads to a change in 

diffraction peak as observed in Figure 2-18b. 

2.6.7. Barcode 

 

 

Figure 2-19: Photonic bead as barcodes (a-b) barcode with a different number and type photonic bead core  
47 

 

One effective approach of multiplexing is the use of high-performance assays in biomedical 

applications, in which barcode particles encode data regarding their special composition and 

make it simple to identify. The use of photonic crystal beads as a spectroscopic barcode is of 

great advantage since the color derived from structural characteristics and the codes are very 

stable when compared to codes that are made of fluorescent dyes and quantum dots (QD) were 

they have the tendency to photobleach and lose chemical stability. Since the color can be tuned 

by changing the constituent particle size, each color could be coded and moreover, the surface 

of the bead provides an efficient platform for bioreactions. Another way of improving the 

particle codes is to embed a number of photonic beads in a hydrogel resin as shown in Figure 

2-19 
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2.6.8. Displays 

 

 

Figure 2-20: Photonic bead as Display (a-d) fabrication of photonic bead paper (e) change in diffraction plane  

on interaction with ink (write)  (f) angle independent nature of the photonic bead paper 48 

 

The angle independent nature of photonic crystal beads makes it more promising for display 

devices because of its high reflectivity under the bright sun which is lacking in most of the 

existing emissive displays. Photonic crystal beads can be made into films with vivid colors, 

with wider viewing angles and rewritable surfaces for information displays. Gu et al. 48 reported 

the synthesis of photonic bead paper for display application by making use of silica photonic 

beads as the template. The Pregel solution was infiltrated in the film and polymerized by 

applying UV radiation and then silica were removed by using HF as shown in Figure 2-20 (a-

d). To demonstrate the effect of photonic paper, salt solution was used as the ink and the 

interaction of photonic beads made of  Pregel(PEG) triggered the film to swell which resulted 

in the change in the diffraction plane as shown in Figure 2-20e. The paper in Figure 2-20f 

showed angle independent nature and can be reused by washing with water to remove the salt. 

The color of the beads can also be tuned by adjusting the distance between the constituent  



37 

 

particles, and this variation can be made through the use of external electric field or magnetic 

fields as reported 49.  

2.7. Conclusion 

Spherical colloidal photonic crystal structure offers the possibility of confining light and 

exhibits a strong coupling effect between the light and the semiconductor that attaches to it.  

Due to challenges in fabrication process the planar structure have been extensively explored 

for photocatalysis and photoelectrochemical cells (PEC) in comparsion to spherical 

counterpart. This  thesis offers a strong platform for studying the interaction of light matter in 

photonic beads compared to planar structure  for the above applications, particularly at the 

photonic bandedge. 
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3. Methodology & Research design  

3.1. Polystyrene nanoparticle synthesis 

To fabricate PhB, polystyrene nanoparticles of monodispersed size must be prepared. The 

preparation of polystyrene spheres was carried out with and without the use of surfactant. The 

procedure involves taking 1.5 ml of styrene in a round bottom flask with 50 ml of distilled 

water and heated at 60ºC with continuous stirring maintained at an inert atmosphere. In another 

beaker, 0.201 g of potassium persulfate (KPS) as the initiator is added with 25 ml of distilled 

water and heated at 60ºC. When the beaker containing KPS and distilled water has reached a 

temperature of 60ºC, the solution is then poured into the round bottom flask containing styrene 

and kept for 12 hours at moderate stirring. The solution is then taken out and washed repeatedly 

by centrifuging at 9,000 rpm. The size of PS spheres was tuned by changing the concentration 

of styrene and KPS. It was observed that increasing the styrene concentration increases the PS 

sphere size. The prepared PS spheres were characterized by DLS to determine its size. 

Table 3-1.Preparation of polystyrene nanoparticles 

Ex.no KPS (g) Water (mL) Styrene (mL) Water (mL) AA (mL) Size (nm) 

1 0.2010 25 1.5 40 - 402±5nm 

2 0.1645 25 1.5 40 - 373±5nm 

3 0.0799 25 1.5 40 - 349±5nm 

4 0.0398 25 1.5 40 - 203±5nm 

5 0.3308 50 2.6 80 - 129±5nm 

6 0.3308 50 2.6 80 0.25 307±5nm 

7 0.6616 50 1.3 80 0.25 281±5nm 

8 1 50 1.3 80 0.25 356±5nm 

9 0.1663 25 1.3 40 - 252±5nm 



42 

 

3.2. PDMS based microfluidic device for PhB generation 

3.2.1. PDMS based microfluidic device fabrication  

 

 

Figure 3-1 PDMS device (a) Device design generated using CleWin3 software (b) Contaminants in the 

microfluidic device (c) Optical image of PDMS based microfluidic device and the marking indicates the 

channel with different phases 

 

For the fabrication of PhB,  the design for the microfluidic device were made by using CleWin3 

Software as shown in Figure 3-1a. Different designs were tested to find an efficient way to 

make the droplets for bead synthesis. As a rule of thumb, it was observed the channel gets 

clogged due to contaminants in the aqueous phase as shown in Figure 3-1b, if the channel width 

is below 250 µm and the orifice below 100 µm. To make a microfluidic device, 20 gram of 

polydimethylsiloxane (sylgard-184) and 2 gram of cross-linker sylgard-184 was used and the 

mixture was stirred properly. The mixture was kept under vacuum until all bubbles were 

removed in the mixture. The mould was then washed with isopropyl alcohol, then with the 

distilled water and dried. The PDMS mixture is then poured on mould and was kept in the 

vacuum oven at 80 ºC. After two hours the mould is cut and the device was washed with Iso-

propyl alcohol and dried. The device was subjected to plasma bonding with a clean glass plate. 

Figure 3-1c, shows the optical image of the inhouse production of PDMS device. 
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3.3. Droplet generation using PDMS based microfluidic device  

In order to prepare polystyrene beads, polystyrene aqueous solution of (8-10% Vf) were used 

as the dispersed phase and the mineral oil light-330779 with 1% SPAN 80 were used as the 

continuous phase. The flow of the continuous and dispersed phase was controlled by a syringe 

pump and the droplets were collected in a plastic petri dish, which was heated at 60ºC using a 

heating plate. However, the droplet created within the microfluidic channeled to a coalescence. 

3.4. Experiment on changing the surfactant concentration  

In order to decrease the coalescence, a surfactant level of 0.8%, 2.5% and 5% of SPAN 80 were 

added and examined. The surfactant level of 0.8 % and 2.5 % led to coalescence as shown in 

Figure 3-2a, b. At 5 %, however, coalescence was not found, and the channel was stable. Figure 

3-2 shows the coalescence nature at 0,8% and 2,5% and the non-coalescence at 5%.  

 

 

Figure 3-2: Droplet formation with varying concentration of surfactant (a) shows the coalescence using 0.8% 

of surfactant SPAN 80 (b) coalescence using 2.5% of SPAN 80 surfactant (c) stable interface formation with 

5% of SPAN 80 surfactant. 

 

3.5. The use of pressure controller for droplet generation 

After the droplet flow was optimized through the channel by having a 5% surfactant 

concentration. The next challenge was to collect the uniform size droplets. Since the length of 

the channel was micrometre and the diameter of the collection tube, through which it flows 
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were in millimeter size. The difference in size resulted in the non-mono dispersed droplets at 

the collection phase. To overcome this problem, a pressure control system was used to adjust 

the flow rates of PS as the aqueous phase and air being the continuous phase. The droplets 

generated using the pressure controller had three basic regimes. Parallel, stable and pendant as 

seen in Figure 3-3(a-c). Figure 3-3d, shows the different regimes are plotted as the function of 

the continuous phase in the X-axis and dispersed phase in the Y-axis. 

 

 

Figure 3-3 Droplet formation using pressure controller in PDMS microfluidic system (a) Parallel regime (b) 

stable regime (c) pendant droplet regime (d) Droplet generation regime 

 

 

3.6. PTFE based device for bead generation 

The use of mineral oil and SPAN 80 as the surfactant was promising for droplet formation 

inside the microchannel. However, when it comes to crystallisation of droplets for bead 

formation the use of mineral oil and SPAN 80 were not feasible due to lack of stable interface. 

Hence, a different continuous phase system which aids in colloidal crystallisation was used to 

solve this issue. We utilized hexadecane as the oil phase with Hypermer 2296 as the surfactant. 

Since hexadecane was taken as the oil phase, PDMS based microfluidic device were found to 
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be not compactable because of swelling. Thus, PTFE based T-junction was used to make 

droplets. The droplets made from PTFE device was stable and uniform throughout the 

experiment. 

 

 

Figure 3-4: PTFE device for bead generation; Optical image of the PTFE based microfluidic device for droplet 

generation 

 

3.7. Different colored beads and their optical properties 

The beads prepared using the PTFE based microfluidic system with different PS particles of 

205, 224, 265 nm in size. The photonic bandgap of the beads were measured using diffused 

reflectance spectroscopy. The reflection spectrum of red, blue and green beads was found using 

modified Bragg’s snell equation and were 487, 517 and 655 nm as shown in the Figure 3-5.  

                          ( 3-1) 
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Figure 3-5: RGB photonic beads shows the reflection spectrum of Red, blue, green beads and the inset shows 

the optical image of the beads. 

 

 

3.8. Characterization instrument and measurement method  

 

3.8.1. UV-Visible absorption spectroscopy 

 



47 

 

 

Figure 3-6: UV- Visible absorption spectrometer (a) shows the energy level associated in the transition of the 

electron (b) schematic picture of UV-Vis spectroscopy 

 

Visible and ultraviolet radiation absorption in atoms and molecules occurs with the excitation 

of an electron from lower energy (ground state) to a higher energy level (excited state). Since 

energy levels are quantized, the exact quantity of energy can only trigger the transition from 

one level to another. Thus each wavelength of light has its own specific energy if this specific 

quantity of energy is just correct to make one of those energy leaps as shown in Figure 3-6a. 

Then, its energy will be consumed in electron promotion. It will be easier to relate the frequency 

with the light absorbed and its energy by the following equation: 

                         𝐸 = ℎ𝜈        (3-2) 

                                                                      𝜆 =
𝑐

𝜈
        ( 3-3)          

                                                                                        

   Where E is the energy of the light, h is the Planck constant, λ is the wavelength of light, c is 

the speed of light and ν is the frequency. Thus, for a shorter wavelength of light, larger the 

difference between the energy level which results in the absorption of light of higher frequency 

and vice versa. 
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UV visible absorption can be measured either by a single wavelength or scanning over 

the range of wavelengths. The UV absorption is in the range of 190-400 nm and visible in the 

range of 400-800 nm. Figure 3-6b is a schematic of UV- visible spectrometer. The light source 

used for the measurement is a combination of tungsten and deuterium lamp from Ocean Optics 

that is passed through the filter. For the liquid samples, optically, transparent cuvette made of 

quartz and plastic was used and for solid samples, the glass film was used as a substrate and 

the glass was used as the reference. The reference cell for liquid samples includes the solvent, 

in which the sample is dissolved. We called it the blank sample. The intensity of light moving 

both through a reference cell (Io) and the sample cell (I) is evaluated for each wavelength. If I 

< Io, then the sample has absorbed some of the light. Where the absorbance of the sample is 

related to the following equation. 

                                                       𝐴 = 𝑙𝑜𝑔10
𝐼𝑜

𝐼
         ( 3-4) 

The CMOS detector used in the spectrometer transforms the incoming light into a current. The 

graph is then plotted with the absorbance on the y-axis and wavelength in the x-axis. The 

absorption value is measured by usually taking the maximum absorption λmax and Beer lambert 

law is used to measure the concentration of the sample.  

3.8.2.  Scanning electron microscope  
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Figure 3-7: Schematic image of scanning electron microscope 1 

 

JEOL JSM 7001F was used to characterize the surface morphology of the samples by scanning 

the stream of a focused beam of electrons. The instrument has three main components: the 

electron gun, electron column, and detector see Figure 3-7. The electron gun is of field emission 

type which has an average lifetime of 300 hours. By applying a voltage between filament and 

anode, thermoelectrons are generated that runs down through the electron column. The electron 

column consists of condenser and objective lenses to adjust the diameter of the beam onto the 

sample. The instrument is maintained at a vacuum level between 10-9 to 10-10 torr. The sample 

were photographed using secondary electron detection mode were the surface electrons are 

captured by the detector and a small bias voltage is applied to the detector to attract negative 

electrons. To avoid surface charging the sample were coated with iridium before imaging and 

for samples were elemental composition has to be determined sample carbon coating (approx. 

10 nm) was carried out. Thin-film measurements of the sample were performed by using a 

cross-section holder. The sample with a photonic crystal pattern was kept facing the beam for 
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the thickness measurements. For PS nanoparticles the iridium coating of about 10 nm and for 

photonic beads the sample were coated at various angles of about 2.5 nm at each side.  The 

instrument acceleration voltage was set between 10-15 Kv   to avoid the melting of the sample 

and the probe current was adjusted accordingly. 

3.8.3. Transmission electron microscope 

 

 

Figure 3-8: Schematic image of Transmission electron microscope 2 

 

FEI tecnai F20 was used for determining the morphology, composition and crystal structure of 

the samples. TEM works by shooting highly energetic electrons through the sample within a 

high vacuum to avoid the deflection of the electron by gas or hydrocarbon molecule which is 
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then recorded by the phosphorus screen underneath the sample producing a projected image 

see Figure 3-8. Image formation in TEM is similar to SEM as the main components include 

electron gun, electron column with a phosphor screen at the bottom of the sample. The electron 

gun made of tungsten filament produces the beam of electrons in a spiral trajectory where the 

electron flows through the column having electromagnetic lenses where the path taken by the 

electron is influenced by the lens current which would set the path for the beam of electrons. 

The projection is shown on the phosphorous display, where the photons are released when the 

electron beam irradiates them. The lighter area of the image represents the transmission of few 

electrons occur. The darker area of the image represents more electron that has been 

transmitted. Depending on the size of the crystallite, the diffracted electron beam can provide 

the diffraction angle depending on the interatomic distance and wavelength of the electron by 

using Bragg’s diffraction. Elemental analysis can be carried out by using characteristic X-ray 

where electrons from high energy level drops to fill the hole in the lower energy level thus the 

x-ray emitted is from a typical element. 

Preparation for TEM requires a very thin sample to transmit sufficient electrons to form an 

image. The samples are loaded on to the copper carbon grid where holes in the grid create 

Fresnel fringes. The sample preparation was carried out by sonicating the sample with the 

solvent (ethanol) for about 15 minutes. The sample solution is drop cast on the grid and allowed 

to dry.  



52 

 

3.8.4. X-ray photoelectron spectroscopy 

 

Figure 3-9: Schematic image of X-ray photoelectron spectroscopy 3 

 

Kratos Axis Ultra XPS was used for the elemental analysis technique which can analyze the 

sample surface up to 10 nm. XPS is carried out in a high vacuum chamber when a 

monoenergetic Al kα x-ray hits the sample surface, which causes photoelectrons to emit from 

the surface of the sample. The electron energy analyser is used to measure the energy of 

photoelectron. In a traditional XPS experiment, the use of x-rays means that electrons in certain 

bound states can be stimulated where enough energy is input to break the photoelectron away 
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from an element's nuclear attraction power see Figure 3-9.  Photoelectron is recorded by 

measuring the ejected photoelectron over a range of kinetic energy. An electron can be expelled 

if an atom or molecule absorbs X-ray radiation. The electron's kinetic energy (KE) is dependent 

on photon energy (hν) and binding energy of the electron (BE).  

                                                              𝐾𝐸 = ℎ𝜈 − 𝐵𝐸 ( 3-5) 

The binding energy relies on the component that emits the electron, the orbital from which the 

electron is expelled and the chemical environment of the atom from which electron was 

emitted. Casa XPS software was used to process the data. 

3.8.5. X-ray diffraction  

 

 

Figure 3-10: Schematic image of X-ray diffraction 4 

 

X-ray diffraction was carried out using Bruker D8 advanced powder XRD for determining the 

crystalline phases of the sample. The samples position 2𝜃 and intensity of the peaks are used 

for identifying the material.  The instrument has three basic parts X-ray source, sample holder 

and detector see Figure 3-10. With Cu kα as the target material, X-rays in a cathode ray tube 
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are produced by heating the filament to generate electrons. The electrons are then accelerated 

towards the sample by applying a voltage. when electrons have enough energy to release the 

electrons from the inner shell of the material, they produce characteristic X-rays which will 

constructively interfere resulting in Bragg’s equation.  

                                                       𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃  (3-6) 

The design of an X-ray diffractometer is such that the specimen rotates at an angle 𝜃 oscillating 

into the trajectory of the collimated X-ray beam, while the detectors mounted on the panel 

retrieve the diffracted radiation and rotates at an angle of 2𝜃. As the sample and detector rotate 

through their corresponding angles, the intense diffracted X-rays are continually registered. 

The maximum peak intensity happens if the sample has the lattice planes with d- spacing suited 

to diffract X-ray at the value of 𝜃. The d spacing is determined by using Bragg’s equation 

for the appropriate value of  λ  

3.8.6. Gas chromatography 

 

 

 

Figure 3-11: Photographic image of GC-2014 chromatography in our lab 
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Gas Chromatography is a technique of separating different chemical compounds based on their 

volatility using gas as the mobile phase. The gas which needs to be analyzed is injected into 

the sample gas chamber and in order to have the flow of gas through the column a carrier gas 

which is inert used. The carrier gas act as the mobile phase. In all experiments, we have used 

argon of high purity as the carrier gas so that it doesn’t react with the sample gas and the GC-

2014 from Shimadzu has been used.  Once the sample gas is injected, the gas gets heated up 

and goes through the long tube, which is the packed column. The packed column contains the 

stationary phase and tube length (stationary phase) is about 2 m with 2 mm internal diameter 

and 1/8” outer diameter (Restek Instruments). The tube size was made longer to have a better 

separation between the gases and the stationary phase separates each molecule and the time 

duration is taken by each molecule are then detected by the detector. The detector then displays 

the signal and can be analyzed using a computer. The chromatogram is usually plotted intensity 

on the Y-axis which represents the number of particles hitting the detector versus time on the 

X-axis. The peak area is directly proportional to the concentration of a chemical compound in 

the gas. 
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3.8.7. Raman spectroscopy 

 

 

Figure 3-12: Photographic image of Raman spectroscopy used for characterizing the samples 

 

When the sample is exposed to monochromatic light in the visible region, the sample absorbs 

light and the major portion of the light is transmitted, and some portion of the light gets 

scattered by the sample uniformly in all directions. If the incident frequency of light that we 

use has the same frequency of scattered light by the sample, the scattering is then called 

Rayleigh scattering. However, it is observed around 1% of the scattered frequency is different 

from the incident frequency and this scattering effect is known as Raman scattering. Raman 

scattering is a two-photon process where the electrons have different vibrational levels. When 

incident monochromatic light interacts with an electron in the sample. The electron absorbs 

energy from the incident photon and it rises to virtual energy state and is defined by  

                 𝐸 = ℎ𝜈𝑖,          (3-7)     
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where is the energy of the photon, h is the Planck’s constant, νi is the frequency of the incident 

photon. The electron then falls back to an energy level by losing energy. If the energy lost is 

equal to the energy of the incident photon, the electron falls back to its original state releasing 

a photon. Since the energy lost is equal to the energy of the incident photon, the released photon 

has the frequency of the incident photon(vs=vi). Then Rayleigh scattering occurs. However 

sometimes electrons when loosing energy from the virtual state, can fall back to a different 

vibrational level, in this case, the energy lost by the electron will be different from the energy 

absorbed from the incident photon. As a result, the photon emitted by the electron has energy, 

different than the incident photon. This is possible if the frequency of the emitted photon is 

different from the frequency of the incident photon. This gives rise to Raman scattering. 

Depending on the final energy of the electron, Raman scattering can be separated into stokes 

line (νs< νi)and antistoke line (νs > νi). 

If the frequency of the scattered photon is greater than the incident photon, Stoke lines are 

observed in the Raman spectrum. This happens when an electron absorbs energy. Similarly, if 

the frequency of the incident frequency is greater than the incident photon, then the Raman 

spectrum has a Stoke line. which means, an electron gives energy and thus the molecular 

fingerprint is different for the different molecules. By studying the rotational level one can 

identify the particular molecule. Also, the intensity helps to determine the concentration of the 

molecule in the sample. 
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4. Ensembles of photonic beads: optical properties and enhanced 

light-matter interaction  

4.1. Abstract 

Light management is of paramount importance to improve the performance of optoelectronic 

devices including photodetectors, optical sensors, solar cells, and light-emitting diodes. 

Photonic crystals have been shown as an effective metamaterial for trapping light amongst their 

various photon management functions. Herewith, we demonstrate that spherical photonic 

crystals, or in other words, photonic beads, possess a stronger light trapping effect compared 

to the planar counterpart. The photonic beads are fabricated by colloidal self-assembly under 

microdroplet confinement employing microfluidic devices.  The light-matter interactions were 

illustrated by the emission intensity and lifetime of the embedded emitters, namely carbon dots 

and upconversion nanoparticles (UCNPs). The bandgaps of the photonic beads are selected 

according to the emission and excitation peaks of the light emitters, whereby the emission or 

excitation peak overlaps the blue edge or red edge of the photonic bands, respectively. 

Significantly stronger emission and extended luminescence lifetime were observed in photonic 

beads ensemble in comparison to the planar photonic crystals, demonstrating enhanced light 

trapping owing to the spherical geometry, which introduces additional microcavity effect. 

Photonic beads represent a perfect hierarchical light manipulation system. Combining both 

photonic and microcavity resonator effects, photonic beads potentially find applications in 

light-harvesting, sensing, lighting devices and light-triggered manipulations.      

4.2. Introduction  

Enhanced light-matter interactions can be categorized into enhanced light absorption and 

enhanced light emission, which is fundamental to efficient energy conversion in the biological 

and artificial photosynthesis systems, and to the design of light-emitting devices, respectively1. 
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Light-matter interactions are intrinsically multiscale, therefore, hierarchically structured 

materials integrating features of nano- to micro-length scales exhibit unique and often 

advantageous optical properties 2-5. 

Photonic beads (PhBs), or spherical photonic crystals, represents one of these hierarchical 

nanomaterials exhibiting intricate light-matter interactions 6-9. While the periodic dielectrics 

contrast presented in photonic crystals induces a forbidden region for electromagnetic waves, 

namely the photonic bandgap, additional light-matter interactions observed on photonic beads 

arise from the spherical geometry. These interactions are: 1) isotropic photonic bandgap 

properties versus the angle-dependent photonic bandgap in 2D and 3D photonic crystals, hence, 

representing materials with full bandgap 10-12; 2) Grating diffraction on curved surfaces 7; 3) 

Heterogeneous light-matter interactions from crystalline outer-shell to internal random dense 

packing 7.  

In addition to photonic bandgap per se, the band edges have also been found to induce intricate 

light-matter interactions. Since the photons at the bandgap edges possess reduced group 

velocity, resulting in a light-trapping effect called the ‘slow photon’13, the bandgap edge 

photons would have stronger interactions with the dielectric materials, specifically for the blue 

and red edge coupling with the phases of low and high dielectric constant, respectively.  The 

bandgap edge modulation provides powerful means to control light and has found broad 

applications in miniature lasers, light-emitting diodes 14, solar cells 15, and photocatalysis 16, 

sensing and actuation 17 18 19 20. The slow photon effect can be understood as the mean free 

path of light being significantly extended without increasing the material thickness. Through 

theoretical investigations, Deparis et al. 21  proposed the concept of loose confinement in sub-

wavelength size regions to explain how the blue and red edges play their roles in enhancing 

light absorption.  
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An immediate following question is how to introduce secondary nanostructures to further 

extend the light trapping of slow photons? Li and co-workers 22 have shown that the slow 

photon can be further slowed down by introducing higher-order structures such as the B-R-B 

sandwich-structured trilayer TiO2 inverse opal (B refers to blue edge in resonance with TiO2 

electronic absorption edge; R refers to red edge in resonance), which resulted in an additional 

5-fold photocurrent density in comparison to monolithic photonic crystals. By introducing 

metal, the plasmonic effect has also shown intensification of light-matter interactions in 

addition to the photonic effect. 23 However, there appears to be a lack of in-depth understanding 

on the effect of additional spherical geometry on light trapping in PhBs. 9  

A very intriguing aspect of slow photon effect in photonic crystals is its influence on the 

photoluminescence of emitters embedded in photonic crystals. Previous works 24-26 

demonstrated that when the photonic bandgap edges overlap the emitters’ emission 

wavelength, the emission intensity would be considerably enhanced owing to the coherent 

scattering effect; and that when the photonic bandgaps edges overlap emitters’ excitation 

wavelength, the emission enhancement is even stronger due to stimulated excitation. Such 

effects have given rise to the concept of photonic crystal phosphors, 27 yet, the photonic 

bandgap-modulated light-matter interactions in PhB ensembles have not been clearly 

characterized, particularly in comparison to their planar counterparts.  

Herein, we show that the spherical geometry of the PhBs provides additional leverage to slow 

down the selected band of photons, hence further enhancing the light-matter interactions. In 

this work, the PL enhancement in the photonic structures was employed as the indicator for 

demonstrating the enhancement strength of micro- and nanostructures on light-matter 

interactions. We fabricated PhBs through water-in-oil emulsion confinement using 

microfluidic technology. A single layer of photonic beads was then prepared for studying the 

ensemble optical properties, and the photo-emission dynamics in PhBs were characterized to 
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illustrate the light trapping effect. The fluorescence matched with photonic bandgap edges was 

significantly enhanced in comparison with planar photonic crystal counterpart. We found that 

the bandgap modulated PhBs represents a superior hierarchical structure for confining the light. 

4.3. Experimental section  

4.3.1. Materials  

Hexadecane, hexane, styrene 99% stabilized with 10-15 ppm 4-tertbutylcatechol were 

purchased from Alfa aesar; Acrylic acid from Aldrich; Potassium per sulfate from 

Chemsupply; Hypermer 2296 was gifted by Croda lubricants. Glass slides of premium 

pathology grade were used as the substrates for making a thin film. 

4.3.2. Synthesis of polystyrene spheres 

A volume of 1.5 mL styrene was diluted in a round bottom flask with 25 mL of distilled water 

and heated to 60 ◦C with continuous stirring and with the solution maintained in an inert 

atmosphere. 0.2000 g of potassium persulfate (KPS), acrylic acid (AA) of 0.25 mL and 40 mL 

of distilled water were added in another flask and heated to 60 ◦C. The beaker containing KPS, 

AA and distilled water was poured into flask containing styrene and the solution kept under 

moderate stirring for 10 hours. The solution was washed repeatedly with distilled water and 

the supernatant removed by centrifuging at 9000 rpm. 

4.3.3. Preparation of carbon dots 

Solvothermal synthesis of organosilane-functionalized CD’s was perform at low temperature 

(150◦ C) using N-(β-aminoethyl)-y-aminopropyl methyldimethoxy silane (AEAPMS) as the 

solvent and citric acid as carbon source, which has been described in our previous research 28. 

4.3.4. Preparation of lanthanide particles 

Preparation of β-NaGdF4:Yb,Er@NaYF4  core-shell upconversion nanoparticle were 

synthesized by successive layer-by-layer (SLBL) technique which has been detailed in 29. 
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4.3.5. Synthesis and fabrication of PhBs and PhB film  

To generate PhBs, we used a PTFE based microfluidic device (T-junction). Polystyrene spheres 

in aqueous solution of (10% Vf) were used as the dispersed phase and hexadecane was used as 

the continuous phase with 2% hypermer 2296 as the surfactant (supplied from Croda 

lubricants). Figure 4-1 shows the schematic image of the fabrication method. The size of 

droplets generated at the T-junction device was controlled by adjusting the flowrates of the 

continuous phase (100 µL/min) and dispersed phase (90 µL/min) using syringe pumps. The 

droplets were collected onto a glass petri dish (hydrophobic) filled with mineral oil and 2.5% 

hypermer 2296 as the surfactant and kept at 60 ◦C. The selection of appropriate medium for the 

collection phase was vital for the collection of beads and the mineral oil/hypermer mixture was 

chosen based on the interface property of the continuous and dispersed phase. The collected 

droplets provide a confined geometry for the solidification of polystyrene beads during the 

evaporation induced self-assembly process. The PhBs were then washed with hexane to remove 

the oil phase and were made into film on to a glass substrate by doctor blade technique 30. 

4.3.6. Preparation of fluorescent PhB and PhC films 

In the subsequent fluorescent thin film preparation, a volume of 40 µL of carbon dots aqueous 

solution with a weight concentration of 21.2 g/L was drop cast onto the PhB and PhC films and 

allowed to dry. An amorphous PS thin film was prepared as the control sample by annealing 

the PS sphere packing at 150 ◦C for 60 minutes for destroying the nanostructures. For studying 

the effect of PhB bandgap on fluorophore excitation modulation, β-NaGdF4:Yb,Er@NaYF4  

upconversion nanoparticles were employed as the fluorophore. A volume of 40 µL lanthanide 

nanoparticles in hexane solvent with a weight concentration of 51g/L  was dropped on to the 

film and allowed to dry.   
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Figure 4-1: The fabrication process of photonic bead ensembles 

4.3.7. Characterization 

The reflection property of the PhBs was characterized by using diffused reflectance 

spectroscopy from Ocean Optics. The surface morphology of photonic spheres and beads were 

examined by scanning electron microscope (SEM) JEOL 7001 operated at 15 kV. Fluorescence 

measurements were carried out using Thermo Scientific Lumina fluorescence spectrometer and 

Ocean optics (USB 2000+) using 365nm light source. Fluorescence microscope image were 

captured using a confocal laser scanning microscope (Olympus FV1000). Lifetime 

measurement was carried out using Horiba Delta flex time correlated single photon counting 

(TCSPC) system at an excitation wavelength of 366 nm.  

4.4. Results 

4.4.1. PhBs and PhB ensemble 

Two different sizes of polystyrene spheres with respective diameters of 205±5 nm and 377±5 

nm, were synthesized in-house and employed for the fabrication of PhBs and PhCs.  The PS 

sphere size selection serves for the following study on photoluminescence enhancement.  The 
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size and the shape of the polystyrene spheres were characterized using scanning electron 

microscope, Fig. S-1 in Supporting Information. Table 4-1: PhB and PhC sample summary 

provides a summary of the samples that are used in this study. 

Table 4-1: PhB and PhC sample summary 

PS sphere size Theoretical 

bandgap 

Film samples Measured bandgap 

205±5 nm 488.7 nm Photonic beads: 

PhB-488 nm 

488 nm 

Planar photonic 

crystal: PhC-488 nm 

377±5 nm 899 nm  Photonic beads: 

PhB-902 nm 

902 nm 

Planar photonic 

crystal: PhC-902 nm 

 

PhBs prepared by microfluidic technique with 205 nm polystyrene spheres as the constituent 

particles were observed under optical microscope showing a bright blue color, as depicted in 

Figure 4-2a.  The SEM image in Figure 4-2b, shows the surface of bead at high magnification 

with quasi order packing, which may reduce the iridescence and produces saturated color 31. 

The SEM image of the bead shown in Fig.S-2 exhibits a perfectly spherical shape with a 

diameter of 78 µm in size. The cross-sectional image of the bead in Figure 4-2c shows uniform 

packing at the surface for about 2 µm depth and a disordered packing towards the core. 
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Figure 4-2: Ensembles of photonic beads: (a) optical image of PhB-488 nm bead with a scale bar 10 µm; (b) 

Surface of the bead at high magnification with a scale bar of 100 nm; (c) Cross-sectional image of the bead, 

enlarged image showing the ordered formation near the surface, 10-µm scale bar; (d) SEM image of the beads 

on the glass forming a largely monolayer photonic beads film with scale bar of 100 µm. 

 

The uniform bright blue color of the bead could be due to its spherical nature and closely 

packed PS spheres.32 Figure 4-2d shows the SEM image of the PhBs ensemble, which 

illustrates a monolayer deposition of the PhBs in a random close packing.  The average film 

thickness was measured as approximately 73±30 µm.   

Unlike typical characterization of photonic beads where individual photonic beads would be 

measured 7, we evaluated the reflectance spectra for ’n’ number of beads (Figure 4-3a), using 

diffused reflectance spectroscopy. The photonic bandgap or stopband was found to be centred 

at 488 nm (Figure 4-3a), and the inset displays the optical image of the PhB ensemble on the 

glass film, showing the uniform, angle-independent blue color. The following Bragg-Snell 

equation was used to estimate the photonic bandgap 33. 
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            (4-1) 

 

where λ is the wavelength of reflected light, ni the refractive indices of the two phases 1.59 for 

polystyrene and 1 for air, Vi the volume fraction of 0.74, d the lattice constant, and D the 

constituent particle diameter, which is 205 nm in this case. The calculated bandgap wavelength 

was found to be 486.2 nm, matching perfectly well with the experimental measurement.  

Fig.S-3a shows that at different viewing angle the PhB-488 nm displays a constant reflection 

peak in contrast to planar photonic crystals (PhCs), whose reflection peak wavelength changes 

on changing the angle, Fig.S-3b. The uniform structural colors induced by spherical photonic 

beads have been employed in sensors and displays 34-36. The PhB-902 nm beads and film show 

whitish color without observable grating diffraction effect as shown by the optical image of the 

film on a glass substrate in the inset of Figure 4-3b.  The PhB-902 nm bead shown in Fig. S-4 

exhibits spherical shape with a diameter of 80 µm ± 10 µm. The recorded reflection spectrum 

of PhB-902 nm is presented in Figure 4-3b, exhibiting a distinctive reflective peak centered at 

902 nm.  The red side of the reflection peak intriguingly shows a higher reflectivity compared 

to the blue side of the peak. On observing the reflection-transmission data of PhB-902 nm film 

in Figure 4-3b, light transmission increases above the critical threshold wavelength. 
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Figure 4-3: (a) Reflection-transmission spectra of the PhB-488 nm and inset shows the optical image of the 

film; (b) Reflection-transmission spectrum of PhB-902 nm beads and the inset shows the optical image of the 

film 

Moreover, Figure 4-3a indicates that the light with energies greater than the observed reflection 

peak does not appear to transmit through the PhB film. However, the photons with energies 

lower than the threshold can be transmitted through. This observation on PhB films is 

consistent with the optical characterizations performed on individual PhBs 7, suggesting the 

macroscopic optical properties of the PhB ensemble reflects the microscopic optical properties 

of individual PhBs with high fidelity.    

4.5. Light trapping in photonic beads as illustrated by embedded emitters 

Fluorophore emission in photonic structures could be significantly altered owing to the intricate 

and convoluted light-matter interactions 24. For probing the light trapping effect of the photonic 

beads, fluorescent nanomaterials, carbon dots 37 and upconversion nanoparticles 38 were 

employed as the emitters.  

4.5.1. Case 1: Carbon dots emission peak overlaps with PhB bandgap 
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Figure 4-4: Overlap of emission peak and PhB bandgap: (a) Bandgap and emission spectral matching: the 

carbon dots emission peak is placed at the blue edge of the PhB-488 nm bandgap with an offset of  12 nm; (b) 

Emission of carbon dots in PhB-488 nm, PhC-488 nm, PhB-902 nm, and the amorphous PS thin film; (c & d) 

Optical image of PhB-488 nm (i) and PhB-902 nm (iv)  bead under white light (WL), CD’s incorporated PhB-

488 nm (ii) and PhB-902 nm (v) under WL, PhB-488 nm (iii) and PhB-902 nm (vi) under excitation light (EL) 

365 nm. 

 

In the first instance, we studied the enhancement effect when the fluorophore emission peak 

falls on the edge of the photonic bandgap of the PhB. The size selection of the polystyrene 

sphere was based on the emission of carbon dots.  Figure S-5 shows that the as-synthesized 

carbon dots show an absorption peak centered at 420 nm in the UV-Vis spectrum and emission 

centered at 476 nm in the fluorescence (PL) spectra. We have positioned the carbon dots 

emission peak at the photonic bandgap with a slight offset towards its blue edge using 

polystyrene spheres of 205 nm in diameter (PhB-488nm), Figure 4-4a. Another Photonic Beads 

film (PhB-902 nm) comprised of photonic beads with a bandgap at 902 nm far away from the 

carbon dots excitation and emission peaks was also employed for comparison purposes see Fig. 

S-6. To compare the effect between the spherical and planar PhCs, the same amount of carbon 
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dots were infiltrated in the corresponding planar PhC films of the same surface area. Figure 

4-4c,d (i ,iv) shows the PhB-488 nm and PhB-902 nm beads without carbon dots under white 

light and  Figure 4-4c,d (ii , v) shows the PhB-488 nm and PhB-902 nm bead with carbon dots 

under white light. We notice that the intensity of PhB-488 nm beads (Figure 4-4c, iii) under 

365nm excitation light has a higher intensity in comparison to PhB-902 nm bead (Figure 4-4d, 

vi). 

The confocal microscopic image in Fig. S-7a shows the unvarying emission throughout the 

PhBs, suggesting the carbon dots are uniformly distributed on the surface. It’s worth 

mentioning that the glass substrate with the same amount of carbon dots coated on the surface 

did not show fluorescence of similar intensity, indicating that PhB structure can intensify the 

fluorescence signal. Figure S-7b depicts the optical images taken at different angles of a single 

PhB infiltrated with carbon dots, where no change in the PL intensity could be observed.  

 

Figure 4-4b shows the PL spectra of carbon dots in matching PhB (PhB-488 nm), matching 

planar photonic crystal (PhC-488 nm), non-matching PhB (PhB-902 nm) and the control PS 

thin film sample (referred to as ‘amorphous’). By embedding in PhB-488 nm the carbon dots 

showed a striking 27-fold enhancement in comparison to that in amorphous PS film. This 

performance is significantly higher than its planar counterpart PhC-488 nm, which induced a 

10-fold enhancement. Since the reflection peaks of the PhB-488 nm and PhC-488 nm at 488 

nm almost coincide with the carbon dots emission peak at 476 nm, a coherent scattering effect 

is likely induced, resulting in enhanced fluorescence 24. However, the spherical photonic crystal 

structure has generated almost three-fold higher fluorescence intensity compared to its planar 

counterpart. This enhancement can only be attributed to the secondary architecture, namely the 

spherical geometry.  
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When carbon dots were embedded in PhB-902 nm, whose photonic bandgap has no influence 

on neither the absorption nor emission of the carbon dots, a 7-fold PL intensity increase was 

noted in comparison to the control sample. This fluorescence intensity increase can be 

attributed to the enhanced light scattering and better dispersion matrix for carbon dots. The 4-

fold PL intensity difference between PhB-488 nm and PhB-902 nm can be solely attributed to 

bandgap modulation, by which the photonic bandgap and the carbon dots emission are in 

resonance.  

4.5.2. Fluorescence lifetime analysis 

Fluorescence lifetime provides rich information on fluorophore behavior in the time domain. 

We performed the fluorescence lifetime study on the carbon dots-infiltrated PhB ensemble 

using a 366 nm pulsed laser and the fluorescence emission intensity at a fixed emission 

wavelength was collected in a period of time to obtain the fluorescence intensity decay profile. 

The fluorescence decay kinetics of the carbon dots could be deconvoluted with a bi-exponential 

decay function, indicating that the CDs may have two types of PL origins, consistent with the 

most reported CDs.39 Figure 4-5 displays the PL decay curve and the average lifetime of carbon 

dots on its own as a thin film, carbon dots in PhC-488 nm, in PhB-902 nm and in PhB-488 nm 

are obtained as 5.4, 7.1, 8.0 and 9.1 ns, respectively.  Figure 3a shows that the carbon dots 

emission peak is closely aligned with the bandgap of PhB-488 nm and PhC-488 nm 

(perpendicular direction), therefore the propagation of the emitted photons is hindered. Such a 

trapping effect due to the photonic crystal structure is shown by the extension of the 

fluorescence lifetime in PhC-488 nm, namely 7.1 ns versus 5.4 nm of bare carbon dots, e.g. 

31% extension. Surprisingly, the fluorescence lifetime of carbon dots in PhB-902 nm has been 

extended at a higher rate of 48%. Since the bandgap of PhB-902 nm does not affect either the 

excitation or the emission, such a light-trapping effect should be entirely due to the spherical 

geometry of the photonic beads. The average fluorescence lifetime measured from carbon dots 
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in PhB-488 nm as expected shows the strongest extension, 69%, with both photonic and cavity 

effects at work.     

 

 

Figure 4-5: PL decay of carbon dots film, CDs incorporated in PhC-488 nm, PhB-488 nm and PhB-902 nm.   

 

 

 

 

4.5.3. Case II: UCNPs excitation peak overlaps PhB bandgap 
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Figure 4-6: Overplap of UCNPs excitation peak and PhB bandgap: (a) Bandgap and excitation spectral 

matching: the excitation peak of β-NaGdF4:Yb,Er@NaYF4  lanthanides is placed at the red edge of the PhB-

902 nm bandgap with an offset of 75 nm; (b) The emission spectra of β-NaGdF4:Yb,Er@NaYF4  lanthanides 

nanoparticles in PhB-902nm, PhC-902 nm, PhB-488 nm and amorphous PS thin film; (c & d) Optical image 

of PhB-902 nm (i) and  PhB-488 nm (iv) bead under white light (WL), UCNP’s incorporated PhB-902 nm (ii) 

and PhB-488 nm (v) under WL, PhB-902 nm (iii) and PhB-488 nm (vi) under excitation light (EL) 980 nm.   

 

We employ β-NaGdF4:Yb,Er@NaYF4 upconversion nanoparticles (UCNPs) 38 to study the 

enhancement effect of PhBs when its bandgap is modulated against the excitation maximum 

of the emitters. In an up-conversion luminescence process, multiple photons of lower energy 

are absorbed sequentially and converted into one emitted photon of higher energy, of which 

the conversion efficiency is low, typically around 1%. Therefore, it is highly desirable to design 

optically-favourable nanostructures to enhance the quantum yield of UCNPs. In β-

NaGdF4:Yb,Er@NaYF4 UCNPs, β-NaGdF4 works as host and Yb3+ ions function as 

sensitizers that absorb 980 nm photon wavelength, which stimulates (Er3+ ions)  activators by 
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transferring energy. After receiving a second photon or having undergone a transition of 

energy, the excited Er3+ electrons are driven to a higher rate of energy, leading to a radiative 

decay through several available transitions of distinct energy levels 29. Figures 5a and S-8a 

show that the β-NaGdF4:Yb,Er@NaYF4  UCNPs absorption centred at 977 nm in the Vis-NIR 

absorption spectrum and its emission has three peaks at 521, 540 and  653 nm (Fig. S-8b), 

respectively.  

 We have positioned the UCNPs excitation maximum at the red edge of the photonic bandgap 

(PBG) of PhB-902 nm, which is fabricated with PS spheres of 377 nm in diameter, Figure 4-6a. 

The PhB-488 nm described above provides a perfect non-matching photonic beads structure 

for comparison since its photonic bandgap does not overlap with either the absorption or any 

of the emission peaks of the UCNPs, Fig. S-9. The luminescence spectra (Figure 4-6b) shows 

that the PhB-488 nm provides a negligible emission enhancement, which could be explained 

that the size of the constituent particles, namely 205 nm, is too small in comparison to the 

excitation and emission wavelengths, hence the scattering effect is small. 

The microscope images of individual PhB-902 nm and PhB-488 nm bead without UCNP under 

white light is presented in Figure 4-6c,d (i, iv)  and  Figure 4-6c,d (ii , v) shows the PhB-902nm 

and PhB-488 nm bead with infiltrated UCNPs under white light. The observable collected 

emission light from UCNPs in PhB-902nm bead (iii) is greater than that in PhB-488 nm bead 

(vi), under 980 nm excitation light (EL).  

Figure 5b displays the fluorescence spectra of β-NaGdF4:Yb,Er@NaYF4  UCNPs in PhB-

902 nm, PhC-902 nm, PhB-488 nm and the control amorphous film. The emission of β-

NaGdF4:Yb,Er@NaYF4  UCNPs is complex with multiple peaks. Comparing the highest peak 

at 540 nm, the PL intensity of the UCNPs in PhB-902 nm shows 6.5-fold and almost 2-fold 

enhancement in comparison to the control film, and the PhC-902 nm, respectively. As already 
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explained by earlier works 19,24, when the fluorophore excitation maximum falls on the 

photonic bandgap edge, the slow photon effect gives rise to stimulated excitation. In other 

words, the excitation light is trapped in the material, hence, could excite more emitters. 

Therefore, both PhB-902 nm and PhC-902 nm enhances the PL of UCNPs. However, the 

luminescence intensity of UCNPs in PhB-902nm is nearly 2-fold as high as that in PhC-

902 nm, which can be attributed to the spherical geometry of the PhB.  

Interestingly, we observe that PhB-902nm is the only matrix that dramatically improved the 

653 nm emission peak; a 25-fold increase can be observed in comparison to the control sample. 

Since the 653 nm emission enhancement is only pronounced in PhB-902 nm, but not in PhC-

902 nm, it is reasonable to consider that the PL enhancement of 653 nm is primarily due to the 

spherical geometry of photonic crystal, likely caused by the microcavity resonance. Overall, 

the strong and selective emission tuning effect of the bandgap-modulated PhBs on UCNPs is 

significant and offers application opportunities.    

4.6. Discussion  

Figure 4-4b apparently indicates that while PhB-488 nm and PhC-488 nm reflection 

wavelength coincide with carbon dots emission peak, the carbon dots emission intensity in the 

former is almost 3 times as high as that in the PhC-488 nm. This stark difference can be solely 

attributed to the spherical geometry of the photonic beads. Since the design of the bead is 

circularly structured, the light waves may be guided on the surface of the bead as in an optical 

resonator, where the light wave is contained. Since the emitters are infiltrated in the spherical 

photonic crystal that has a photonic crystal shell and largely amorphous core, the resonant 

structure may be alike the whispering gallery mode resonator 40. The measured extended 

lifetime of carbon dots in PhB-488 nm, 9.1 ns, versus those in PhC-488 nm, 7.1 ns, also 

supports the conclusion that the emitted light of carbon dots is well trapped on the PhB-488 nm 

due to the photonic bandgap modulation and the micro-resonator structure.  
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The further slowing down of the ‘slow photons’ is more evident in the case of UCNPs in PhB-

902 nm, where the UCNPs’ absorption is enhanced by the spherical photonic crystal. While 

the emission enhancement induced by the slow photons due to photonic structure is reflected 

by comparing the emission spectra of PhC-902 nm and the control sample, the difference 

between the emissions in PhB-902 nm and PhC-902 nm is purely caused by the spherical 

geometry of the photonic structure. The excitation light of 977 nm is trapped by the photonic 

structure and circulates in the surface layer of the micro-beads, thereby giving rise to the much 

increased light-matter interactions, increasing the external quantum efficiency by 10 folds. 

Moreover, the different levels of enhancement exerted on the multiple emission peaks of the 

UCNPs suggest that PhCs and PhBs may be used for manipulating the color output of UCNPs 

in addition to the emission intensity augmentation as shown in table S-10.   

We also hypothesize that the microcavity resonance effect is induced not only by the spherical 

shape of the photonic crystal, but also by the heterogeneity of the constituent sphere 

arrangement in the PhBs. Figure 1c shows that the PhB has a crust of approximately 2 µm thick 

of highly ordered crystal layer, while underneath the polystyrene spheres appear to be randomly 

packed. Such a clear demarcation of the two different phases in the PhBs may be an important 

reason for generating the microcavity resonator effect since there is a strong scattering effect 

between the two phases when light passes. 41 Figure 4-7 illustrates the effect of slow photons 

confined by the microcavity resonator in a PhB.  
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Figure 4-7: A schematic illustrates a photonic bead traps photons through both the photonic bandgap edge 

effect and the microcavity resonator mode. 

 

4.7. Conclusion 

We demonstrated the slow photons trapped in the photonic structures can be further ‘slowed-

down’ by secondary architectures, such as the spherical geometry of the photonic crystal. By 

studying the luminescence intensity and the lifetime of the emitters in PhBs and planar PhCs, 

we demonstrated significantly improved luminescence intensity simply by confining the light 

using the hierarchical structures of the PhBs. The PhBs represent a perfect hierarchical light 

manipulation system integrating both photonic and microcavity resonator effects, which has 

potential applications in light-harvesting, sensing, lighting devices, lasers, and light-triggered 

manipulations.      
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4.8. Supplementary materials 

 

 

Fig.S-1 SEM images: (a) Polystyrene spheres of size 205±5 nm with a scale bar of 100 nm; (b) 

Polystyrene spheres of size 377± 5 nm with a scale bar of 1µm 
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Fig.S-2 SEM image of PhB-488nm with a scale bar of 10µm 

 

 

The following equation was used to estimate the photonic bandgap for planar photonic crystals. 

 λ = 2d(n2
eff − sin2𝜃)1/2 

 

Fig.S-3 (a) Reflection spectra of photonic bead at varying angle using 205nm polystyrene 

spheres (b) Reflection spectra of planar photonic crystal at varying angle using 205nm 

polystyrene spheres 
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Fig.S-4 SEM image of PhB-902 nm with a scale bar of 10 µm 

  

 

Fig.S-5 Excitation & Emission of carbon dots 
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Fig.S-6 The relative spectral position of the reflection spectrum of non-matching PhB-

902 nm and the carbon dots emission peak. 
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Fig.S-7 (a) Confocal image of the bead (b) Optical image of bead embedded with fluorophore 

on a single bead. 

 

 

 

Fig.S-8 (a) Excitation of β-NaGdF4:Yb,Er@NaYF4  (b) Emission of β-

NaGdF4:Yb,Er@NaYF4   
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Fig.S-9 The relative spectral position of the reflection spectrum of PhB-488nm and β-

NaGdF4:Yb,Er@NaYF4  lanthanides excitation spectrum 

Table 4-2 Enhancement factor for UCNP 

Peak PhB-902 nm PhC-902 nm PhB-488 nm Amorphous 

521 nm peak 173953 110144 66227 22171 

540 nm peak  593099 278014 138996 73785 

653 nm peak 685406 120162 64261 50544 

Total Area 1452458 508320 269484 146500 

                                                Enhancement factor  

 

Fig.S-10 Different level of enhancement exerted on the multi emission peak of the UCNP 

PhB-902 nm : Amorphous  10 

PhB-902 nm : PhC-902 nm    3 

PhB-488 nm: Amorphous 1.8 
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5. Enhanced light harvest at bandgap edges for efficient electron-

hole pair separation and investigating the optical property of 

inverse photonic beads 

5.1. Abstract 

Light absorbance and charge carrier-hole separation are both critical to the efficiency of 

photocatalysis. It’s highly desirable to improve them simultaneously with element doping or 

designed nanostructures. Highly ordered photonic crystals with unique photonic effects have 

been shown to be useful in the design of such photocatalyst. In this work, we have shown the 

use of inverse spherical TiO2 photonic crystal (IS-TiO2) with a highly ordered structure made 

of anatase phase as an efficient photocatalyst. The as-prepared samples were characterized by 

scanning electron microscopy (SEM),  X-ray diffraction (XRD), and diffuse reflectance 

spectroscopy (DRS). By changing the pore diameters in the structure, a slow photon effect on 

both blue and red edge of photonic bandgap could be observed, which consequently enhances 

the photon-matter interaction. The prepared IS-TiO2 exhibits remarkable photocatalytic activity 

towards photodegradation of methylene orange (MO) under irradiation of white light compared 

to those of Inverse planar photonic crystals of TiO2 (IP-TiO2) and unstructured TiO2 (UnTiO2). 

This study offers experimental guidance to develop inverse spherical photonic crystals with 

increased light absorption for different photocatalytic processes. 

5.2. Introduction 

Photocatalysis is one of the most energy-efficient and environmentally friendly ways to remove 

contaminants from water the catalytic process speeds up the reactivity rate through absorption 

of photons. Photocatalysis has attracted lot of attention in recent years because of its electronic 

structure, light absorption characteristics, charge transport characteristics and exciton lifetime1. 
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Among the many wide bandgap semiconductors, TiO2 was extensively researched because of 

its non-toxicity, low production cost, and desired surface chemistry.2,3 Anatase is the most 

favorable phase for photocatalysis among the three crystalline phases of TiO2 in spite of the 

fact that rutile (3.0 eV) can absorb the rays that are slightly closer to visible light rays and is 

the most stable state and brookite being less stable. The early work of Fujishima 4 on TiO2 has 

attracted a lot of attention from many photocatalytic research groups and the method for 

photocatalysis by TiO2 has become comparatively well known as a wide band-gap material 

(3.2 eV for anatase) which absorbs UV rays and generates pairs of electrons and holes. Electron 

reacts with oxygen molecules to form superoxide anions, and with the water molecules, the 

positive holes react to the formation of hydrogen and hydroxyl radicals. These OH* radicals 

play an important role in the pollutant degradation by the photocatalytic oxidation reaction. 5 

There have been many attempts to enhance the photocatalytic activity of TiO2, One approach 

involves adjusting the structural and morphological characteristics of titania, including phase, 

crystallinity, size, shape, and facet where the surface area of the nanostructures could be tuned 

to increase the surface area for pollutant adsorption 6.  By increasing the surface area, for 

example, mesoporous TiO2 nanoparticles7 and Degussa P25 8 which is 75% anatase and 25% 

rutile, were proven to improve the adsorption of pollutants and thereby improving its 

photocatalytic capability. Even though materials adsorption can be increased, TiO2 can absorb 

only UV light, 4% of the total solar spectrum. Since the primary process for photocatalytic 

reactions is the interaction between incident photons and photocatalysts, one major direction 

for improving the efficiency is bandgap engineering to reduce the TiO2 bandgap to absorbs 

visible light 9  by incorporating other elements into TiO2  (doping) which can effectively reduce 

titania’s bandgap via Intra bandgap. Such additional energy levels in the bandgap can 

effectively improve its electronic structure to absorb light in the visible region. Although 

doping of TiO2 has shown improvement in the optical absorption by increasing the minority 
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carrier diffusion length or enhancing the catalytic activity at the surface of the semiconductor, 

in some instances it is observed that mid-gap surface states cause e- / h+ recombination. 

Significant progress has been accordingly achieved in enhancing titania’s visible-light 

photocatalytic activity, though, in several cases, at the expense of the overall photocatalytic 

efficiency under solar light. In particular, titania’s modification by lattice or surface defects led 

to an effectively narrower bandgap which may compromise the photocatalyst reactivity and the 

associated process efficiency by decreasing the thermodynamic driving force between 

photogenerated electron and holes. Surface sensitization is one another approach to use visible 

light active materials as light harvesters to sensitize TiO2 
10 and utilization of localized surface 

plasmon resonance of noble metal NP’s 11 have been intensively pursued as the most potent 

approaches for the development of visible light-activated (VLA) photocatalysts.  

A straightforward, though challenging approach that directly targets titania’s ability to harness 

solar light is by shaping TiO2 materials in the form of periodic photonic structures. These 

photonic structures have been established as unique optical materials for controlling and 

manipulating the flow of light with high application perspectives in various technological fields 

such as optoelectronics and telecommunications. However, their utilization in semiconductor 

photocatalysis has only recently emerged as an innovative structural modification for 

improving light harvesting by photocatalytic nanomaterials and enhancing light-matter 

interactions. Their structure as a photonic crystal has attracted great attention among the 

various strategies that are been studied to enhance the absorption of material because it does 

not need to alter its chemical composition; the intrinsical properties of TiO2, therefore, are not 

affected. Macroporous inverse opal (IP-TiO2) TiO2 has been intensively researched in 

photocatalysis because of the hierarchic porous composition, arising in increased 

photocatalytic activity, which can facilitate mass transport and high surface area.12 13one of the 

most important properties of macroporous inverse opal materials is less explored. In fact, these 
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structures are photonic crystal structures having a periodic dielectric contrast and can provide 

an immense potential to increase the path length of light. 14 Photonic crystals (PC) are artificial 

materials made of periodically arranged insulating structures that are specially designed to aid 

the trapping and confinement of light within a very small area.15 The periodic dielectric design 

can prevent a certain light frequency from traveling in PCs, known as the photonic stop band 

(PGB). The photons can be slowed down close to the PGB edges upon light irradiation. This 

phenomenon is called the slow photon effect that can prolong the efficient optical path leading 

to delays and light storage in the photonic crystal16. Due to the appropriate overlap between the 

small photon wavelength area, the spectrum of emissions from the irradiation source and the 

small absorption range of the photonic crystal composite material has been shown to amplify 

the absorption capabilities of TiO2.  The slow photon effect can enhance the interaction 

between photons and materials, If the photons are located in the red or blue edge of the stopband 

the light will interact more strongly with the high or low dielectric component which has been 

demonstrated by Ozin et.al 16. A lot of effort is then made to improve the photocatalytic 

performance of the TiO2 inverse opal 17,18. Reports have shown that both red and blue edge of 

photonic bandgap can have a slow photon impact. The use of the blue edge enables photonic 

stopband to be placed on longer wavelengths in the material, thereby minimizing loss of 

reflection when using multi-chromed light sources, although the red edge slow photon may 

contribute to more amplification. Yanlin Song et al.19 reported the fabrication of hierarchical 

inverse opal TiO2 microspheres prepared by spray drying for highly efficient photocatalysis 

which combined the advantage of slow photons in PhC’s and strong scattering in microspheres 

that has high photocatalytic capability in comparison to P25. 

 

In our previous work, an unconventional  Fabry-Perot resonator was demonstrated by using a 

sandwich (trilayer) TiO2 photonic structure consisting of identical top and bottom titanium 



91 

 

inverse opal layer framework 140 nm pore and a centre inverse opal with approx. 180 nm pores, 

of whom the red (R) and blue (B) corners of the stopband overlapped with 380 nm TiO2 

electronic absorption.20 The innovative structural design allowed light-trapping between layers 

above and below, as well as the promotion of interfacial scattering and charge separation, 

resulting in significant improvements in the photocatalytic activity. Furthermore, the 

photocurrent concentration over the suitable single and bilayer framework has been noted to 

confirm the unheard possibility of slow photon management on light collection.  

In this work, the photocatalytic efficiency of TiO2 inverse photonic beads is investigated. 

Mie scattering theory shows that the scattering capability of spherical materials is higher than 

the planar segment. The inverse spherical TiO2 photonic crystal can combine the advantages of 

slow photons in photonic crystal with a strong scattering of the microspheres.  Herewith, we 

fabricated a hierarchical structure of Inverse spherical TiO2 Photonic crystal through 

microfluidic technique were spherical colloidal photonic crystal made of polystyrene spheres 

were used as a template followed by infiltration of Titanium precursor and subsequent sintering 

resulted in the synthesis of inverse TiO2 spherical photonic crystal. The slow photon effect on 

both the blue and the red edges of the photon gap has been observed by changing the diameters 

of the pores of the structure, thus strengthening the photon-matter-interaction to boost the light 

harvest. The Inverse spherical TiO2 photonic crystal structure can not only retain the 

advantages of the original TiO2 but also possess size adjustable pore structure, large surface 

area and optical properties of photonic crystals. The design thus incorporates the benefit of 

slow photons in PhC’s, and the strong scattering that had the high photocatalytic capability. 
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5.3. Experimental section  

5.3.1. Materials 

Hexadecane, hexane, ethanol, styrene 99% stabilised with 10-15 ppm 4-tertbutylcatechol were 

purchased from Alfa aesar, acrylic acid from Aldrich, potassium persulfate from Chemsupply, 

Titanium isobutoxide were purchased from Sigma-Aldrich, methylene orange, hypermer 2296 

were gifted by Croda Lubricants. 

5.3.2. Characterization 

The surface morphology of polystyrene spheres, photonic beads, and inverse spherical TiO2 

photonic beads were examined by scanning electron microscope (SEM) JEOL 7001F operated 

at 15 kV. The chemical compositions of the TiO2 were acquired using a Kratos Axis ULTRA 

X-ray photoelectron spectrometer (XPS). The diffraction pattern of TiO2 were characterized by 

X-ray diffraction (XRD) using a Bruker D8 Advance with CuKα1 radiation (λ= 1.5418 A0). 

Transmission electron microscope (TEM) using Hitachi technai F20 Elemental mapping was 

carried out using energy-dispersive X-ray spectroscopy and back-scattered electron imaging 

(BSE-EDX). Raman spectra were acquired with Raman Spectrometer Renishaw Invia (using 

514 nm excitation wavelength. The absorption spectrum was recorded using USB 2000+ UV-

VIS-ES spectrophotometer. The reflection measurement was carried out using a diffused 

reflectance spectrometer from ocean optics. PLS-SXE- 300 UV-Vis was used as the light 

source.   

5.3.3. Synthesis of polystyrene spheres 

1.5 mL of styrene was taken in a round bottom flask with 25 ml of distilled water and heated 

up to 60◦C with continuous stirring and the solution was maintained under nitrogen flow. 

0.1005 g of potassium persulfate (KPS), 0.25mL of acrylic acid and 40 mL of distilled water 

were added in another flask and heated at 60 °C. When the beaker containing KPS, acrylic acid 
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and distilled water has reached a temperature of 60◦C, it was then poured into the flask 

containing styrene and the solution was kept under moderate stirring for 10 hours. The solution 

was then washed repeatedly with distilled water and the supernatant was removed by 

centrifuging at 9000 rpm. Polystyrene spheres of size 203±5 nm and 224±5 nm were 

synthesized. 

5.3.4. Fabrication of spherical colloidal photonic crystals 

To generate polystyrene photonic beads we used a PTFE based microfluidic device (T-

junction). Polystyrene spheres in an aqueous solution of (10% Vf) were used as the dispersed 

phase and hexadecane was used as the continuous phase with 2% hypermer 2296 as the 

surfactant (supplied from Croda lubricants). The size of droplets generated from the T-junction 

device was controlled by adjusting the flow rate of the continuous phase 100 µL/min and 

dispersed phase 90µL/min with the help of syringe pumps. The droplets were collected onto a 

glass Petri dish(hydrophobic) filled with mineral oil and 2.5% hypermer 2296 as the surfactant 

maintained at 60◦C. The droplets which were collected provide a confined geometry for the 

solidification of polystyrene beads during the evaporation induced self-assembly process. The 

beads were then washed with hexane to remove the oil phase. 

5.3.5. Fabrication of inverse TiO2 spherical colloidal photonic crystals 

Titanium precursor solution was prepared by mixing 1ml of titanium isobutoxide (TIB) and 16 

ml of ethanol under stirring for 5 minutes for forming a good dispersion. Infiltration of 

precursor was carried out by drop casting the precursor on to the spherical colloidal photonic 

crystals. The sample were then calcinated at 450◦ C with a ramping rate of 1◦C min-1 for 4 

hours under the open atmosphere. Figure 5-1 shows the schematic image of the fabrication 

method. 
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Figure 5-1: Schematic image of the Fabrication process 

 

5.3.6. Photocatalytic setup 

The photocatalytic activity of inverse spherical TiO2 photonic crystals were evaluated by 

photodegradation of a model pollutant methyl orange (MO). The photocatalytic reactions were 

conducted in an open glass reactor with a cooling water system to maintain the reaction 

temperature constant throughout the experiment. 10 mg sample of the inverse spherical TiO2 

photonic crystals of both blue (IS-B-TiO2) and red edge matching (IS-R-TiO2), inverse planar 

TiO2 photonic crystals of both blue (IP-B-TiO2) and red edge match (IP-R-TiO2) and 

unstructured TiO2 (unTiO2) were added into five different glass tubes containing 5 ml of the 

MO pollutant with 5 ppm concentration and allowed to reach the absorption-desorption 

equilibrium in dark for 4 hour. PLS-SXE300D (Perfect LightTM) was used as the white light 

source with a light intensity of 580 mW cm-2. Samples of MO with inverse spherical TiO2 

photonic crystals were kept under white light illumination. After each time interval, 1ml of the 

solution was removed from the original samples to measure the concentration of pollutants. 
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After every analysis, the analyzed liquid was quickly poured back into the beaker to maintain 

the same volume of solution. The absorption spectrum of the solution was then recorded to 

determine the photocatalytic reaction rate. 

The photodegradation efficiencies (φ) were calculated from the following equation: 

   ∅ =
(𝐶0−𝐶𝑡)

𝐶0
∗ 100%                             (5-1)  

where C0 and Ct are the absorbance values at time zero and time t, respectively. The kinetics 

of the degradation reaction was also calculated by using the following equation: 

    𝑙𝑛 (
𝐶𝑡

𝐶𝑜
) =  −𝑘𝑡   (5-2)  

where k is the rate constant of the photocatalytic degradation reaction. 

5.4. Results & discussion  

To investigate the photocatalytic activity of inverse spherical TiO2 photonic crystals two sets 

of spherical colloidal photonic crystals made of Polystyrene (PS) nanoparticles were 

synthesized. The size of the polystyrene spheres was chosen such that a slow photon effect on 

both blue and red edge of photonic bandgap could be observed. The size of PS spheres were 

203 ± 5 nm (PS-Red edge) and 224 ± 5 nm (PS-Blue edge). The size and the shape of the 

polystyrene spheres were characterized by using the scanning electron microscope, as shown 

in the Fig.S-1,2 in supporting information. Table 5-1, shows the size of PS sphere, Void 

diameter, stopband of PS beads and inverse TiO2 beads. 

 

Table 5-1: List of PS spheres, Stopband, void diameter, Experimental and calculated stopband of Inverse 

spherical  
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Photonic beads prepared by microfluidic technique with 203 nm & 224 nm polystyrene spheres 

as the constituent particles were observed under optical microscope showing bright green and 

blue colour, as displayed in inset Figure 5-2 a & b. The SEM image of the bead shown in Fig.S-

3, exhibits a perfectly spherical shape with a diameter of 75 ± 10µm in size. The surface of 

bead at high magnification shows the quasi order packing that reduces the iridescence and 

produces saturated color 21. 

we have measured the reflectance spectra for of beads using diffused reflectance spectroscopy. 

The photonic bandgap, or stopband, was found to be centred at 474.3 nm (PSB-red) for 203 

nm PS spheres & 543.76 nm (PSB-blue) for 224 nm PS spheres as shown in Figure 5-2 a & b. 

The following Bragg-Snell equation was used to estimate the photonic bandgap 22. 

 𝜆 = 2𝑑𝑛𝑒𝑓𝑓 = (
8

3
)

1/2
 𝐷(∑ 𝑛𝑖

2𝑉𝑖𝑖 )
1/2

                  (5-3)  

where λ is the wavelength of reflected light, ni the refractive indices of the two phases, Vi the 

volume fraction, d is the characteristic spacing, and D is the particle size, 203 & 224nm in this 

Sample PS 

diameter 

(nm) 

Calculated 

PS stop 

band (nm) 

Experim

ental 

stopband 

(nm) 

Void 

diameter 

(nm) 

Experiment

al stopband 

of Inverse 

spherical 

TiO2 (nm) 

Calculated 

stopband of 

Inverse 

spherical 

TiO2 (nm) 

IS-R-TiO2 203 ±5 

nm 

483.89 474.3 142 ±5 nm 353 359.12 

IS-B-TiO2 224 ±5 

nm 

533.95 543.76 172 ±5 nm 436 431.94 
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case. The calculated value was found to be 483.89 nm & 533.95 nm. It was found that the 

theoretical value is nearly close to the experiment value. 

 

 

Figure 5-2:  (a) Reflection spectra of PS beads (PSB-Red) made of 203 nm particle size and the inset shows 

the optical image of PSB-red (b) Reflection spectra of PS beads (PSB-blue)made of 224 nm particle size and 

the inset shows the optical image of PSB-blue. 

 

From Fig.S-3, 4 it is observed that at different viewing angles the beads display a constant 

reflection peak in comparison to planar photonic crystals made of 203 & 224 nm particles were 

the reflection peak wavelength changes on changing the angle as shown in Fig.S-3 a & b. The 

following equation was used to estimate the photonic bandgap for planar photonic crystals: 23 

 𝜆 = 2𝑑(𝑛𝑒𝑓𝑓
2 − 𝑠𝑖𝑛2𝜃)

1/2
                                         (5-4) 

 After infiltration of Ti precursor and annealing at 450° C the reflection measurement was 

carried out for the inverse structure.  

 

The following modified Bragg’s law equation was used to estimate the stopband. 

 𝜆 = (
√2
2

√3
) ∗ 𝑛𝑒𝑓𝑓 ∗ 𝐷                              (5-5)  
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 𝑛𝑒𝑓𝑓 = √𝑛𝑠
2𝑓  + √𝑛𝑣

2(1 − 𝑓)                 (5-6)  

where λ is the wavelength of reflected light, ns is the refractive index of solid phase, nv is the 

refractive index of void phase, neff  is the effective the refractive index, f is the volume fraction, 

and D is the diameter, 203 and 224 nm in this case. The calculated value was found to be 359.12 

and 431.94 nm and it was found that the theoretical value matches well with the experiment 

value. Fig.S-3, 4 shows the SEM image of inverse planar TiO2. The resultant air sphere size 

were 142 ±5 nm for (IP-R-TiO2) and 172 ±5 nm for (IP-B-TiO2) 

 

 

Figure 5-3:  (a) Red edge and blue edge bandmatch with the electronic bandgap of TiO2 (b) SEM image shows 

the Inverse spherical TiO2 structure and the inset shows the high magnification of the surface. 

 

From Figure 5-3a, we have positioned stop band value overlapping the electronic bandgap of 

TiO2. For (IS-R-TiO2) near the red edge and (IS-B-TiO2) near the blue edge of the photonic 

bandgap. Figure 5-3b, shows the high magnification surface image of inverse TiO2 with highly 
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ordered skeleton structure and the inset shows the spherical structure of Inverse TiO2 at low 

magnification. 

 

 

Figure 5-4: Characterization of Inverse Spherical photonic bead (a) XRD spectrum of Inverse spherical TiO2 

(b) Raman spectrum of Inverse spherical TiO2 (c) XPS spectrum of Inverse spherical TiO2 (d) Photodegradation 

of methyl orange (MO) 

 

Figure 5-4a, shows the XRD pattern of inverse spherical TiO2 and it confirms the anatase phase 

where the prominent peaks show its crystalline nature. Further, to investigate the effective 

removal of PS template on the structure of TiO2 , Raman analysis was carried out and the peaks 
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in Figure 5-4b, corresponding to B1g, A1g and E1g
 respectively, can be attributed to the 

predominance of anatase phase structure. The Raman peaks at 635 cm-1 represent Eg vibrational 

mode and the peak at 394, 518 cm-1 corresponds to Bg1 and Ag1 vibrational mode. XPS 

measurements in Figure 5-4c, were carried out to confirm the elemental composition of atoms 

in the TiO2. In the case of Ti2p (Fig S-4a) two peaks were observed at 458.61 and 464.26 eV, 

respectively, which are attributed to Ti2p 3/2 and Ti2p 1/2 indicating that the Ti remains in the 

octahedral environment. Similarly, the O1s (Fig S-4b) could be deconvoluted into two peaks; 

the peak at 529.95 eV corresponds to the Ti—O bond whereas the other peak at 532.45 eV 

corresponds to the surface hydroxyl groups. 

To test the photocatalytic activity of TiO2. A model pollutant methyl orange (MO) was 

selected24 whose degradation is mainly due to the hydroxyl oxidation and the photodegradation 

was carried out under white light as shown in Figure 5-4d. The unabsorbed MO was taken as 

the initial concentration to estimate the photocatalytic efficiency. It was observed that inverse 

planar TiO2 both at IP-R-TiO2 red edge and IP-B-TiO2 blue edge performs better in comparison 

to unstructured TiO2 (UnTiO2). This is due to the structure and slow photon effect which causes 

an increase in the degradation efficiency. Also, it was found that this result is consistent with 

previous observations reported. When the red edge of the stopband coincides with the 

electronic bandgap of TiO2 although the slow photons concentrate in the high dielectric 

medium, namely the TiO2 skeleton, the fact that the stopband rejects a considerable amount of 

light centred at 353nm reduces the overall usage of light causing a decrease in the 

photocatalytic performance of (IP-R-TiO2) in comparison to (IP-B-TiO2). 
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Figure 5-5: Schematic image showing the slow photon effect in planar and bead structure (a) slow photon 

effect in inverse planar TiO2 (b) slow photon effect in TiO2 bead 

 

On comparing the photodegradation efficiency of planar and spherical TiO2. The Inverse 

spherical TiO2 both IS-B-TiO2 (blue edge) and IS-R-TiO2 (red edge) outperforms the planar IP-

B-TiO2 (blue edge) and IP-R-TiO2 (red edge). While comparing with the Planar and bead TiO2 

the later performs better due to the entrapment of photon in the structure whereas in planar the 

light gets absorbs but will not be entrapped. This entrapping feature in TiO2 bead as shown in 

Figure 5-5 makes it the fine candidate for the photocatalysis action where such an extraordinary 

performance from IS-B-TiO2 is due to the spherical nature of TiO2 which causes multiple 

scattering resulting an increase in the catalytic efficiency. Because of the oxidation potential of 

TiO2 , MO degradation by inverse TiO2 involved only the breakage of N=N and not the benzene 

ring structure25. The experiment  was also carried out for aniline but the degradation of aniline 

was unsuccessful. To degrade the MO completely and for degradation of aniline optimization 

of Inverse TiO2 has to be carried out involving phase structure change or by doping to further 

improve the photocatalytic efficiency, and to show the actual capacity of  photonic structure. 
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5.5. Conclusion 

We designed a spherical photonic crystal structure to maximize the photon absorbance at the 

electronic absorption edge. The inverse spherical TiO2 structure prepared by infiltration of 

titanium precursor and subsequent sintering relatively at low temperature showed an increased 

photocatalytic efficiency for the degradation of MO pollutant with respect to the unstructured 

TiO2 and planar TiO2 samples. This increase in photocatalytic efficiency of Inverse spherical 

TiO2 structure is contributed to the multiple scattering followed by higher porosity offered by 

interconnected voids, inside the photonic crystal. For photoactive semiconductors, such a 

micro-structure can capture slow photons, maximizing the absorption of light. 

 

5.6. Supplementary materials 

 

Fig.S-1 SEM image of PS spheres of size 203±5 nm dia (PSB-red) 
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Fig.S-2 SEM image of PS spheres of size 224±5 nm dia (PSB-blue) 
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Fig.S-3 SEM image of Inverse planar TiO2 with void dia of 142±5 nm dia (IP-R-TiO2) 

 

Fig.S-4 SEM image of Inverse planar TiO2 with void dia of 172±5 nm dia (IP-B-TiO2) 
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Fig.S-5 High resolution spectra for Ti in TiO2 

 

Fig.S-6 High resolution spectra for O in TiO2 
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6. Photonic crystal enhanced artificial leaf for wireless water 

splitting  

6.1. Abstract 

Semiconductor based electrochemical devices (PEC) are commonly recognized to play a key 

role in the conversion of sunlight to chemical energy by artificial photosynthesis. In order to 

be a sustainable energy source, the system needs to be both efficient and stable for years of 

operation. The most successful semiconductor for PEC is stable only from seconds to minutes 

of operation mostly in oxidation circumstances. In order to advance this technology, improving 

stability while retaining effective operations is a significant objective. In our work, we have 

developed a wireless PEC cell to split water using two types of light absorbers consisting of 

primary and secondary absorbers. The primary light absorber is made of amorphous silicon (a-

Si) and the secondary light absorber is inverse TiO2 photonic crystal with highly ordered 

structure and with an optimized photonic bandgap. The light absorber interacts with highly 

abundant hydrogen and oxygen-based catalyst made of  NiMoZn and cobalt borate catalyst.  

By adding photonic crystal as a secondary layer helps to trap light and also functions as a 

protective layer to prevent the oxidation of primary absorber, which significantly improves the 

performance of the artificial leaf. 

6.2. Introduction  

The replacement of fossil fuels with carbon-neutral energy or renewable sources provides an 

excellent way of addressing the ever-growing problems of global warming, environmental 

pollution, and energy security. The conversion and storage of solar energy provide an excellent 

opportunity for meeting our future needs.1 From existing renewable sources several techniques 

have been introduced to make sunlight more useful, of which hydrogen production from 

photoelectrochemical (PEC) cell is the most widely disseminated technology and is one of the 
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fastest-growing industries.2  A PEC cell is a device that splits water using solar energy and the 

H2 gas which is generated can be collected directly or combined with CO2 to form synthetic 

liquid fuels. PEC cells are also known as the "artificial photosynthesis" system since they 

perform photoenergy absorption and conversion functions. A typical PEC cell is comprised of 

an anode and a cathode made of semiconducting material that absorbs light and produces 

charge carriers by exciting electrons from the valence band to the conduction band, creating an 

electron-hole pair which splits between semiconductor and electrolyte in a space charge region. 

These charge carriers are consumed by redox reactions at the surface of the photocatalyst, 

where water is oxidized at the anode, whilst the H+ ion is reduced to form H2 gas at cathode.3 

To remain stable in solution and to undergo effective water splitting the semiconductor must 

be able to absorb light and must have adequate band positions to overlap the water redox 

potential to provide sufficient photovoltage. Since solar light harvesting and charge separation 

are both critical to the solar-to-energy conversion in photocatalysis, multijunction devices of 

(III-V) group semiconductors have been explored (Si, GaAs, InP, GaP, GaN) showing an 

efficiency of 12.4 % 4. Silicon is a widely available commercial semiconductor; it is easily 

structured, has a controllable electrical conductivity and is suitable as a substrate for functional 

films.5 In addition, c-Si has a bandgap of 1.1 eV and light absorption that matches the solar 

spectrum reasonably well.  On the downside, Si has poor chemical stability because it is rapidly 

oxidized in aqueous solution under solar illumination or under anodic bias. Covering a Si 

substrate with a metal oxide film improves the chemical stability and offers a promising model 

for PEC electrode design. Recent research has produced several studies on metal oxide/Si 

heterojunction photoelectrodes for PEC water splitting. Such as TiO2/Si, 6 Fe2O3/Si7, and 

WO3/Si.8 These studies have concentrated on the absorption of the visible part of the sunlight 

by Si and the concentration of the PEC process of the subsequent photogenerated charges in 

Si. To further improve the performance of such photoelectrodes, light-harvesting, and surface 
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reactions can be enhanced through nano- or microstructure in the form of nanowires (NW’s) 

or micropillar structure coated with metal oxide films.9,10  

It is desirable to combine the dual roles of light harvest and stabilization to the PEC electrodes. 

A recent advance has seen PEC systems combine the light-harvesting and water electrolysis in 

one single device where fewer packaging components are required known as Artificial leaf. 11 

Steven et.al 5 showed a commercially available solar cell coupled with an earth-abundant 

catalyst is one of the efficient ways to lower the overall cost of the device. Matthew et al 12 

showed  the use of an amorphous TiO2 layer as a coating on silicon microwire enabled an 

efficient operation of the device under 1M KOH for the wired artificial cell.  

In our design for the artificial leaf cell shown in Figure 6-1, we have used amorphous silicon 

(a-Si) as the primary light absorber and inverse TiO2 photonic crystal layer as the secondary 

light absorber. Upon light irradiation, TiO2 photonic crystals absorb the UV and passes the 

longer wavelength through to the primary absorber: the a-Si.  The TiO2 photonic crystal layer 

has multi-functions to perform firstly, being a photocatalytic semiconducting material, TiO2 

could help in charge separation. Moreover, the periodic dielectric design can prevent a certain 

light frequency from traveling in PCs, known as the photonic stop band (PGB). The photons 

can be slowed down close to the PGB edges during light irradiation. This phenomenon is called 

the slow photon effect that can prolong the efficient optical path leading to delays and light 

storage in the photonic crystal 13. Previous works have demonstrated by tuning the photonic 

bandgap of inverse TiO2 the effective optical path length can be increased, by slow photon 

effect resulting in increased light absorption, near the photonic bandgap edges were more 

photoelectrons can be generated 14,15. Herein, we show that TiO2 photonic crystal layer aids in 

providing more photoelectrons to catalyst along with Si. Further, being a more chemically 

stable metal oxide, a TiO2 photonic crystal layer could protect the Si from inherent corrosion 

by avoiding the direct contact to the electrolyte. Overall, by adding a TiO2 photonic crystal 
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layer to the wireless PEC system, we have introduced a nanostructured coating that improves 

light management, charge separation and protects Si from corrosion, which is likely to move 

the technology towards practical applications. 

 

 

 

Figure 6-1: Artificial leaf made of (a-Si) amorphous silicon as Primary light absorber and Inverse TiO2 

photonic crystal as secondary light absorber and their water splitting mechanism. 

 

6.3. Experimental section 

6.3.1. Materials 

Hexadecane, hexane, styrene 99% stabilised with 10-15ppm 4-tertbutylcatechol were 

purchased from Alfa Aesar, acrylic acid from Aldrich, potassium per sulfate from Chem 

supply, titanium iso-butoxide were purchased from Sigma Aldrich, cobalt nitrate from Chem 

Supply, sodium sulphate AR grade from Merck , nickel chloride, zinc chloride, sodium 
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pyrophosphate dibasic, sodium bicarbonate, ammonium heptamolybdate and hydrazine 

hydrate from Sigma Aldrich , 3-junction amorphous silicon on stainless steel  was purchased 

online. 

6.3.2. Synthesis of polystyrene spheres 

1.5 mL of styrene is taken in a round bottom ask with 25 mL of distilled water and heated up 

to 60°C with continuous stirring and the solution is maintained at inert atmosphere. 0.1005 g 

of potassium persulfate (KPS), 0.25 mL of acrylic acid (AA) and 40 mL of MilliQ water were 

added in another flask and heated at 60°C. When the beaker containing KPS, AA and MilliQ 

water has reached a temperature of 60°C, it was then poured into the flask containing styrene. 

The mixture was kept under moderate stirring for 10 hours. The solution was then washed 

repeatedly with MilliQ water and the supernatant is removed by centrifuging at 9000 rpm. 

Polystyrene spheres of size 203 ± 5 nm and 224 ± 5 nm were synthesized by adjusting reaction 

time. The following equation was used to estimate the photonic bandgap for planar photonic 

crystals. 

                                        𝜆 = 2𝑑(𝑛𝑒𝑓𝑓
2 − 𝑠𝑖𝑛2𝜃)

1/2
                         (6-1) 

6.3.3. ITO deposition on silicon  

For ITO deposition on to the Silicon, denton RF sputtering instrument was operated with the 

following condition: 

Table 6-1:Experimental condition for deposition of ITO on Si 

 

After the deposition of ITO, the film was annealed at 500 °C in an open atmosphere for 2 hours 

to stabilise the ITO layer. The sample thickness was measured using the surface profilometer. 

RF 

power 

(W) 

Process 

time 

(min) 

Base 

pressure 

Process 

Pressure 

Argon 

flow 

Temperature 

(°C) 

Sample 

Thickness(nm) 

Resistance 

(Ω) 

300 8 24 45 300 200  120± 10 nm 49 
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6.3.4. Deposition of inverse TiO2 photonic crystal  

Titanium precursor solution was prepared by mixing 1 mL of Titanium iso butoxide (TiB) and 

16 ml of ethanol then stirred for 5 minutes for a full dispersion of Titanium iso butoxide. 

Infiltration of the precursor was carried out by drop-casting the precursor on to the ITO coated 

Silicon- stainless film. The film was then calcinated at 450° C with a ramp rate of 1° C min-1 

for 4 hours under the open atmosphere. 

6.3.5. Co-catalyst deposition  

HER (Hydrogen evolution reaction) and OER (oxygen evolution reaction) catalysts were 

coated on the wireless PEC by electrodeposition technique, at room temperature using the 

standard three-electrode system. A graphite carbon rod (Bioanalytical Systems, Inc.) was used 

as a counter electrode, while Ag (3 m KCl, Bioanalytical Systems, Inc.) was employed as a 

reference electrode. Potentiostat deposition technique were utilized for the deposition of both 

OER and HER catalyst.  

Cobalt OEC was coated on to TiO2 surface of the wireless PEC. This coating experiment was 

carried out at -0.85 V vs Ag/AgCl for 2 mins in the precursor solution containing 0.5 M Cobalt 

nitrate and 0.08 M sodium sulphate. 

NiMoZn hydrogen evolution catalyst was deposited on the stainless-steel surface of the 

wireless PEC from a solution containing 9.5 mg/L of nickel chloride, 29.28 mg/L of ammonium 

heptamolybdate, 0.1 mg/L of zinc Chloride, 34.57 mg/L sodium pyrophosphate dibasic, 74.6 

mg/L of sodium bicarbonate. Potentiostat deposition of this cocatalyst was carried out at -1.5 

V vs Ag/AgCl with graphite rod as counter electrode.  1.2 ml/L of hydrazine hydrate was also 

added to this precursor solution before the starting the electrodeposition. 
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6.3.6. Characterization 

The surface morphology of polystyrene spheres, inverse spherical TiO2 photonic crystals and 

the thickness of the film were examined by scanning electron microscope (SEM) JEOL 7001F 

operated at 15 kV. The chemical compositions of the TiO2 were acquired using a Kratos Axis 

ULTRA X-ray photoelectron spectrometer (XPS). The reflection measurement was carried out 

using Diffused Reflectance Spectroscopy from ocean optics. The diffraction patterns of TiO2 

were characterized by X-ray diffraction (XRD) using a Bruker D8 Advance with CuKα 

radiation (λ=1.5418 Aº). PLS-SXE-300 UV-Vis was used as the light source with a light 

intensity of 578 mW cm-2. Gas chromatography experiment was carried out using GC-2014 

Shimadzu instrument equipped with a thermal conductivity detector with Argon of ultra-high 

purity as the carrier gas.  The argon flow was kept around 7mL/min; oven temperature of 45°C 

and the detector temperature of about 160 °C. For calibration purpose mixture gas of 10% H2, 

10% CO2 and 80% of N2 was used. For ITO deposition denton RF sputter system was used. 

Perfect Light PLS-SXE300CUV Xenon lamp was used as the light source. ITO film thickness 

was measured using the surface profilometer. 

6.3.7. PEC water splitting 

The prepared artificial cell was kept in Quartz cuvette with 1 M NaOH solution. Before sealing 

the cuvette, the solution was purged with Argon gas for 3 minutes to remove the dissolved 

oxygen from the system. PLS-SXE300CUV Xenon lamp was used as the light source and the 

light was illuminated horizontally and the cell was placed vertically to receive more light on to 

the surface. The distance between the light source and the cuvette were at kept 20 cm and the 

position of the cell at this light intensity was marked to assure sample positioning was at the 

same point for all rest of the samples.  All the produced gases were taken by syringe after 25 

minutes of light illumination. 
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6.4. Results & discussion  

To fabricate the artificial leaf, a-Si which was purchased was thoroughly washed with an 

organic solvent and dried at 50°C in the oven. The cells were split to the suitable sizes (2 X 1 

cm) with the help of scissors and etched on the corners with 1 M HCl. The cell was then coated 

with ITO and the resistance were measured to be around 49Ω.  The transparency of the ITO 

layer was evaluated using UV-Vis spectroscopy in the transmission mode by comparing the 

plain glass with ITO coated glass.  Fig. S-1 demonstrates that the ITO covered can decrease 

transparency by 16% compared to plain glass. However, enabling the most visible and near IR 

light to pass through the silicon film. The polystyrene film was created by a horizontal 

deposition technique via self-assembly. The spherical diameter of the polystyrene templates 

were 203 ± 5 nm for (R-TiO2-Si) and 224 ±5 nm for (B-TiO2-Si). The size and the shape of the 

polystyrene spheres were characterized by using the scanning electron microscope, as shown 

in the Fig.S-2,3 in supporting information. The resultant air sphere sizes were 142 ± 5 nm for 

(R-TiO2-Si) and 172 ± 5 nm for (B-TiO2-Si) as shown in the Fig.S-4,5. Their stopband 

positions are enlisted in Table 2. The following modified Bragg’s law equation was used to 

estimate the stopband. 

                                       𝜆 = (
√2
2

√3
) ∗ 𝑛𝑒𝑓𝑓 ∗ 𝐷                      (6-2)  

                                  𝑛𝑒𝑓𝑓 = √𝑛𝑠
2𝑓  + √𝑛𝑣

2(1 − 𝑓)           (6-3) 

 

where λ is the wavelength of reflected light, ns is the refractive index of solid phase, nv is the 

refractive index of void phase, neff is the effective the refractive index, f is the volume fraction, 

and D is the diameter, 203 and 224 nm in this case. 
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Table 6-2: List of PS spheres, Stopband, void diameter, Experimental and calculated stopband  

of inverse spherical TiO2. 

 

The size selection of PS spheres was based on the red edge of their stopband (R-TiO2-Si) 

overlapping the TiO2 electronic bandgap having the stopband about 353nm and for B-TiO2-Si 

whose blue edge stopband overlaps the TiO2 electronic bandgap. By creating inverse structure 

TiO2 (R-TiO2-Si) whose stopband red edge and (B-TiO2-Si ) stopband blue edge overlapping 

the electronic excitation energy of TiO2, we can observe both stopbands in the UV-vis spectrum 

as shown in Figure 6-2. Fig.S-6 shows the XRD pattern of inverse planar spherical TiO2 and it 

confirms the anatase phase where the prominent peaks shows its crystalline nature. The Control 

sample (referred to as Control-Si) was made without using the secondary absorber (i.e) TiO2 

and the (Des-TiO2-Si) where TiO2 is used as the secondary light absorber whose structure is 

destroyed. After the deposition of Co-OEC on the TiO2-ITO-Si layer and NiMoZn catalyst on 

to the stainless steel.  The samples were then dried at 50°C in the oven for 2 hours.  

 

Sample PS 

diameter 

(nm) 

Calculated 

PS stop 

band (nm) 

Experim

ental 

stopband 

(nm) 

Void 

diameter 

(nm) 

Experimental 

stopband of 

Inverse 

spherical 

TiO2 (nm) 

Calculated 

stopband of 

Inverse 

spherical 

TiO2 (nm) 

R-TiO2-

Si 

203 ± 5 

nm 

483.89 474.3 142 ± 5 

nm 

353 359.12 

B-TiO2-

Si 

224 ± 5 

nm 

533.95 543.76 172 ± 5 

nm 

436 431.94 
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Figure 6-2: UV-Vis reflection spectra of inverse TiO2 for (R-TiO2-Si) and (B-TiO2-Si) and the shaded region 

indicates the electronic absorption of TiO2 

 

The characterization data in the Fig.S7-10, demonstrate that the structure of the multilayer 

composite material follows the design. Fig.S-7a indicates the SEM image of ITO coated on to 

silicon surface and the insert displays the ITO coated silicon which is green in color. Fig.S-7b 

shows the EDS analysis of silicon confirming the presence of In, Sn, O, Si.  Fig.S-7c indicates 

the SEM image of stainless steel and the insert displays the optical image of stainless steel. 

Fig.S-7d shows the EDS analysis of stainless steel confirming the presence of C (carbon coat), 

Fe, Cr. 

Fig.S-8a indicates the SEM image of TiO2 deposited on the ITO-Si surface and the insert 

displays the optical image of TiO2 on ITO- Si surface (grey color). Fig.S-8b shows the EDS 

analysis TiO2 on the ITO-Si surface confirming the presence of Ti, O, In, Sn, Si. Fig.S-9a 

indicates the SEM image of Co deposited on TiO2- ITO-Si surface. Fig.S-9b, shows the EDS 

analysis Co deposited on TiO2- ITO-Si surface confirming the presence of Co, Ti, O, In, Sn, 
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Si. Fig.S-10a indicates the SEM image of NiMoZn deposited on stainless steel. Fig.S-10b, 

shows the EDS analysis NiMoZn deposited on stainless steel confirming the presence of Ni, 

Mo, Zn, Fe, Cr, C (carbon coating) 

 

 

Figure 6-3: (a) Image of an artificial cell (b) Enlarged image showing the bubble formation under light 

irradiation 

 

In order to study the performance of an artificial cell, we carried out the photocatalytic 

experiment as explained in the experimental procedure 6.3.7 A comparative study was carried 

out with the control sample (Control-Si), destroyed (Des-TiO2-Si), blue edge (B-TiO2-Si) and 

red edge (R-TiO2-Si).  Figure 6-3a, shows the artificial leaf in 1M NaOH and Figure 6-3b, 

shows the bubble formation under light irradiation. After solar water splitting the amount of 

hydrogen production has been measured using gas chromatography that is shown in the Table 

6-3. The Control-Si generated 0.79% hydrogen and the sample was then contrasted to Des-

TiO2-Si which displayed an efficiency of 1.2% and this could be due to the layer of TiO2 

coating that could itself encourage the electron-hole pair and transform the electron into 

catalyst along with silicon and generate relatively more amount of hydrogen. To Check whether 
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TiO2 aids in electron transfer, For Des-TiO2-Si cell we performed the experiment by blocking 

the UV light and it was observed the hydrogen production was 0.83% Further R-TiO2-Si 

sample was examined for its effectiveness in hydrogen production. It was found that greater 

output of hydrogen relative to the Des-TiO2-Si and Control-Si. It produces 1.57% hydrogen, 

which is 0.35% greater than the Des-TiO2-Si. This rise in the more hydrogen generation might 

be due to the increased light absorbance where the stopband at the red edge overlaps the 

electronic excitation energy of TiO2, allowing the greater generation of the electron which 

facilitates water splitting effectively. The B-TiO2-Si (blue edge) showed the largest output of 

hydrogen in relation to all samples of 2.1%. This is because of the photonic bandgap alignment 

is in the blue edge with the electronic excitation energy of TiO2 where most of the ultraviolet 

light is absorbed and only the visible light is reflected, therefore the majority of illuminated 

UV light being utilized by B-TiO2-Si and this will help to trap the light through slow photon 

for better electron-hole pair generation when compared to R-TiO2-Si were the percentage 

efficiency is 1.57 %. Since R-TiO2-Si's photonic bandgap is in UV regime (red regime) where 

most of UV light is reflected, leading to fewer electron-hole pairs resulting in less hydrogen 

generation.  

Sample % Hydrogen from GC 

Control- Si 0.79 

Des-TiO2-Si (No UV light) 0.83 

Des-TiO2-Si 1.2 

R-TiO2-Si 1.57 

B-TiO2-Si 2.1 

Table 6-3: percentage of hydrogen production from GC 

 

The performance of the PEC cells is quantified by calculating the solar to hydrogen (STH) 

efficiency. Where the rate of H2 can be measured directly by gas chromatography were the 
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collection yield is evaluated approximately (mmol per sec). Pin is the power density of the 

incident light which is obtained by measuring the intensity of light and it was found to be 578 

mW/cm2 
 without filters and 532 mW/cm2 

  using UV filter ( blocks UV light). Gf
0 is the Gibbs 

free energy for generating hydrogen H2. t is the illumination time and A is the active area (2.5 

X 1) cm2. 

ƞ𝑆𝑇𝐻(%) =
𝐶ℎ𝑒𝑚𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑

𝑆𝑜𝑙𝑎𝑟 𝑒𝑛𝑒𝑟𝑔𝑦 𝑖𝑛𝑝𝑢𝑡
                (6-4) 

 

ƞ𝑆𝑇𝐻 =

𝑅𝑎𝑡𝑒 𝑜𝑓 𝐻2 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 ∗  ∆𝐺
𝐻2𝑂⟶𝐻2+

1
2

𝑂2

𝑇𝑜𝑡𝑎𝑙 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑠𝑜𝑙𝑎𝑟 𝑝𝑜𝑤𝑒𝑟 ∗  𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 𝐴𝑟𝑒𝑎 
(6-5) 

 

                                        ƞ
𝑆𝑇𝐻

=
𝑚𝑚𝑜𝑙(𝐻2)𝑝𝑒𝑟 𝑠𝑒𝑐∗237000 𝐽/𝑚𝑜𝑙

𝑃𝑡𝑜𝑡𝑎𝑙(
𝑚𝑊

𝑐𝑚2)∗𝐴𝑟𝑒𝑎 𝑐𝑚2
      ( 6-6) 

 

The STH efficiency is calculated using the above equation and is values are listed in Table 6-4. 

Table 6-4: STH efficiency for different samples  

 

Sample ƞ𝑆𝑇𝐻 % 

Control- Si 0.43 

Des-TiO2-Si (No UV light) 0.49 

Des-TiO2-Si 0.66 

R-TiO2-Si 0.85 

B-TiO2-Si 1.15 
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Figure 6-4: (a)  Image of Control-Si artificial cell after 25 min (b) image of B-TiO2-Si after 25 min 

 

On considering the stability of the cells. It was observed without TiO2 layer the silicon gets 

etched after 25 min of operation as shown in Figure 6-4a. Whereas the TiO2 coating on the 

Silicon has reduced the corrosion of silicon from the 1M NaOH electrolyte used. The layer 

over the silicon protects the silicon surface form electrolyte interaction and thereby enhances 

the stability of the catalytic system as shown in Figure 6-4b.  

 

6.5. Conclusion 

In summary, we have invented a novel photonic crystal enhanced artificial leaf for wireless 

water splitting with high hydrogen production efficiency. This device can enhance the 
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hydrogen generation by introducing the photonic crystal as the secondary light absorber. We 

have employed state of the art strategy by tuning the photonic bandgap of Inverse TiO2 

photonic crystal to match the electronic absorption of TiO2 providing more generation of 

hydrogen when compared to artificial leaf made without the use of secondary light absorber. 

Utilizing the slow photon effect by effectively tuning the photonic bandgap of TiO2 resulted in 

high solar to hydrogen conversion of 1.15%. 
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6.6. Supplementary materials  

 

Fig.S-1 Transmission spectra of plain glass (Reference) and ITO coated glass 

 

Fig.S-2 SEM image of PS spheres of size 203±5 nm dia (PSB-red) 
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Fig.S-3 SEM image of PS spheres of size 224±5 nm dia (PSB-blue) 

 

 

 

 

Fig.S-4 SEM image of Inverse TiO2 with void dia of 142±5 nm dia (R-TiO2-Si) 
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Fig.S-5 SEM image of Inverse TiO2 with void dia of 172±5 nm dia (B-TiO2-Si) 

 

 

 

Fig.S-6 XRD pattern of Inverse planar TiO2 
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Fig.S-7 (a) SEM image of ITO coated on 3Jn a-Si and the inset shows the optical image of the 

ITO coated Silicon which is greenish in colour (b) EDS spectra of ITO coated 3Jn a-Si (c) SEM 

image of stainless steel and the inset shows the optical image of the stainless steel  (d) EDS 

spectra of stainless steel. 
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Fig.S-8 (a) SEM image of Des-TiO2 on ITO-Si surface and the inset shows the optical image 

of the TiO2 on ITO-Si surface (grey in color) (b) EDS spectra of TiO2 on ITO-Si surface. 

 

 

Fig.S-9 (a) SEM image of Co deposited on TiO2- ITO-Si surface (b) EDS spectra of Co 

deposited on TiO2- ITO-Si surface 
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Fig.S-10 (a) SEM image of NiMoZn deposited on stainless steel (b) EDS spectra of NiMoZn 

deposited on stainless steel. 
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7. Conclusion 

In summary, this PhD has resulted in three major contribution 

• Fabrication of spherical colloidal photonic crystals and demonstrate the role of the 

spherical structure as an effective approach for light trapping in addition to photonic 

effect.   

• Fabrication of Inverse spherical photonic beads and their role in enhancing light 

capturing ability for photocatalysis application. 

• Develop photonic crystal based artificial leaf for wireless water splitting.  

In detail, the conclusion that can be drawn from the various studies performed in the project 

can be summarised in the following chapters. 

Chapter 2:  

The Chapter 2 literature review provides an overview of photonic crystal history their types 

and also discusses the benefits of photonic crystals in spherical form. Part of the evaluation 

also highlights various types of photonic bead synthesis for particular applications and 

discusses previous research on this topic. 

Chapter 3: 

This chapter talks about the use of PDMS based microfluidic devices for photonic bead 

synthesis and their drawbacks. Also, this chapter talks about the measurement tools and the 

operation condition used for characterizing the photonic beads. 
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Chapter 4: 

This chapter talks about enhanced light harvest at the band edges of the spherical photonic 

crystal. The ensemble system of photonic beads shows a capability of signal enhancement, via 

band match. As the magnitude of signal enhancement is a direct reflection of light trapping for 

both excitation and fluorescence.  

Chapter 5: 

This chapter talks about the fabrication of Inverse spherical TiO2  photonic crystal using 

droplet-based microfluidic device and their photocatalytic properties when the photonic 

stopband is coupled with the electronic bandgap of  TiO2. The study demonstrates the use of 

inverse spherical photonic crystal structure in photocatalysis by effectively trapping light at the 

photonic band edges. can photocatalytically perform better in comparison to planar structure. 

Chapter 6: 

Low photon absorption limits light harvest efficiency in PEC cells. This chapter discusses how 

light-harvesting capability for wireless PEC cells can be improved using Photonic architecture. 

Where we demonstrate that the inverse TiO2 photonic crystal uses slow photons to improve the 

absorption of light and increase hydrogen production. 
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7.1. Perspective and future work 

Spherical colloidal photonic crystal structure offers the possibility of confining light on sub-

wavelength scales in air and provides a foundation for guiding light through circular paths in a 

three-dimension (3D) without energy loss caused by light scattering. Thus, photonic beads not 

only provide a good light trapping effect but also exhibits a strong coupling effect between the 

light and the semiconductor that attaches to it. However, such tantalizing opportunities require 

the precise synthesis of photonic crystals for the light to be efficiently manipulated both inside 

and at the surface of the crystal. Moreover, it seems to be difficult to prepare a photonic 

structure that not only traps light but also exhibits all required property for a specific 

application. All these issues remain a central question in the area of photonic beads. 

This thesis work can be expanded in several other directions: 

• Expanding the use of spherical colloidal structures for other Fluorophores and study the 

interaction between them. 

• Investigate the real-time application potential of the presented work for the optical 

sensing system. 

• Further development of artificial leaf for H2 production and usage. 

 

 


