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Abstract 
 

Currently, conventional plastics and composites that we mostly use are derived from petroleum 

which is a non-renewable resource. Plenty of these plastics are designed for a single purpose 

such as water bottles and food packaging and end up in landfills, causing significant 

environmental impact since the degradation rate is extremely slow and can take centuries. The 

unstable market of petroleum and its contribution to global warming are other concerns 

associated with conventional plastics. On the other hand, plant-based natural polymers or 

biopolymers are sustainable, yearly renewable, and environment-friendly solution to the 

current problem associated with conventional plastics. Biodegradable polymers such as 

cellulose and lignin can be obtained from plants and have applications in various fields e.g. 

construction, agriculture, fuel, etc.  

Initially in this work, wood-derived cellulose nanocrystals (CNCs) are utilized as a matrix 

material to guide light in the luminescent solar concentrator. Acrylic polymer emulsion, 

otherwise known as PMMA, is the most commonly used polymer for such purposes. Though 

this polymer is biocompatible, it is not biodegradable. The recycling of acrylic polymer is also 

complicated and if not properly done it might release harmful fume during combustion. Here 

waveguides made of acrylic polymers and cellulose are fabricated with organic dyes and it is 

found that cellulose has the potential to be used as matrix material. Easy recyclability of a 

cellulose-made waveguide is another factor that is investigated, and no significant performance 

drop is reported when waveguided made of recycled cellulose is characterized.   

Afterward, CNCs and lignin, another wood-derived polymer, have been investigated for their 

suitability to be used as radiative cooling material. Different structures have been proposed 

over the last few years for radiative cooling but most of these structures are not realistic for 
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mass production due to associated cost and complex fabrication process. In these works, two 

structures made of cellulose and lignin are found to have a cooling temperature of 3.97 °C and 

3.7 °C below ambient temperature respectively, with significant cooling power. Attaching 

these polymer structures on the solar cells has shown a performance enhancement by lowering 

the operating temperature of the solar cell. By offering a very simple and low-cost fabrication 

process as well as compatibility with large-scale production using an earth-abundant material, 

these developed structures provide an excellent opportunity to mass implement biopolymers.   

In the end, the scattering property of CNCs is leveraged to show their potential for enhancing 

the light quality of light-emitting diode (LED). White LED is the most common one and can 

be conveniently fabricated using phosphor and blue LED chip. It is demonstrated that CNCs 

can scatter the blue light effectively which would increase blue to yellow light conversion and 

improve the uniformity of correlated color temperature. The proposed structure for white LED 

has shown better light quality and ~30% enhancement in luminous flux compared to a 

conventional LED structure without using CNCs.  

Overall, this thesis work focuses on different aspects of biopolymer properties and shows their 

potential application in different fields of photonics. 
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Chapter 1: Introduction 

 

1.1. Biopolymer 

Biopolymers are polymeric biomolecules made of monomeric units that are bonded covalently 

to form larger molecules. Here the prefix ‘bio’ means these types of polymers are produced by 

living organisms. A variety of materials are termed biopolymers which are derived from 

sources like microorganisms, plants, or trees. Some materials are produced by synthetic 

chemistry from different biological sources like sugars, fats, resins, proteins, vegetable oils, 

etc. can also be described as biopolymer [1]. Compared to synthetic polymers produced from 

petroleum, most biopolymers are biodegradable by different aerobic and non-aerobic 

procedures in nature, sediments, or landfills [2].  

 

1.1.1. Motivation for developing biopolymers 

In recent years, due to the huge expansion of industries across the world, global warming has 

increased alarmingly which accelerated the use of sustainable materials and limit the use of 

carbon resources. At the same time, the cost of petroleum has increased significantly which 

has risen interest globally to use green and renewable resources as the basis of consumer 

products. This has influenced the production of polymers from renewable sources. Apart from 

this, there are lots of side effects of polymers that do not biodegrade or disintegrate easily into 

smaller fragments. For example, a lot of species are susceptible to entanglement by polymers 

and a study found more than 100 marine species that are vulnerable to such incidents [3]. Other 

studies found that polymer-based packing loops are a threat to sea lions and fur seals in 
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California and Australia [4,5]. These polymer-based materials can mimic natural food sources 

in our environment and severe side effects can be seen due to ingestion of polymers. It was 

found that ingesting polymer-based particles could cause intestinal blockage in fish, lower 

steroid hormone levels, and cause ovulation delay that may result in reproductive failure, etc. 

[6]. The ingestion of such particles by different species may potentially pass these particles up 

the food chain which has already been reported in a previous study where such polymer 

particles were recovered from fur seal scats [7]. Also, petroleum-based polymer such as acrylic 

polymer, which has found widespread use, is difficult to recycle and can produce harmful by-

products during recycling if not properly done [8]. 

 

1.1.2. Classification of biopolymers 

Biopolymers that are found in living organisms act as a structural component of tissue. These 

include mainly protein and polysaccharides. The most commonly known polysaccharides are 

cellulose, hemicellulose, and starch and proteins are collagen, soy, and silk[9]. Bacteria and 

fungi-derived biodegradable polyesters such as polylactic acid (PLA), polyglycolide (PGA), 

etc. are considered biopolymers. These types of polymers are commonly used for drug delivery 

and short-term implants [10,11]. Figure 1 shows an overall classification of biopolymers that 

includes synthetic biopolymers derived from natural sources. 
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Figure 1. Classification of biopolymers [12]. 

 

1.2. The development of biopolymers 

Biomaterials can be derived from bio-based materials or can be chemically synthesized from 

biological starting materials. Microorganisms, plants, and animals act as sources from which 

polymers can be derived directly whereas sugar and starch can be chemically modified to 

derive polymers.  

Biopolymers derived from first-generation feedstocks such as sugar, starch, plant oil, etc. are 

most popular. Ethanol is produced by fermentation of sugars derived from sugarcane and beets 

or by the hydrolysis of starch derived from corn. This ethanol is then used as raw material to 

produce a variety of biopolymers. Though there has been an increasing concern over these 

types of biopolymers as they are in direct competition with food and animal feed production. 

These biopolymers are claimed to have similar side effects associated with biofuels e.g. 
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increased food cost and deforestation. This has led the industry to seek alternative feedstocks 

that do not compete with the food market and currently two categories of feedstocks are 

dominating research which are second-generation feedstock and alternative sources (shown in 

Table 1)  

Food waste products and lignocellulose are considered second-generation feedstocks. Non-

edible waste cooking oil or gat and waste potato skins can be considered as food waste that can 

be utilized. Short-rotation coppice such as willow and poplar, and corn straw, wood, etc. act as 

feedstocks for lignocellulose. The main components of this material are cellulose, 

hemicellulose, and lignin. Various sugars are produced by the hydrolysis of cellulose and 

hemicellulose by either an acidic or enzymatic route. These sugars are later fermented in the 

presence of various microorganisms. Unfortunately, second-generation biomass does not 

provide a higher yield than sugarcane and most second-generation biorefinery plants based on 

cellulose are still a few years away from commercial production. Lignocellulose materials can 

be transformed into synthesis gas (a mixture of CO and H2) by gasification. This process can 

practically transfer all the carbon content of any form to carbon monoxide. This synthesis gas 

can be used to produce methanol which in turn is used to produce propylene. But due to the 

high cost of the process as a whole, there is still no commercial unit in operation for the 

production of synthesis gas from biomass. 
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Table 1. Feedstocks for producing biopolymers [13]. 

First-generation (edible and 

non-edible biomass)  
Second-generation (non-edible biomass) 

Other 

sources 

Starch-

rich 

plants 

Sugar-

rich 

plants 

Oily plants  

Lignocellulose 

(short rotation 

coppice) 

Lignocellulose 

by-products 
Willow  

Natural 

rubber 

Corn  Sugarcane  
Sunflower 

seeds 

Forestry waste 

(e.g. wood 

chips) 

Waste 

vegetable oil 

(e.g. cooking 

oil) 

Switchgrass  Microalgae 

Potato  
Sugar 

beet  

Soybean 

seeds 
Poplar  

Animal fat (lard 

tallow, waste 

grease) 

Potato 

skins  

Greenhouse 

gas (CO2) 

Rice  
Castor 

seeds 
Grain  Paper waste        

 

1.3. Wood-derived biopolymer 

One of the most abundant sources of a biopolymer is wood with a production capacity of 

approximately 3,900 million cubic meters per year [14]. Wood has been an integral part of 

modern society and has always contributed to the development of mankind. The role of wood 

will only grow as it will play a critical role to capture carbon and a fundamental feedstock for 

bio-based fuels. Wood mainly consists of cellulose, hemicellulose, and lignin as shown in 

Figure 2. Wood is typically classified into two groups: softwood and hardwood. Sugar-based 

polymers (cellulose and hemicellulose, 65-75%) and lignin (18-35%) are the major 

biopolymers of wood cell walls [15]. Considering the dry-weight, wood typically has 49% 

carbon, 44% oxygen, and 6% hydrogen [16]. The amount of biopolymers varies between 

softwood and hardwood as well as amount species. In general softwood contains a comparable 

cellulose content (40-44%), higher lignin (26-34%) and relatively low hemicellulose (20-32%) 

contents compared to hardwood which contains 40-44% cellulose, 23-30% lignin and 15-35% 

hemicellulose [15,16]. 
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Figure 2. Plant cell wall structure [17]. This Open Access Article is licensed under a Creative 

Commons Attribution 3.0 Unported Licence. 

 

There are various treatments to break lignocellulose biomass into cellulose, hemicellulose, and 

lignin such as acid hydrolysis, alkaline hydrolysis, oxidation agent, etc. but the most frequently 

used treatment is acid hydrolysis. During acid hydrolysis, hydronium ions break down and 

attack intermolecular and intramolecular bonds among cellulose, hemicellulose, and lignin. 

Different types of acids such as H2SO4, HCl, H3PO4, and HNO3 are being used to hydrolyze 

lignocellulose [18,19]. These are effective agents for lignocellulose deconstruction and 

maximize the yield of monomeric sugars for biofuel production. Due to the toxicity and 

corrosive nature of these concentrated acids, extreme care is necessary to handle the process. 

Also, it is necessary to recover concentrated acids after the treatment to make the process 

economically and environmentally feasible. To maximize the yield of cellulose and lignin, it 

is imperative to properly optimize the type of acid, pH, reaction temperature, and reaction time. 

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
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For all these reasons, isolation of cellulose, hemicellulose, and lignin becomes cost-effective 

by using the diluted acid hydrolysis technique. Diluted acid such as low concentration H2SO4 

< 4 wt.% [20,21] can be used to recover most of the hemicellulose as dissolved sugar at low 

temperature. After hemicellulose solubilization, the remaining fraction of lignin is removed 

from residue cellulose by the cellulose purification process. In the cellulose purification 

process, alkaline pre-treatment is utilized to separate lignin from cellulose. In the following 

subsections, we will discuss the properties of cellulose and lignin and their applications.  

 

1.3.1. Cellulose 

Cellulose, the principal component of the wood cell, makes up about half the biomass of 

photosynthetic organisms which makes it the most abundant molecule on earth. This cellulose 

along with components like hemicellulose and lignin makes up the cell wall that distinguishes 

animal and plant cells. The human body can’t digest cellulose but some animals like ruminants 

can digest cellulose. A French chemist, Anselme Payen, was the first who identified the 

molecules and named them cellulose back in 1838. Willstatter and Zechmeister [22] were the 

first to propose the fundamental formula of the cellulose structure and later modified by Irvine 

and Hirst [23] saying cellulose is macromolecular which is the presently accepted concept. The 

primary structure of cellulose had been identified linear homopolymer of glucose residues with 

D configuration linked by β-(1 → 4) glycosidic linkages [24] as shown in Figure 3. On the 

glucan chain, cellulose forms intramolecular and intermolecular hydrogen bonding by 

hydroxyl groups that stiffen the chain and promote cellulose aggregations.  Cellulose and 

protein mixture provide rigidity to plant cell wall and also allow cell growth and extension 

[25]. Cellulose has been excessively used in nanofibrils form by mechanical grinding or high-
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pressure fluidization to remove the lignin content. These fibrils have a high aspect ratio with a 

diameter between 5-20 nm and length in the µm region. It forms a gel-like material when the 

concentration is low and can be used to produce biodegradable and environmentally safe films 

for various applications. Cellulose and plasticizers can be mixed to improve their physical 

properties such as grease proof-ness and high barrier against oxygen transmission at dry 

conditions and makes it suitable for commercial applications. It is the major constituent of 

paper and paperboard and can be converted into biofuel by a bacterium found is zebra waste. 

These celluloses are used to make water soluble adhesives and binders to be used in wallpaper 

paste and also a major component to produce hydrophilic and highly absorbent sponges.  

 

Figure 3. Molecular structure of cellulose. Reprinted with permission from [26,27]. Copyright 

Springer Nature, license number: 4996710032761. 

 

1.3.2. Lignin 

Lignin is the most abundant aromatic polymer (Figure 4) in nature and the next more abundant 

polymer after cellulose. The word lignin comes from the Latin word lignum which means 

wood. It plays a similarly important role in plant structures like cellulose. Lignin is a 

heteropolymer and its structure is complex. These hydrophobic polymers provide strength and 

rigidity by acting as a matrix that binds the cellulose, hemicellulose, and other components of 

the cell and also responsible for the upright growth of the wood [28]. Around the cellulose 
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microfibrils, there are spaces, and lignin is formed within those spaces in woods, thus forming 

a lignocellulose matrix that provides strength to the plant [24]. Apart from the structure role, 

lignin also plays a significant role for the transport of water and nutrient within the plant and 

prevent degradation by preventing the penetration of destruction enzymes [29]. To date, the 

exact structure of lignin is unknown due to its complex structure and to the fact that it varies 

with source and extraction method though it is known that it contains methoxyl, phenolic 

hydroxyl, and a few thermal aldehyde groups. There are many commercial applications of 

lignin e.g. i) it is mixed with concrete to reduce the damage caused by moisture and acid rain, 

ii) it provides thermal protection to polypropylene and rubber, iii) it is used to increase the 

water solubility of asphalt, iv) it is used to fabricate carbon nanotubes, v) it is mixed with 

asphalt and water to control dust of a road surface upon spraying, vi) it is mixed with grease to 

improve corrosion protection properties, vii) it can be used as a dispersant for cleaning and/or 

laundry detergent compounds, viii) chemically modified lignin is used as a binder, dispersant 

agent in pesticide, ix) it is used for automotive brakes and epoxy resins for printed circuit 

boards etc.  
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Figure 4. Molecular structure of lignin [30]. Copyright © 2021 polymerdatabase.com. 

 

1.4. Thesis objectives 

As described in earlier sections, the use of petroleum-based products is impacting the 

environment negatively since it takes a long time to degrade, harm the normal life cycles of 

many animals, and most importantly the adverse effect of petroleum has a strong influence on 

global warming. Plant-based biopolymers can play a pivotal role in addressing environmental 

issues by replacing petroleum-based products since they are easily degradable, sustainable, and 

abundantly available. Currently, a good number of petroleum-based polymers are available in 

the market and have found broad applications in photonics, and replacing petroleum-based 

polymers with plant-based biopolymers in some of these applications is highly desired.  
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Figure 5. The Complex effective refractive index of cellulose nanocrystals as a function of 

wavelength [31]. Copyright Elsevier, license number: 5026600292033. 

 

 

Figure 6. Transmittance and haze of CNP hybrid optical diffusers with different concentrations 

[32]. Copyright John Wiley and Sons, license number: 5026600474652. 
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(a) 

 

(b) 

Figure 7.  FTIR spectra of (a) CNCs [33], this Open Access Article is licensed under a Creative 

Commons Attribution 4.0 Unported Licence and (b) softwood kraft lignin derived from 

ponderosa pine [34], copyright Elsevier, license number: 5026600147137.  

 



13 

 

Wood-derived biopolymers like cellulose nanocrystal and lignin have some interesting optical 

properties. They are transparent or can be made transparent potentially in the visible spectrum. 

They also have strong absorption/emission in the “sky window” (between 8-13 µm 

wavelength). Furthermore, cellulose nanocrystals show strong scattering in the visible 

spectrum. Figure 5 and Figure 6 show complex refractive index and transmission property of 

cellulose nanocrystals. These data show that cellulose nanocrystal has a suitable refractive 

index, high transparency, and tuning its concentration could yield high scattering. On the other 

hand, Figure 7 shows the FTIR spectra of cellulose and lignin that shows that both these 

polymers have high absorption between 600-1200 cm-1 (8.3-16.7 µm). Therefore, wood-

derived biopolymers may potentially replace petroleum-based polymers in some photonic 

applications for the above-mentioned optical properties.  

In this thesis, the main objective is to show the prospect of cellulose nanocrystals and lignin in 

replacing petroleum-based polymers in various photonic applications such as luminescent solar 

concentrators, radiative cooling, photovoltaic devices, and light-emitting diodes by leveraging 

their optical properties. To accomplish this objective, different structures are developed by 

taking advantage of theories, simulation (where it fits), and experimental design. Preference is 

given to investigate the structures that are simple, cost-effective, and can be introduced without 

changing the current process steps which will increase the potential for commercialization. 

 

 

1.5. Outline of the thesis 

In chapter 2, the application of wood-derived cellulose nanocrystals as waveguide material for 

luminescent solar concentration is demonstrated. Generally, poly(methyl methacrylate), 

otherwise known as PMMA or acrylic polymer emulsion (APE), is used as a waveguide for 
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such application but due to its chemical composition, degradation of this material is 

problematic. Here we thoroughly investigate the feasibility of cellulose nanocrystals to be used 

as waveguide material and provide necessary recommendations for practical implementation.  

In chapters 3 and 4, lignin-upgraded and cellulose-upgraded polymers for radiative cooling 

have been proposed, respectively. Passive radiative cooling can be an exciting prospect to 

reduce energy usage and lower carbon footprints. Different structures based on lignin and 

cellulose nanocrystals have been studied focusing on their application during the daytime. 

Leveraging the inherent property and innovative designs, radiative cooling temperature 3.7-

3.97 °C are achieved for these materials with significant cooling power. While lignin provides 

adequate cooling power, its high solar absorption requires an additional modification to make 

it suitable for daytime application. For that reason, this study is extended to investigate 

cellulose since it has low solar absorption and can be a good prospect for practical 

implementation. Furthermore, as proof of concept, both radiative coolers are utilized to lower 

the operating temperature of solar cells.  

In chapter 5, cellulose nanocrystals embedded structure has been investigated to improve the 

light quality of white light-emitting diodes (LEDs). The most common and easiest way to 

fabricate a white LED is by using phosphor with a blue LED chip. Cellulose nanocrystals can 

scatter light that could enhance blue light absorption and yellow light emission by the phosphor 

and improve overall light quality. In this chapter, this scattering property of cellulose 

nanocrystals has been thoroughly investigated to improve the correlated color temperature and 

luminous flux of white LEDs. 
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In chapter 6, a summary of the key findings of this thesis is presented alongside a brief 

description of some suggested future works that can further boost efforts to replace petroleum-

based products with biopolymers.  
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Chapter 2: Cellulose nanocrystals for luminescent 

solar concentrator 

 

2.1. Introduction 

Harvesting solar energy efficiently via cost-effective approaches is critical for large-scale 

adoption of solar energy as an energy resource in human society. Concentrating solar radiation 

has a great potential to increase solar energy conversion efficiency and researchers started to 

begin to find inexpensive ways to concentrate light. Studies had begun as early as 1949 to trap 

fluorescence inside a body by total internal reflection (TIR) and experimentation begun on 

luminescent solar concentrators (LSCs) in the late 1970s [35]. During that time, the TIR effect 

was studied in terms of implementing solar components to reduce PV surface and minimize 

the associated cost [36,37]. Table 2 shows the history of LSCs since their discovery.  

Table 2. History of LSCs [38]. 

Year 
 

1949–1970  Invention 

1970–1980  First experiments and publication 

1980–1990  Limitations of fluorescent organic dyes hindered 

further development 

1990–2000  Application of new luminescent materials 

semiconductor quantum dots (QDs) 

2000–2010  Discovering materials such as photonic layers, liquid 

crystals have also been utilized to reduce losses 

within the devices 

2010–2015  New material and developments in ray-trace, 

thermodynamic modeling software 
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Because of the performance of the luminescent dyes, LSCs development was limited initially 

but because of the realization of lack of fossil fuels and unstable price, meaningful 

enhancement was made during the last decade.  

 

2.2. Working principle of luminescent solar concentrator 

In LSCs, light is absorbed by luminescent molecules e.g. organic dyes, quantum dots, and then 

re-emitted at longer wavelengths. A portion of this re-emitted light gets trapped in the 

waveguide by TIR and becomes concentrated along the plate edges. PV cells are attached along 

the perimeter of the waveguides which convert this re-emitted light into electricity [35]. Figure 

8 illustrates a LSCs where the incident sunlight is absorbed by the organic dyes which emit 

fluorescence that gets transported to the edge by TIR. Photovoltaic cells are installed along the 

perimeter of the waveguide which can absorb the fluorescence and convert it to electricity. As 

the surface area of the slab is much larger than the area of its edges, there will be an increase 

in photon concentration ratio, which is the ratio of photon flux escaping from the edge to the 

photon flux incident on the top of the surface [36],[39]. If the slab design is optimized (high 

ratio of top surface area over side edge area), there will be a high concentration of flux coming 

out of the edges which might boost the open-circuit voltage of the solar cell, similar to 

concentrated photovoltaics (CPV). Therefore, the idealized LSC would produce more 

efficiency compared to the cell exposed to AM1.5G [39].  

Several loss mechanisms reduce the amount of fluorescence reaching the solar cells as pictured 

in Figure 9. Some of the incoming light will be reflected by the waveguide and some light will 

just pass through the waveguide without getting absorbed by luminescent molecules. Some 

light will just be refracted out of the waveguide rather instead of reflecting internally. Some 
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luminescent molecules have overlapping absorption and emission spectra which causes the 

reabsorption of emitted photons and reduce the amount of light reaching the edge of the 

waveguide. Luminescent molecules have a quantum yield of less than 1 which would further 

reduce the light reaching the solar cells on the sides. Some waveguides may have parasitic 

absorption of near-infrared light and can also have bulk imperfection which would scatter the 

light out the waveguide, further reducing the efficiency.  

 

Figure 8. Schematic representation of fluorescence material-based LSC where the solar cell 

installed at the edge can absorb fluorescence to produce electricity.  

 

Many types of luminescent fluorophores have been studied for LSC application such as organic 

dyes, inorganic phosphors [40–44], quantum dots (QDs) [45–51], etc. Recently different 

designs for LSC have also been tried such as variation in device geometry [52], multiple dyes 
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based LSC [53,54], multiple layers based LSC [55], use of metal to enhance 

photoluminescence [56], etc. The main motivation to go towards LSC is to replace those costly 

solar cells required in flat photovoltaic (PV) panels, with an inexpensive luminescent collector 

which would reduce the cost of solar power. A key advantage this LSC technology has over 

other concentration systems is that it can successfully convert both direct and diffused light 

into electricity. This will reduce the cost further as no sun tracking is required and will make 

it an excellent candidate for building-integrated photovoltaics (BIPV) and regions with 

cloudier climates [42]. 

 

Figure 9. Loss mechanism in LSCs [57]. This Open Access Article is licensed under a Creative 

Commons Attribution 3.0 Unported Licence. 

 

Apart from studies on improving the efficiency of LSCs, identifying the optimum host material 

for the overall LSC system is also important. The material used as matrix material that would 

contain the dyes/QDs can have a significant effect on the LQY and stability of the dyes/QDs. 

The host matrix should have maximum transparency over a broad wavelength range with 

minimal scattering. Though acrylic polymer emulsion (APE) is one of the most commonly 

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
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used matrix materials, other materials have also been investigated as a host matrix for improved 

stability of dyes [58–60]. Nature-based nanomaterials, which offer ecological advantages, are 

also attracting a lot of interest for such applications [61,62]. As mentioned earlier, cellulose is 

a widely found biopolymer that has been used as energy resources, building material, and a 

component of clothing for a long time. Different techniques and sources are present to produce 

this nanocellulose which are summarized in earlier reviews that focus on the production, 

chemistry, and application of cellulose nanocrystals (CNCs) [63–68]. Mass production of these 

CNCs is also possible at a low cost using the acid hydrolysis method. CNC has already been 

approved for unrestricted use in Canada and was the first nanomaterials to be included in 

Canada's Domestic Substances List (DSL) [69]. 

In this chapter, we investigate the suitability of CNCs material as a host matrix for LSC 

application. The performance of CNC material is compared with APE material, which is used 

most commonly as host matrix in LSC. Moreover, we have studied the possibility of 

recyclability of CNC material which will help to reduce the material requirement and cost 

during the large-scale implementation of this material for LSC application.      

 

2.3. Experiment 

2.3.1. Materials 

Cellulose nanocrystals (CNCs) were mass-produced in the CNC pilot plant at Alberta 

Innovates Technology Futures (AITF, Edmonton, Alberta, Canada). APE was purchased from 

Golden Artist Colors Inc. [70]. Glycerol, Methanol, and glass samples were purchased from 

Fisher Scientific. Rhodamine 6G which was used as the luminescent dye was purchased from 

Sigma-Aldrich.  
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2.3.2. Organic dye solution 

0.1 g of Rhodamine 6G was mixed with 10 mL of methanol solution in a test tube. To dilute, 

1 mL of this solution is taken from the test tube and mixed with 9 mL of methanol in another 

test tube which acted as our reference dye solution.   

 

2.3.3. CNC synthesis 

The acid hydrolysis process was used to synthesis CNC. Sulfuric acid hydrolysis with an acid 

concentration of 64% at 45°C was performed at first using two Pfaudler 50-gallon (189 liters) 

acid-resistant glass-lined reactors with a steam-heated jacket. Later on, a centrifuge step was 

performed using a GEA Westfalia SC-35 Separator. The last stage involved drying of CNC 

powder in an SPX-Anhydro Model 400 Spray Dryer Plant at the conditions of a 220°C inlet 

temperature and an 85°C outlet temperature. 

 

2.3.4. CNC and APE films deposition 

CNC films with organic dyes were prepared by the following steps. First, 2 g of CNC powder 

and 40 mL of deionized (DI) water were mixed to form a CNC solution. 0.8 mL glycerol was 

later added to this solution to avoid crack formation in the films during drying. Three different 

samples were fabricated where with the above solution 1 mL, 0.5 mL, and 0.25 mL reference 

dye solutions were added and named as 20x CNC, 5x CNC, and 1x CNC respectively. After 

that, the solutions were stirred at 75 °C for 90 mins.  Finally, these mixtures were poured into 

plastic Petri dishes where we already placed our glass samples and let the solution dry for 72 

hours. After that, glass samples with CNC films were taken out of Petri dishes. For comparison 
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APE samples with similar dye concentrations were fabricated. This APE, which was purchased 

from Golden Artist Colors, Inc, [70] was in gel form and soluble in water. 5 mL of APE and 

40 mL deionized water were initially mixed to form an APE solution. After that 1 mL, 0.5 mL, 

and 0.25 mL reference dye solutions were added with the above solution and named 20x APE, 

5x APE, and 1x APE, respectively. Later these solutions were stirred at 75°C for 90 mins.  In 

the end, these mixtures were poured into plastic Petri dishes with glass samples already placed 

inside and dried for 72 hours at room temperature. After that, glass samples with APE films 

were taken out of Petri dishes. The thicknesses of all the CNC and APE samples were measured 

and found to be similar. Average thicknesses of CNC film and APE film deposited on glass 

were 0.327±10% mm and 0.307±10% mm, respectively. Dye concentrations of 20x, 5x, and 

1x samples (both CNC and APE) were found to be 2.09 µM, 0.52 µM, and 0.104 µM 

respectively.  The process flow of the fabrication is shown in Figure 10 (a) and a fabricated 

sample is shown in Figure 10 (b) [71].  
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Figure 10. (a) Process flow of the fabrication (b) Top view of a fabricated sample. 

 

2.4. Results and discussion  

Photoluminescence (PL) spectra of the samples were measured at room temperature and at an 

excitation wavelength of 520 nm (Sciencetech Inc.) with an integrating sphere and a modular 

spectrometer (Ocean optics) and absorption spectra were measured using Perkin Elmer Lamda 

1050 UV-Vis–NIR Spectrophotometer. Figure 11 is showing a schematic of the 

characterization setup which was used to measure the photoluminescence of the samples.  
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Figure 11. Schematic of the characterization setup for photoluminescence measurement.  

 

Figure 12 and Figure 13 show the absorption and emission spectra of CNC and APE samples 

at three different dye concentrations. These figures show that 20x CNC and 20x APE samples 

have the highest light absorption and emission and 1x CNC and 1x APE samples have the 

lowest, which is consistent with their dye concentrations. It is also visible that CNC samples 

have higher light absorption and light emission compared to APE samples for comparable 

concentrations. From these two figures, it is also visible that with increasing dye concentration, 

there is a relative drop in peak emission compared to peak absorption for both CNC and APE 

samples which is due to the reabsorption losses when more dyes are present in the matrix. 

These losses are also the reason for the slight red shift in emission peaks. 
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Figure 12. Absorption and Emission spectrum of CNC samples with various concentrations 

of dyes.  

 

Figure 13. Absorption and Emission spectrum of APE samples with various concentrations of 

dyes.  
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In Figure 15, Figure 16, and Figure 17, optical efficiencies at different edge distances of CNC 

and APE samples have been compared. Here optical efficiency is defined as the ratio of 

collected photons at the edge to incident photons on the sample and, edge distance is the 

distance between the source incident point on the sample and edge from where emitted photons 

are being collected. In the experiment, we extracted the photons from only one edge of the 

sample and calculation shows that when the incoming beam hits the sample, only one-fourth 

of light gets the chance to escape through that side of the sample’s edge. Hence the optical 

efficiency values at 0.5 cm were multiplied by 4 and to maintain consistency, the rest of the 

values were also multiplied by 4 which we deem as the maximum optical efficiency that can 

be achieved by extracting photons from four side edges of the sample.  

These figures show that optical efficiencies at 0.5 cm for 1x APE, 5x APE, and 20x APE are 

6.0%, 10.0%, and 10.7% respectively, suggesting a performance drop due to reabsorption of 

photons [72,73] by the dyes when dye concentration is increased. CNC samples also show a 

similar trend with 10.9%, 15.1%, and 21.0% optical efficiencies for 1x CNC, 5x CNC, and 20x 

CNC respectively.  

These results also show that optical efficiencies of CNC samples are higher at shorter edge 

distances compared to APE samples. Transmission and reflection data of CNC and APE 

materials (see Figure 14) show that CNC material may absorb a small amount (less than 10%) 

of light while APE material is almost transparent. However, this small absorption (unity minus 

transmission and reflection) might come from the scattered light that is not captured in the 

measured set-up. We believe this characteristic of CNC material influence the overall 

absorption of the LSC providing higher absorption and emission. When the edge distance is 

increased, CNC samples experience a larger performance drop than APE samples. For 1x CNC, 
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5x CNC and 20x CNC, drops in optical efficiencies when edge distance is increased from 0.5 

cm to 4 cm are 93.6%, 88.1% and 85.7% respectively whereas for 1x APE, 5x APE and 20x 

APE, these values are 48.3%, 43.0% and 26.2% respectively. These results indicate that CNC 

material as a host matrix has superior quality to APE material, which increases absorption and 

emission of light. But APE material, as a waveguide, supports light propagation better when 

the distance being traveled is increased compared to CNC material. The reason for this is that 

light scattering is prominent in CNC material which reduces its optical efficiency significantly 

when the edge distance is increased and further optimization during CNC synthesis is required 

to improve this. 

 

 

Figure 14. Transmission and reflection data of un-doped CNC and APE samples.  
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Figure 15. Optical efficiency (%) of 1x CNC and 1x APE samples.  

 

Figure 16. Optical efficiency (%) of 5x CNC and 5x APE samples.  
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Figure 17. Optical efficiency (%) of 20x CNC and 20x APE samples.  

 

 

Figure 18. Solution of recycled CNC and APE samples.  
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Figure 19. Optical efficiency (%) of a 5x CNC sample before and after the recycling process.  

 

Next, we studied the recyclability of CNC and APE materials as host matrices. For this 

purpose, 5x CNC and 5x APE samples were taken into consideration. The host materials were 

stripped off the glass samples and from the Petri dishes and, were placed inside beakers. 

Adequate DI water was added, and the solutions were stirred at 75°C for 90 mins. It was found 

that solid CNC material reabsorbed water and formed a diluted solution, like the one formed 

initially. APE material, on the other hand, did not absorb any water and remained solid once 

the experiment is finished. Figure 18 shows the condition of CNC and APE materials after the 

stirring step, verifying the above statement. Later the recycled solution was used to fabricate a 

sample, named 5x CNC recycled, using the steps mentioned earlier and compared its 

performance with the previous result. Figure 19 is showing the optical efficiencies of 5x CNC 

and 5x CNC recycled samples. This figure shows that the quality of the sample does not drop 
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even after performing the recycling step. Though this feature of CNC material is exciting, it 

also opens the door to other challenges as well. For the large-scale implementation of such 

material and in an environment where rain and snow are regular encounters, such solubility of 

CNC in water can be tackled with a special coating layer that would not deteriorate the 

performance and at the same time will keep the LSC unaffected. 

 

2.5. Conclusion 

In this chapter, the CNC film as the host matrix and waveguide for LSC applications has been 

presented, and the CNC-based LSC has been compared to that is made of APE. Optical 

efficiencies of the CNC samples showed that with increasing distance, the values dropped 

between 85%-94% whereas, for APE samples, the drop is between 26%-48%, depending on 

dye concentrations. These decreases in optical efficiencies with increasing distance for both 

APE and CNC samples are mainly due to reabsorption losses, but CNC samples experience a 

larger performance drop which is due to the additional scattering of light taking place in CNC 

material. Also, with increasing concentration of dyes, the relative peak emission intensities are 

found to decrease for both CNC and APE samples which is also due to the reabsorption losses. 

At shorter edges distance, optical efficiencies of CNC samples were higher than APE samples 

which suggest that as a host matrix CNC material is better than APE material although further 

optimization of CNC material is required to make it effective as a waveguide. Moreover, APE 

material is not recyclable, but CNC material can be reused and the fabricated sample with 

recycled CNC material showed little or no loss in optical efficiency. Though further 

optimization is required during CNC film processing to reduce light scattering and increase its 

optical efficiency with increasing device area, biocompatibility, and recyclability of CNC 
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material makes it a promising candidate for large-scale implementation for LSC application at 

a reduced cost.  
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Chapter 3: Lignin-upgraded polymer as radiative 

cooler 

 

3.1. Introduction 

There is an increase in demand worldwide for cooling and air conditioning due to an increase 

in population, global warming, and improvements in living standards in developing countries 

with hot climates [74]. There is a concern regarding the vapor-compressor-based cooling 

system, first due to the massive energy consumption by the system and second due to the 

refrigerants e.g., hydrofluorocarbons (HFCs) used in this system that causes global warming 

[75]. In addition to power these systems, non-renewable fossil resources are being used which 

makes the earth hotter [76]. This has led to a search for an alternative solution and passive 

radiative cooling is an exciting option as it can dissipate heat without consuming electricity 

[77–80]. The earth has a surface temperature of 300 K and the universe has a temperature of 

2.7 K [81], which allows the universe to act as an ultimate heat sink. Because of this 

temperature difference, the earth's surface can cool down by emitting thermal infrared radiation 

through the atmosphere. Traditional cooling systems dump all the heat into the surroundings 

whereas by radiative cooling excessive heat is sent to outer space with no external energy 

which makes this technology appealing. Over mid-infrared wavelength between 8-13 µm, the 

Earth’s atmosphere is remarkably transparent [82] to radiation and this wavelength range also 

coincides with the peak wavelength of thermal radiation from a structure at typical ambient 

temperature. Thus, a structure at ambient temperature can transfer energy to the universe. 

A lot of work has been done on radiative cooling in the last few decades and practical 

implementations for nighttime cooling were demonstrated [79,82–88]. For nighttime 
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application, early works were focused on thin films and bulk materials with emission peaks in 

the Earth’s transparent “sky window” [89]. In a study, focused on the intrinsic property of 

materials,  polyethylene film with SiC and SiO2 nanoparticles was found to have strong 

emission in the “sky window” with theoretical cooling temperature 25 °C below the ambient 

temperature of 17 °C and with a non-radiative heat transfer coefficient, hc = 2 W/m2-K [77]. 

Metamaterials can also be used to tune emission properties as shown by Hossain et al. where 

metal-dielectric conical pillars were used with an emission peak between 8-13 µm wavelength 

[90]. This structure showed a potential cooling of 58 °C below ambient temperature, neglecting 

non-radiative heat transfers.  

On the other hand, daytime radiative cooling is challenging because even a small percentage 

of solar absorption (solar intensity ~ 1000 W/m2) [91] during the day could balance out the 

outgoing cooling power (100-150 W/m2) of the structure. For daytime radiative cooling, a 

material should possess low absorptivity in the solar spectrum (0.3-2.5 µm) region and high 

emissivity in the “sky window”. A photonic structure with alternating layers of hafnium 

dioxide (HfO2) and silicon dioxide (SiO2) was reported to reach a cooling temperature 5 °C 

below ambient temperature [92]. Recently a radiative cooling structure made of wood has been 

reported with an average cooling power of 53 W/m2 over 24 hours [93]. This particular 

structure is exciting because unlike previously reported structures where vacuum deposition 

and nanofabrication instruments were necessary, this one is practical for mass production. 

Attaching this wood to a surface will allow that surface to cool down by 10 °C and could reduce 

air conditioning costs by 60% in warm climates [94]. It is also interesting that most of these 

structures didn’t make any use of incoming solar radiation as it was reflected. Combining this 

technology with other applications where incident sunlight is utilized would reduce designing 
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demands/cost for the radiative cooler for daytime application. A solar cell can convert 6-20% 

of the incident sunlight into electricity depending on the climate and absorber material. The 

remaining sunlight is converted into heat which significantly increases the temperature of the 

solar cell. The higher operating temperature of the cell would increase internal carrier 

recombination and decrease the performance of the solar cell [95]. For crystalline silicon solar 

cells, every 1 °C increase of solar cell operating temperature would lead to a relative efficiency 

decrease of 0.45% [96]. Combining radiative cooler and solar cell technologies, without 

affecting incoming solar spectrum, could ensure lower operating temperature for solar cells 

providing higher output power.  

Lignin is a complex polymer that is found in plant cell walls and a by-product of the paper 

industry, with around 50 million tons produced every year [97]. It could play a pivotal role in 

the development of environmentally friendly polymer composite. Due to its huge chemical 

structure, lignin can be used as filler, reinforcing agent, stabilizer, etc.  

In this chapter, we present a study on a lignin-upgraded polymer structure for the radiative 

cooling application. The reflectivity and emissivity of the sample were measured, and the 

cooling power and temperature of the sample were studied both theoretically and 

experimentally. We also showed that placing this polymer under a polycrystalline silicon solar 

cell would reduce the operating temperature of the solar cell and increase efficiency. 
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Figure 20. A schematic of the proposed structure for daytime radiative cooling. 

 

3.2. Working principle of radiative cooling 

Radiation from the environment, also known as environmental radiation, comprises solar 

irradiation and infrared radiation emitted from the earth’s surface. The temperature of the 

earth’s surface is determined by the interaction between environmental radiation and the 

earth’s atmosphere and this interaction maintains the energy balance (see Figure 21 (a)). Solar 

radiation, which is between 0.3-2.5 µm, can be absorbed, reflected, or scattered by air 

molecules and clouds of our atmosphere. This atmosphere is also receiving the radiation 

generated by the earth’s surface which is the terrestrial emission. The wavelength of this  
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Figure 21. Fundamentals of radiative sky cooling. (a) On a global scale, the earth gains energy 

from the sun and radiates the same amount of thermal energy to the universe to maintain its 

energy balance. (b) Heat transfer processes on a radiative cooling surface. Reprinted with 

permission from [98]. Copyright AIP publishing, license number: 4992631434345. 

 

radiation can be determined by Planck’s law and for a surface temperature of 300 K, this 

upward radiation falls between 2.5-50 µm range. Like downward solar radiation, this upward 

terrestrial radiation while propagating through the atmosphere also experiences absorption and 
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scattering. Figure 21 (b) is showing a simplified version of the energy flows at the earth’s 

surface. For a structure on the ground that is exposed to the atmosphere, net radiation is 

determined by considering solar irradiation (during the day) and terrestrial radiation. The net 

radiative cooling power (Pnet) at temperature T can be calculated by [92,99]: 

𝑷𝒏𝒆𝒕 (𝑻) = 𝑷𝒓𝒂𝒅(𝑻) − 𝑷𝒂𝒕𝒎(𝑻𝒂𝒕𝒎) − 𝑷𝒔𝒖𝒏 − 𝑷𝒏𝒐𝒏𝒓𝒂𝒅                  (1) 

Here Prad is the thermal radiation from the structure, Patm is the incoming atmospheric radiation 

absorbed by the structure, Psun is the absorbed solar irradiation and Pnonrad denotes nonradiative 

heat transfer between the structure and ambient.  

Now the power radiated by the structure is [92,99]: 

𝑷𝒓𝒂𝒅(𝑻) = ∫ 𝜺
∞

𝟎
(𝝀) 𝑬𝒃(𝝀, 𝑻) 𝒅𝝀               (2) 

where Eb (𝜆, T) is the blackbody radiance of the structure at temperature T and 𝜀 (𝜆) is the 

spectral emissivity of the structure. Now due to incoming atmospheric thermal radiation, 

absorbed power by the structure is [92,99]: 

𝑷𝒂𝒕𝒎(𝑻𝒂𝒕𝒎) = 𝟐𝝅 ∫ ∫ 𝜺(𝝀) 𝜺𝒂𝒕𝒎(𝝀, 𝜽) 𝑬𝒃(𝝀, 𝑻𝒂𝒕𝒎) 𝒅𝝀 𝒄𝒐𝒔𝜽 𝒅𝜽
∞

𝟎

𝝅

𝟐
𝟎

            (3) 

where Eb (𝜆, Tatm) is the blackbody radiance of the atmosphere at temperature Tamb and 𝜀atm (𝜆, 

θ) is spectral directional emissivity of the atmosphere which is equal to 1 - t (𝜆, 0)1/cosθ where t 

(𝜆, 0) is the atmosphere transmittance in the zenith direction. Now power absorbed due to 

incoming solar radiation is [92,99]: 

𝑷𝒔𝒖𝒏 =  ∫ 𝜺(𝝀) 𝑬𝑨𝑴𝟏.𝟓(𝝀) 𝒅𝝀 
∞

𝟎
                (4) 

where EAM1.5 is solar irradiation and integration of this between 0.25–3 µm is around 1000 

W/m2. The structure will lose some power due to conduction and convection which is [92,99]: 

𝑷𝒏𝒐𝒏𝒓𝒂𝒅 =  𝒉𝒄 (𝑻𝒂𝒎𝒃 − 𝑻)                 (5) 
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where Tamb is the ambient temperature, T is the structure temperature and hc is the non-radiative 

heat transfer coefficient due to convection and conduction. Now a positive cooling power from 

the structure will only be possible if the radiation from the structure is greater than the 

combined effect of atmospheric radiation, solar irradiation, and non-radiative heat loss.  

 

3.3. Experiment 

Figure 20 shows a schematic of the proposed structure. The sample which has high emissivity 

within the “sky window” is covered with Al foil to reflect all incoming solar radiation.  Lignin 

was acquired from the West Fraser pilot plant with a pH value of 10.4. This lignin tends to be 

hydrophilic and hence water-soluble. This material is around 60% dry solids. Solubility 

increases when diluted caustic soda is added. Lignin with different weight percentages was 

taken into a petri dish and 200-500 µL of water was added to improve its solubility and 

homogeneity. After that, 2 mL of PDMS was added with its curing agent and the mixture was 

stirred vigorously. The sample was then heated at 60 °C for 10 minutes and then degassed in a 

vacuum chamber for 15 minutes to remove the air bubble from the film. The sample was cured 

afterward at 90 °C for 30 minutes to obtain a solid, flexible film which was taken out of the 

petri dish. PDMS sample was prepared following the same recipe without adding any lignin 

material. The thickness of the samples is 1.4 ± 0.5 mm. Figure 22 is showing the fabricated 

samples. 
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Figure 22. Fabricated samples for radiative cooling application where the left one contains 

lignin and PDMS and the right one is pure PDMS. 

 

Polycrystalline silicon solar cells of size 15.6 x 15.6 cm and thickness between 180-200 µm 

were purchased [100]. These cells had silicon nitride as an antireflecting coating and, Al front 

and back contacts. These cells were later cut to pieces with the size of 3 x 3 cm using a dicing 

saw. A radiative cooler was placed below these solar cells and characterized under AM1.5G 

solar spectrum. 
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3.4. Results and discussion 

3.4.1. Spectral emittance  

The spectral hemispherical reflectance (R) of the sample between 4000-600 cm-1 (2.5-16.66 

µm) was measured by a Fourier-transform infrared spectrometer using the attenuated total 

reflection sampling technique. The measured absorption (A) of the sample was calculated using 

the formula: A = 1-R and this absorption equal to the absorptivity and emissivity of the sample 

[101]. The absorptivity of the Al foil was also measured and found to be negligible in our 

window of interest.  

 

Figure 23. Spectral absorptivity (emissivity) of pure PDMS, 10 wt.%, 20 wt.%, and 30 wt.% 

lignin samples. 
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Figure 23 shows the absorptivity (emissivity) of the PDMS sample and samples with 10 wt.%, 

20 wt.%, and 30 wt.% lignin mixed with PDMS. The absorption of these samples between 

1300-4000 cm-1 (wavelength of 2.5-7.7 µm) can be found in Appendix, Figure 49. Absorption 

bands at 1265 cm-1 and 780 cm-1 are related to the deformations of the C–H bond of Si(CH3)2 

groups [102,103]. Absorption between 1000-1110 cm-1 is related to the asymmetric stretching 

of Si–O–Si [102,103]. From the figure, it is clear that adding lignin has significantly increased 

the emission of the samples. Previously it was found that lignin has various absorption bands 

e.g., at 1125 cm-1 due to deformation vibration of C–H bonds in syringyl rings, at 1085 cm-1 

due to deformation vibration of C–O bonds in secondary alcohols and aliphatic ethers, at 870 

cm-1 and 780 cm-1 due to deformation vibrations of C–H bonds in associated aromatic rings 

[104]. Adding lignin with PDMS does improve the overall absorptivity of the sample and 

interestingly, lignin-upgraded samples showed similar type of absorption peaks like pure 

PDMS but at a higher intensity which may be because the weight percentage of PDMS is 

significantly more than lignin in our matrix material and peaks related to lignin got covered by 

the absorption bands related to deformations of the C–H bond of the Si(CH3)2 groups and 

asymmetric stretching of Si–O–Si of the PDMS base. Figure 23 suggests 10 wt.% and 20 wt.% 

will give almost similar emission and it will decrease slightly for 30 wt.% sample which still 

had higher emission compared to PDMS sample. The results shown in the following sections 

are for a 10 wt.% lignin sample.  
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3.4.2. Theoretical cooling performance 

 

Figure 24. Schematic of the outdoor setup for testing the radiative cooling performance of the 

sample under sunlight showing different incoming and outgoing radiations that determine the 

cooling ability (Pnet) of the sample. 

 

 



44 

 

 

Figure 25. The theoretical cooling power of the PDMS and lignin-upgraded samples. 

 

Using the equations mentioned in section 3.2, the cooling powers of the samples were 

calculated as a function of the temperature difference and several assumptions were made for 

calculating theoretical cooling powers such as the temperature of the ambient, Tamb, was 

assumed to be 25 °C, non-radiative heat transfer coefficient, hc, was assumed to be 8.9 W/m2-

K during our calculation due to high humidity of the surroundings which is within the range 

specified elsewhere [105,106]. The atmospheric transmittance data were collected from 

previously published data [82]. The value for AM1.5G was taken from data published by 

NREL [107]. 
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Figure 24 is showing a schematic of the experimental setup with different types of radiations 

that determine the net outgoing radiation (Pnet). Figure 25 shows the theoretical cooling powers 

of the PDMS and lignin-upgraded samples vs. temperature difference (Tsample – Tambient). 

Stagnation temperature is the temperature at which cooling power goes to zero and for PDMS 

and lignin upgraded samples, stagnation temperatures were 5.2 °C and 6.65 °C below ambient 

temperature, respectively. Power required to equal sample and ambient temperatures, which in 

this case means zero temperature difference, is known as cooling power. For the PDMS sample, 

it was found to be 57 W/m2 and for the lignin-upgraded sample, it was 77 W/m2. These results 

show that adding lignin would significantly improve the cooling ability of the sample.  

 

3.4.3. Experimental cooling performance 

The on-site cooling experiment was carried out to investigate the performance of lignin-

upgraded samples during the daytime. The sample had a diameter of 52.5 mm and a thickness 

of 1.4 ± 0.5 mm. Al foil paper is placed on top of the sample to reflect solar radiation. 

Previously different methods have been used to reduce absorption in solar spectrum e.g., using 

Al substrate [106], silver substrate or depositing Ag film on the back [101,108], using 

nanoparticles [109], etc. Most of these techniques require additional tool or material that 

increases associated cost. It was found that lignin can absorb a significant amount of solar 

radiation which would reduce its cooling capability and since the sample was opaque, placing 

a substrate beneath would not work. A simple and cost-effective solution was introduced by 

using Al foil as a top cover since it has high reflectivity in the solar spectrum which reduces 

solar absorption by the sample. More information about the effect of Al foil can be found in 

Appendix, Figure 50.   
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Figure 24 shows the setup where the sample was placed inside a thermal box and, the side and 

bottom walls were covered with Al foil. The sample was placed on top of the foam and the top 

side of the box was covered by polyethylene (PE) film. This box helped to suppress non-

radiative heat exchange with the surroundings. Two k-type thermocouples were used to 

measure the temperature of the sample and the surrounding temperature.  

 

 

Figure 26. Outdoor measurement of the radiative cooler placed under direct sunlight. 
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Figure 27. The experimental cooling power of the lignin-upgraded sample. 

 

The measurement was performed in an open field at the University of Alberta at ~70% 

humidity. The temperature variation (Tambient - Tsample) between the sample and the surrounding 

was monitored during the day and plotted in Figure 26. More information regarding 

experimental conditions can be found in Appendix, Figure 51, and Figure 52. It shows the 

maximum cooling temperature sample reached which was 3.7 °C below the surrounding 

temperature. A resistive heater was placed below the sample to provide heat to keep the sample 

and ambient temperatures the same, and the power provided to the heater to match these 

temperatures is the cooling power.  is showing the cooling powers achievable from the sample 

(cooling power of the PDMS sample is shown in Appendix, Figure 53). It shows that the 
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maximum cooling power provided by the sample would be 78 W/m2. On the other hand, the 

stagnation temperature achieved during the experiment was 3.7 °C, which is lower than the 

theoretical prediction of 6.65 °C. This is mainly due to higher non-radiative heat losses than 

predicted. We believe an improved experimental setup to lower non-radiative heat loss would 

have provided better results. 

 

3.4.4. Application of lignin-upgraded polymer in solar cell 

As a proof of concept, the effect of the lignin-upgraded sample was studied on a solar cell and 

for that purpose, it was placed on the backside of silicon solar cells. Under AM1.5G 

illumination, a reduction in operating temperature by 3 °C was observed. More information 

about the setup and sample temperature can be found in Appendix, Figure 54, and Figure 55. 

Figure 28 shows the current-voltage characteristics of the solar cells and it shows that with 

radiative cooler, short circuit current decreases but open-circuit voltage increases. Higher 

temperature induces thermal carrier excitation which increases the short circuit current. At the 

same time, higher operating temperature increases the energy of electrons in the material and 

decreases the bandgap which reduces the open-circuit voltage and fill factor. Though lower 

operating temperature would reduce short circuit current slightly, it would also reduce the 

energy of electrons and ensure higher open-circuit voltage and fill factor, providing higher 

output power. Table 3 summarizes the performance of the solar cells with and without lignin-

upgraded samples.  
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Figure 28. Current-voltage characterization of the solar cell under AM1.5G solar spectrum. 

Inset shows a schematic of the solar cell with a radiative cooler placed underneath. 

 

Table 3. Summary of results. 

 Reference cell 
Solar cell with lignin-

upgraded sample 

Voc (V) 0.544±0.001 0.571±0.008 

Isc (A) 0.298±0.002 0.286±0.01 

Fill Factor (%) 56.3±0.1 58.3±0.7 

Efficiency (%) 10.14±0.03 10.59±0.03 
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3.5. Conclusion 

In this chapter, we have presented a novel application of wood-derived lignin biopolymer for 

radiative cooling by mixing it with another eco-friendly material PDMS. In this work, the 

lignin-upgraded polymer was found to have higher thermal emission compared to bare PDMS 

material. In the region between 8-13 µm, lignin-upgraded polymer showed emission peaks 

over 90%. Due to the dark color of lignin, which suggests high absorption of solar radiation, 

an Al reflector was used that enables this structure to be used during daytime. Further 

modification of the lignin structure can be made to produce light-colored lignin and people 

have already started focusing on that aspect [110,111]. This will help to remove the application 

of reflectors from the top of the structure and might produce better radiative cooling 

performance. Our current lignin sample would be more suitable for nighttime radiative cooling, 

but the possibility of daytime radiative cooling is explored in this work since it has gained a 

lot of attention in the past few years. We have also shown a possible application of lignin-

upgraded polymer in solar cells by placing the polymer on the backside of the cell. Due to the 

dark color of the sample, it was not possible to place it on the front side of the cell which might 

have provided a higher performance boost. Even though further investigation with light-

colored lignin is required and the long-term prospect of placing such radiative cooler with solar 

cell needs to be investigated, this study still provides an excellent platform for future efforts to 

investigate new materials for radiative cooling and explore potential applications.  
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Chapter 4: Cellulose-upgraded polymer films for 

radiative sky cooling 

 

4.1. Introduction 

Cellulose, which as mentioned earlier, is a polymer that is found in plant cell walls and one of 

the most abundant natural polymers on the planet. The primary structure of cellulose had been 

identified as a linear homopolymer of glucose residues with D configuration linked by β-(1 → 

4) glycosidic linkages [24]. Several works have studied cellulose material for the radiative 

cooling application. For example, the Al2O3-cellulose acetate structure was reported [112] and 

was used as a textile material. In this work, Al2O3 was dispersed in a solution and cellulose 

acetate was mixed later. This solution was then painted and dip-coated on textile material and 

found to decrease the temp of the textile by 1.9-3.3 °C and human skin by 0.6-1 °C. In another 

work, SiO2 powder and wood fiber suspensions were mixed to prepare cooling lignocellulosic 

bulk by hot-pressing [113]. This bulk material was able to achieve cooling with an average 

temperature difference of 6 °C and 8 °C during day and night, respectively. This material also 

showed superior strength and flame retardancy. Another study reported a cooling paper by 

mixing cellulose nanofibrils (CNF) and silicon dioxide (SiO2) microparticles that reached a 

cooling temperature 3 °C below ambient temperature [114]. Interestingly, SiO2 [115] and 

Al2O3 [106] materials were previously investigated and found to have excellent radiative 

cooling ability. Hence, adding these materials with cellulose would further improve the overall 

performance of the radiative cooling structure. In this study, we focused solely on cellulose 

and mixed it with PDMS material, which is an eco-friendly material with no ecological threat 

[116–118], and studied its potential for radiative cooling. This structure provided better 
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strength compared to the structure developed earlier [119] due to the addition of PDMS. The 

reflectivity and emissivity of these cellulose-upgraded samples were measured, and the cooling 

power and temperature of the samples were studied both theoretically and experimentally. We 

also showed a potential application of this polymer in conjunction with a silicon solar cell that 

would reduce the operating temperature of the cell and increase efficiency.  

 

Figure 29. A schematic of the proposed structure for daytime radiative cooling. 

 

4.2. Experiment 

Figure 29 shows a schematic of the proposed structure. The sample has high emissivity within 

the IR-transparent window of the atmosphere and has a metal substrate to reflect all incoming 

solar radiation.  

Cellulose nanocrystals (CNCs) were synthesized by the acid hydrolysis process. Sulfuric acid 

with a concentration of 64% and at 45 °C was used during the hydrolysis which was performed 
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at first using two Pfaudler 50-gallon (189 liters) acid-resistant glass-lined reactors with a 

steam-heated jacket. A GEA Westfalia SC-35 separator was used to centrifuge and at the end, 

CNCs powder was dried in an SPX-Anhydro Model 400 Spray Dryer Plant at the conditions 

of a 220°C inlet temperature and an 85 °C outlet temperature. Polydimethylsiloxane (PDMS) 

was outsourced from Sigma-Aldrich [120].  

CNCs with different weight percentages were taken into a petri dish and 2 mL of PDMS was 

added with its curing agent and the mixture was stirred vigorously. The sample was then heated 

at 60 °C for 10 minutes and then degassed in a vacuum chamber for 15 minutes to remove the 

air bubble from the film. The sample was cured afterward at 90 °C for 30 minutes to obtain a 

solid, flexible film which was taken out of the petri dish. PDMS sample was prepared following 

the same recipe without adding any CNCs material. The thickness of the samples is 1.45 ± 0.5 

mm. Figure 30 is showing some of the fabricated samples. 
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Figure 30. Fabricated samples for radiative cooling application with various CNCs 

concentrations. 

 

Polycrystalline silicon solar cells of size 15.6 x 15.6 cm and thickness between 180-200 µm 

were purchased [100]. These cells had silicon nitride as an antireflecting coating and, Al front 

and back contacts. These cells were later cut to pieces with the size of 3 x 3 cm using a dicing 

saw. A radiative cooler was placed in direct contact with the solar cells and thorough 

characterization was performed to study its effect. 
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4.3. Results and discussion 

4.3.1. Spectral emittance  

The spectral hemispherical reflectance (R) of the sample between 4000-600 cm-1 (2.5-16.66 

µm) was measured by a Fourier-transform infrared spectrometer using the attenuated total 

reflection sampling technique. This equipment has a spectral resolution of 0.125 cm-1 and the 

minimum energy step is 0.482 cm-1. The measured absorption (A) of the sample was calculated 

using the formula: A = 1-R, and this absorption equals the absorptivity and emissivity of the 

sample [101].  

 

Figure 31. Spectral absorptivity (emissivity) of pure PDMS, 1 wt.%, 2 wt.%, 10 wt.%, 20 

wt.% and 30 wt.% CNCs samples. 
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Figure 31 shows the absorptivity (emissivity) of PDMS sample and samples with 1 wt.%, 2 

wt.%, 10 wt.%, 20 wt.%, and 30 wt.% CNCs mixed with PDMS. The absorption of these 

samples between 1300-4000 cm-1 (wavelength of 2.5-7.7 µm) can be found in Appendix, 

Figure 56. Absorption bands at 1265 cm-1 and 780 cm-1 are related to the deformations of the 

C–H bond of Si(CH3)2 groups [102,103]. Absorption between 1000-1110 cm-1 is related to the 

asymmetric stretching of Si–O–Si [102,103]. Figure shows adding CNCs have significantly 

increased the emission of the samples. Previously it was found that CNCs have various 

absorption bands e.g., at 3451 cm-1 due to O-H stretching vibration, around 2899 cm-1 due to 

C-H stretching vibrations and at 1644 cm-1 due to O-H vibration of absorbed water. At around 

1382 cm-1, there is a peak for C-H and C-O vibrations contained in the polysaccharide rings of 

cellulose. The vibration of C-O-C in the pyranose ring is indicated by the absorption peak at 

1060 cm-1 [121,122]. Peaks between 1050-1056 cm-1 and 750-780 cm-1 are typically attributed 

to C-H and C-O deformation, stretching, and bending vibrations in various carbohydrate 

functional groups. Another peak located between 668-670 cm-1 corresponds to OH bending of 

absorbed water and C-OH out of phase bending of cellulose.  

Adding CNCs in PDMS does improve the overall absorptivity of the sample and interestingly, 

cellulose-upgraded samples showed similar type of absorption peaks like pure PDMS but at a 

higher intensity which may be because the weight percentage of PDMS is significantly more 

than CNCs in our matrix material and peaks related to CNCs is covered by the absorption 

bands related to deformations of the C–H bond of the Si(CH3)2 groups and asymmetric 

stretching of Si–O–Si of the PDMS base. Figure 31 suggests an enhancement in absorption 

with increasing concentration of CNCs and maximum absorption is achieved by 30 wt.% 

sample.  
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4.3.2. Theoretical cooling performance 

 

Figure 32. The theoretical cooling power of the PDMS and cellulose-upgraded samples. 

 

Using the equations mentioned in section 3.2, the cooling powers of the samples were 

calculated as a function of temperature difference (T- Tamb) and for this calculation, several 

assumptions were made. The temperature of the ambient, Tamb, was assumed to be 25 °C. The 

non-radiative heat transfer coefficient, hc, was assumed to be 8.9 W/m2-K during our 

calculation due to the high humidity of the surroundings which is within the range specified 
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elsewhere [105,106]. Atmospheric transmittance data was collected from another work [82] 

and data for AM1.5G was taken from NREL [107]. 

Figure 32 shows the theoretical cooling powers of the PDMS and cellulose-upgraded samples 

of various concentrations vs. temperature difference (Tsample – Tambient). The temperature at 

which cooling power is zero is known as stagnation temperature and for the PDMS sample it 

is 4.95 °C below ambient temperature and for cellulose-upgraded samples, the temperatures 

are 5.85 °C, 6.05 °C, 6.25 °C, 6.58 °C, and 6.82 °C below ambient temperature for 1 wt.% 

CNC, 2 wt.% CNC, 10 wt.% CNC, 20 wt.% CNC and 30 wt.% CNC samples, respectively. 

The power required to equal sample temperature and ambient temperature is known as cooling 

power and for the PDMS sample it is 53.5 W/m2 and for cellulose-upgraded samples, cooling 

powers are 65.8 W/m2, 68 W/m2, 70.05 W/m2, 75.2 W/m2, and 80 W/m2 for 1 wt.% CNC, 2 

wt.% CNC, 10 wt.% CNC, 20 wt.% CNC and 30 wt.% CNC samples, respectively. These 

results show that adding CNCs would significantly improve the cooling ability of the sample.  
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Figure 33. Schematic of the outdoor setup for testing the radiative cooling performance of the 

sample under sunlight showing different incoming and outgoing radiations that determine the 

cooling ability (Pnet) of the sample. 

 

4.3.3.  Experimental cooling performance 

An on-site cooling experiment was carried out to investigate the performance of cellulose-

upgraded sample during the daytime. For this experiment, 30 wt.% CNCs sample was chosen 

since it showed the highest emissivity. This sample had a diameter of 52.5 mm and a thickness 

of 1.45 ± 0.5 mm. The aluminum substrate was placed below the sample to reflect solar 

radiation which did not significantly change the emission of the overall structure but increased 

solar reflection (more information regarding experimental conditions can be found in 

Appendix, Figure 57 and Figure 58).  Figure 33 shows the setup where the sample was placed 
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inside a thermal box and its side and bottom walls were covered with Al foil. The sample was 

placed on top of the foam and the top side of the box was covered by 50 μm thick polyethylene 

(PE) film. This box helped to suppress non-radiative heat exchange with the surroundings. Two 

k-type thermocouples were used to measure the temperature of the sample and surroundings.  

 

 

Figure 34. Outdoor measurement of the radiative cooler placed under direct sunlight. 

 

The measurement was performed in Edmonton at ~70% humidity. The temperature variation 

(Tsurrounding - Tsample) between the sample and the surrounding was monitored during the day and 

plotted in Figure 34. More information regarding experimental conditions can be found in 
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Appendix, Figure 59 and Figure 60 [123]. It shows that the maximum cooling temperature this 

sample reached was 3.97 °C below the surrounding temperature at 16:00. . This difference 

became -0.45 °C at 13:00 which suggests the cooling ability of the sample has been reduced 

due to a significant increase in solar radiation (Psun). A resistive heater was placed below the 

sample to provide heat to keep the sample and ambient temperatures the same. The powers 

provided to the heater to match these two temperatures were monitored, which is also known 

as cooling power, and shown in Figure 35.  

 

 

Figure 35. The experimental cooling power of the cellulose-upgraded sample. 
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This figure shows that the maximum cooling power provided by the sample was 82.66 W/m2 

at 16:00. On the other hand, the stagnation temperature achieved during the experiment for this 

sample was 3.97 °C, which is lower than the theoretical prediction of 6.82 °C. This is mainly 

due to higher non-radiative heat losses than predicted. We believe an improved experimental 

setup to lower non-radiative heat loss would have provided better results. 

 

4.3.4.  Application of cellulose-upgraded polymer in solar cell 

In this section, the effect of cellulose-upgraded polymer on the solar cell is presented. It is 

expected that the radiative cooling of solar cells can be achieved by attaching the cellulose-

upgraded polymer film with the solar cell. Importantly, placing the cellulose-upgraded polymer 

film on top of the solar cell would also impact the amount of solar spectrum reaching the solar 

cells and hence influence its performance. It was found previously that when CNCs are mixed 

with PDMS, they can act as diffusers due to a combination of Rayleigh and Mie scatterings, 

with the length of CNCs varying between 100-200 nm and diameter varying between 10-20 

nm [32]. Figure 36 shows the transmittance and haze (the percentage of total transmitted light 

that is diffusively scattered) of 1 wt.% and 2 wt.% CNCs samples. This figure shows the ability 

of CNCs to efficiently scatter light in the forward direction which increases with the increasing 

concentration of CNCs. More information about the diffusing properties of CNCs can be found 

elsewhere [124].  
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Figure 36. Transmittance and haze of 1 wt.% CNCs and 2 wt.% CNC as a function of 

wavelength. 

 

A mini panel of size 3 x 3 cm consist of polycrystalline silicon solar cells was taken (Figure 

37 inset), and cellulose-upgraded polymers were placed on top of it to study its effect. At first, 

we monitored the temperature of the panel under solar radiation throughout the day, which is 

shown in Figure 37. This graph shows the surrounding temperature, bare solar panel 

temperature, and temperature of the solar panel with CNC placed on top. It shows that the 

temperature of the solar panel that had CNC on top had a relatively lower temperature than a 

bare solar panel, indicating the cooling capability of CNC based radiative cooler. The reduction 
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in solar panel’s operating temperature was relatively small due to higher non-radiative heat 

losses by the cellulose-upgraded polymer since it was kept in an open environment.  

 

Figure 37. Effect of cellulose-upgraded polymer on solar panel temperature. Inset shows the 

solar panel that was used in this study. 

 

After that, we conducted electrical characterization of the polycrystalline silicon solar cells of 

size 3 x 3 cm in an indoor setup where cellulose-upgraded polymer transfers heat with the 

surrounding environment instead of the cold universe through the sky. Since the surrounding 

environment has a temperature much higher than the universe, the cooling efficiency of the 

polymer might decrease. This approach was taken due to our inability to build an outdoor setup 
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but still provides a good insight into this polymer’s ability to cool down. Figure 38 shows 

current-voltage characteristics of the solar cells under simulated AM1.5G solar spectrum with 

cellulose-upgraded polymers placed on top of the cell.  

 

 

Figure 38. Current-voltage characterization of the solar cell under simulated AM1.5G solar 

spectrum. 

 

With cellulose-upgrade polymers, alongside lower operating temperature, we observed a 

reduction in short circuit current and enhancement in open-circuit voltage. Higher temperature 

induces thermal carrier excitation which increases the short circuit current. At the same time, 

higher operating temperature increases the energy of electrons in the material and decreases 



66 

 

the bandgap which reduces the open-circuit voltage and fill factor. Though lower operating 

temperature would reduce short circuit current slightly, it would also reduce the energy of 

electrons and ensure higher open-circuit voltage and fill factor, providing higher output power. 

Now placing the sample on top of the cell would also induce light scattering, as predicted by 

Figure 8. Such scattering of light will increase the optical path length inside the cell and 

increase the short circuit current. Figure 38 shows an enhancement in short circuit current and 

open-circuit voltage after placing 1 wt.% CNCs sample on top of the cell which can be 

attributed to the combined effect of radiative cooling and light scattering by this sample. 2 

wt.% CNCs sample was also studied and found to be reducing short circuit current significantly 

when placed on top of the cell which may be related to lower transmittance and a higher haze 

value of this sample that limits the performance of the cell.  

Table 4 summarizes the performance of the solar cells with and without cellulose-upgraded 

polymers.  

 

Table 4. Summary of results. 

  Reference 1 wt.% CNCs, 

bottom 

1 wt.% CNCs, 

top 

2 wt.% CNCs, 

top 

Voc (V) 0.526±0.001 0.535±0.007 0.530±0.003 0.532±0.003 

Isc (A) 0.379±0.003 0.368±0.006 0.383±0.005 0.355±0.006 

Fill Factor 

(%) 

0.419±0.002 0.436±0.006 0.432±0.003 0.446±0.005 

Efficiency 

(%) 

8.217±0.059 8.462±0.082 8.634±0.054 8.299±0.029 
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4.4. Conclusion 

In summary, a selective emitter composed of the cellulose-upgraded polymer has been 

proposed for radiative cooling application. It was found that adding cellulose into PDMS has 

improved the emission from the structure with emission peaks ~ 90%. Cooling temperatures 

and cooling powers of the sample were also measured, and higher cooling temperatures and 

cooling powers were achieved mostly during the early morning and late afternoon. The 

maximum cooling temperature was 3.97 °C below ambient temperature and the corresponding 

cooling power was around 82.66 W/m2, which were recorded at 16:00. Although our developed 

structure's ability to radiation is limited by its property, the easy fabrication process makes it 

highly suitable for practical implementation. Additionally, as a proof of concept, this polymer 

was attached with a solar cell and found to reduce the operating temperature compared to a 

bare solar cell under solar radiation. Indoor electrical characterization showed an enhancement 

in open-circuit voltage, owing to an increased bandgap of the absorber material. CNCs were 

also found to forward scatter light which contributed towards the enhancement of short circuit 

current in the solar cell. Efficiency enhancement during indoor measurement was relatively 

small but larger enhancement is expected during outdoor measurement since cellulose-

upgraded polymer would be able to transfer heat to the sky. Works are currently underway to 

prepare a complete setup to perform thorough electrical characterization outdoor. Though the 

long-term prospect of placing such a cooler on top of a solar cell needs to be investigated, still 

this study provides an excellent platform for future efforts to investigate new materials for 

radiative cooling and explore potential applications.  
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Chapter 5: Improving the light quality of white light-

emitting diodes employing cellulose nanocrystal filled 

phosphors 

 

 

5.1. Introduction 

White light-emitting diodes (LEDs) are long-lasting and energy-efficient. As the future of 

solid-state lighting, LEDs are replacing incandescent light bulbs and compact fluorescent 

lamps (CFLs) in outdoor and indoor applications [125]. The most common approach to 

produce white LEDs is to use a blue LED chip and yellow phosphor [126]. In these phosphor-

converted white LEDs, the short-wavelength (blue light) LED is used to excite the phosphor 

and down-convert higher energy short-wavelength photons to low energy long-wavelength 

photons and combine both types of photons to create a perceived white spectrum [127]. This 

technique has several advantages like simple fabrication, low cost, and high conversion 

efficiency compared to other techniques like using individual red, green and blue LEDs are 

used to generate white spectrum or using UV-LEDs to excite red, green, and blue phosphors 

[128]. 

The performance of white LEDs depends on different factors including luminous efficiency, 

color rendering index (CRI), and correlated color temperature (CCT) [129]. Luminous 

efficiency can be improved by various techniques such as nanostructured blue-chip, sapphire 

substrate with cone-shaped nanoparticle [130], GaN nanoparticles as phosphors, and GQDs as 

charge-transfer medium [131], and air voids between GaN nanopillars and the GaN layer 

[132,133]. Dual structure phosphor layer and textured phosphor structures were also found to 
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improve luminous efficiency [134,135]. In recent work, a series of Bi3+, Zn2+, La3+, Eu3+ doped 

Ca3Ga4O9 (CGO) phosphors were prepared for white LED application and found to have high 

luminous efficiency [136]. On the other hand, red phosphor technologies [137,138], multiple 

lateral quantum wells (QWs) [139,140] have been reported to enhance the CRI value of white 

LEDs. Carbon quantum dot (QD) based white LEDs were also reported recently that showed 

a CRI value of 91, the highest among rare-earth and inorganic semiconductor QDs based white 

LED [141]. 

Another important parameter that determines the performance of white LEDs is the uniformity 

of CCT which is the difference between high color temperature (a blueish type of white or cool 

white) and low color temperature (a yellowish type of white or warm white) at the various 

angles [142]. Non-uniform emission of white light can cause by the uneven angular distribution 

of CCT and can lead towards an unwanted phenomenon known as “yellow ring” [143]. 

Conformal phosphor structure can produce better uniformity of angular CCT by reducing the 

CCT deviation, but such structure has poor light extraction due to large light reflection [144]. 

Different types of remote phosphor packaging were proposed and, factors such as surface 

curvature of the phosphors and location of the phosphors were studied to improve the color 

homogeneity of the white LEDs [145–147]. Other methods such as improved silicon lens 

design [148] and patterned sapphire substrate [149] were studied to improve the homogeneity 

of the white LEDs. TiO2 nanoparticles were incorporated into the packaging materials to 

resemble a graded-refractive-index multilayer structure.[150] By modifying the surface of 

TiO2 nanoparticles and dispersibility CCT uniformity was improved in another work [151]. In 

another work, blue laser irradiation was used to control the spatial phosphor particle spatial 

distribution to improve CCT uniformity [152]. Red phosphor thin films (PTFs) with different 
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MgO nanoparticle concentrations were also used that improved the CCT by 8.81% [153]. In 

such a device, light can be scattered by nanoparticles which in turn could strongly influence 

the optical path and change the CCT deviation in white LEDs [154]. More recently, boron 

nitride nanoparticles were studied for reflection enhancement of an inverted packaging 

structure [155]. However, some of these methods enhance the uniformity of CCT at the cost 

of luminous efficiency [156,157] and thus it is important to find a balance between luminous 

efficiency and CCT uniformity that could help white LEDs to become the primary solid-state 

light source.  

In this study, cellulose nanocrystals (CNCs), a biopolymer derived from wood, were employed 

to improve the performance of white LEDs. CNCs have superior light scattering capability and 

are promising candidates for optical diffusers [32,158]. Filling CNCs into the phosphor layer 

enabled better utilization of blue light which increased the luminous flux. Furthermore, such 

scattering capability of CNCs also helped to reduce angle dependent CCT deviation.   

 

5.2. Experiment 

Figure 39 (a) and Figure 39 (b) illustrate the device structures of conventional phosphor-

converted white LEDs and our LEDs with CNC-filled phosphors, and Figure 39 (c) shows the 

top view (photo) of our LED device [159]. A blue LED chip (Shenzhen Getian Opto-

Electronics Co., Ltd, 3030 blue SMD LED) with an emission peak between 460-470 nm was 

outsourced with operating voltage 2.4-3 V. Then CNCs were uniformly mixed with yttrium 

aluminum garnet (YAG) phosphors, and the PDMS (Dow Corning, Sylgard 184 kit) and 

dispensed in the package. The reference sample only had a uniform mixture of phosphor and 

PDMS. To investigate the effect of CNCs on the improvement of the luminous flux and CCT 
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of our LEDs, different concentrations of the CNCs were added to the phosphor and PDMS 

mixture. The size of the phosphors was around 4 µm, and individual CNC and CNC clusters 

were sized between 100-200 nm and 1-3 µm respectively. Figure 40 shows the experimental 

setup that was used to characterize the LED. All light from the LED was captured using an 

integrating sphere which was connected to a spectrometer (Ocean Optics, FLAME-S-VIS-

NIR-ES) by an optical fiber. The detector (spectrometer) was connected to a workstation where 

the data was recorded and analyzed. 

 

 

Figure 39. (a) The schematic cross-sectional view of conventional structure (b) CNCs-

embedded structure (c) Top view of the LED chip. 
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Figure 40. Experimental setup to characterize the performance of LEDs. 

 

5.3. Results and discussion 

 

Figure 41. Effect of (a) phosphor concentration and (b) applied voltage on the performance of 

LED. 

 

The influence of phosphor concentration on the performance of white LEDs was first 

investigated to find an appropriate phosphor concentration for studying white LEDs using 

CNCs filled phosphors. Figure 41 (a) shows the emission spectra of white LED structures with 

different concentrations of phosphor. Phosphor concentration can change blue and yellow light 
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intensities in the emission spectra and based on the result 14 wt.% phosphors were chosen as 

the luminous flux was the highest at this concentration. More information about this can be 

found in Appendix, Figure 61 and Figure 62. Figure 41 (b) shows the effect of applied voltage 

on a white LED with 14 wt.% phosphors ranging from 2.4 to 2.6 V. It shows that with increased 

voltage luminous flux also increased. For the remainder of this work, all the samples were 

prepared with 14 wt.% phosphors concentration and characterized at 2.6 V.  
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Figure 42. Change in (a) luminous flux and (b) correlated color temperature with different 

concentrations of CNCs. 



75 

 

After that, different concentrations of CNCs were mixed with phosphor and more information 

about mixing phosphor and CNCs can be found in Figure 63 in Appendix.   Figure 42 (a) shows 

the luminous flux of white LEDs with different concentrations of CNCs. The luminous flux of 

the reference sample (phosphor only) was around 247 lumens and it started increasing with 

increasing concentration of CNCs and an increase of around 33% was recorded with 6 wt.% 

CNCs compared to the reference sample. CNCs-embedded white LED structures had higher 

yellow-light intensities compared to the reference sample due to improved conversion of blue 

photons which resulted in a higher luminous flux and efficiency. These CNCs can scatter light 

which has been thoroughly analyzed and discussed in our previous work [32,124,127,160]. 

This scattering effect of CNCs increased the luminous flux by increasing the optical path length 

of blue light which led to the higher possibility of exciting yellow phosphor and generate 

yellow photons. Though with the increasing concentration of CNCs, transmission through the 

CNCs will start to decrease. Luminous flux of the white LED structure was found to be around 

235 lumens at 12 wt.% CNCs concentration (not shown in the figure) which is due to the light 

trapping and absorption phenomenon between CNCs and phosphor materials. Figure 42 (b) 

shows the CCTs with different concentrations of CNCs. The CCT of the reference sample was 

around 4470 K and it decreased with increasing CNCs concentration due to the higher yellow 

conversion ratio. Figure 43 shows the emission spectra of the reference and CNCs-embedded 

white LED structures. Due to increased scattering, blue light had a higher likelihood to excite 

yellow phosphors and this increased utilization rate of blue light increased the output of yellow 

light, resulting in the enhancement of luminous flux.   

To further understand the scattering effect of the CNCs on the CCT and luminous flux, angle-

dependent CCTs of the white LED structures containing different concentrations of CNCs 
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were measured and showed in Figure 44 (a). Angle-dependent CCTs showed better uniformity 

with the addition of CNCs which indicates increasing CNCs yielded a stronger scattering effect. 

The uniformity of the CCTs was determined by subtracting maximum CCT and minimum CCT. 

For the reference sample, it was found to be around 173.45 K which decreased with increasing 

concentration of CNCs and reached a value of around 59 K for 6 wt.% CNCs as showed in 

Figure 44 (b). The reference sample and 6 wt.% CNCs sample showed CCTs of approximately 

4220 K and 3985 K respectively, at 0º viewing angle which implies a reduction of blue light 

due to the addition of CNCs with phosphor. Figure 44 (b) also shows that increasing 

concentration of CNCs will increase the figure of merit (FOM) which is defined as [142]: 

𝑭𝑶𝑴 =
𝑳𝒖𝒎𝒆𝒏𝑪𝑵𝑪𝒔 − 𝑳𝒖𝒎𝒆𝒏𝑵𝒐 𝑪𝑵𝑪𝒔

𝜟𝑪𝑪𝑻
 

 

Figure 43. The emission spectra of CNCs-embedded and reference (phosphor only) samples. 
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Figure 44. (a) Angular-dependent correlated color temperature of CNCs-embedded white LED 

structures (b) Deviation of correlated color temperature and figure of merit of different 

concentrations of CNCs-embedded white LED structures. 
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(a) 

 

(b) 

 

Figure 45. (a) Chromaticity coordinates and (b) relative lumen of LED with different 

concentrations of CNCs. 
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In the end, the color qualities of the CNCs-embedded white LED structures were evaluated by 

measuring the chromaticity coordinates, which is a widely adopted standard. The chromaticity 

coordinates of the CNCs-embedded white LED structures are shown in Figure 45 (a). As the 

CNCs concentration was increased, there was a gradual shift of the chromaticity coordinates 

to the yellow region which means that the intensity of the yellow light was increasing and thus 

reducing the CCTs. The angular-dependent emission intensity was also studied and shown in 

Figure 45 (b). It shows that CNCs-embedded white LED structures can exhibit superior 

performance and produce high-quality white light at different viewing angles.  

 

5.4. Simulation  

In this section, a simulation study is presented to study the effect of two different types of 

CNC-phosphor structures for white LED applications. Zemax ray tracing software was used 

for this work. Figure 46 (a) and Figure 46 (b) show the two different LED structures without 

any lens that were studied to understand the effect of CNCs. The size of the LED chip was 1x1 

mm2 and had five layers: p-GaN, a multi-quantum well (MQW), n-GaN, sapphire substrate, 

and metal alloy film. The thicknesses of the layers were set at 150 nm, 100 nm, 4 µm, 140 µm, 

and 0.1 µm, respectively. Refractive indices and absorption coefficient values were taken from 

elsewhere [161,162].  The dispensing-coated phosphor-silicone layer was constructed as a 

spherical cap. The size of phosphor was 4 µm and its optical properties were taken from 

elsewhere [161]. To represent blue and yellow light, two specific wavelengths, 454 nm, and 

569 nm were chosen where the blue light was assumed to be radiated from the top surface of 

the chip with Lambertian distribution [163]. This blue light was absorbed and re-emitted into 

yellow light from the phosphor-PDMS layer. A hemisphere detector was placed on top of this 
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structure to cover -70º to 70º viewing angles. After that, CNCs were also constructed using a 

precise optical model described in our previous work [124,127]. The size of these CNCs was 

set at 4 µm and concentration was tuned at 6 wt.%. The scattering coefficient was obtained by 

Mie theory which depends on the distribution of CNCs. A similar model with the lens was 

simulated in our previous work [127] and compared with published data [161] that verified the 

accuracy of this particular model. Two different kinds of structures were investigated: 1) two 

layers of CNCs and phosphors as showed in Figure 46 (a), and 2) a single layer made of CNC 

filled phosphors as showed in Figure 46 (b). 

 

 

Figure 46. (a) White LED package with separate CNC and phosphor layers (b) white LED 

package with a single CNC filled phosphor layer (c) angular-dependent correlated color 

temperature of different LED samples with 6 wt.% CNCs concentration. 

 

Figure 46 (c) shows the angular-dependent CCT variation for different white LED structures. 

For the phosphor-only sample, variation in CCT was 270 K. It was reduced to 224 K for the 
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sample that had one layer of CNCs and one layer of phosphors. This further reduced to 200 K 

for the sample that had a single layer with CNC-filled phosphors. This figure also shows that 

samples with CNCs had lower CCT at 0º viewing angle than the phosphor-only sample, which 

verified the scattering ability of CNCs that enabled better utilization of blue light. As discussed 

above, this simulation study showed our approach of filling CNCs into the phosphor layer 

enabled better utilization of blue light, which increased the average CCT while maintained low 

CCT deviation for white LEDs. In addition to the improvement in CCT, CNCs also helped 

enhance luminous intensity and flux for white LEDs. The sample with a single CNC filled 

phosphor layer showed 39.6% enhancement of luminous flux (126.16 lumens), which is the 

integral of angular luminous intensity over the hemisphere detection in simulation, and the 

sample with separate CNC and phosphor layers showed 27.3% enhancement of luminous flux 

(115 lumens) compared to the sample with phosphor only (90.34 lumens). This study showed 

that mixing the CNCs and phosphors would yield better results because scattered blue light 

will have higher chances of getting reabsorbed by phosphors which would emit yellow light 

and reduce CCT deviation.  

 

5.5. Conclusion  

In conclusion, the effect of CNCs to improve the light quality of white LEDs was investigated. 

It was found that adding 3 wt.% CNCs with phosphor increased the luminous flux by around 

11% and it increased to around 33% for 6 wt.% of CNCs. This enhancement in light output 

was due to the scattering ability of CNCs that enabled better utilization of the blue light. This 

also helped to increase the uniformity of angle-dependent correlated color temperature and for 

6 wt.% CNCs concentration, uniformity improved to 59 K compared to 173.45 K of the 



82 

 

reference sample. The chromaticity coordinates showed a shift of CCT towards the yellow 

region that also verified the scattering ability of CNCs. Lumen output was also increased 

between -75º to 75º viewing angles. A simulation model was also developed to compare the 

performance of two different kinds of CNC-phosphor structures, and it was found that mixing 

CNCs and phosphors would yield better CCT and increase light output. In this work, YAG 

phosphor was chosen due to its superior thermal stability and brightness and though other 

phosphors can be chosen based on requirements it is important to make sure about its thermal 

stability as otherwise, the luminescence of phosphor and quality of light from white LED will 

decrease [164]. PDMS type and mixing technique can also change the optical properties 

[165,166] and even though the mechanical properties of CNCs and PDMS mixture have 

already been studied which did not show significant degradation [167], further investigation is 

needed, first to understand the effect of PDMS on the light quality of white LED and second 

to find out the change in optical properties of such film over time. Going forward, this study 

provides an excellent platform for future efforts to investigate the potential of CNCs for 

application in solid-state lighting.  
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Chapter 6: Conclusions and future works 

 

 

6.1. Summary of accomplishments and contributions 

In recent years, there has been a great increase in demand for polymers, and petroleum-based 

polymers have found significant market space even after significant concern about their role 

in global warming. One of the most commonly used petroleum-based polymers is PMMA 

which is not biodegradable and can produce toxic by-products if not properly recycled. That is 

why biopolymers, which are derived from living organisms, are gaining attention as they are 

biodegradable by different aerobic and non-aerobic procedures in nature, sediments, or 

landfills. The objective of this thesis was to leverage the excellent properties of these 

biopolymers for photonics application which was accomplished by taking advantage of the 

theory, and experimental design, fabrication, and characterization. 

At first, CNCs were utilized as waveguide material in a luminescent solar concentrator, and 

performance was compared with APE, a petroleum-based polymer. It was found that when the 

device size was small, the performance of CNCs as a waveguide is better than APE. With 

increasing device size, performance dropped for both these types of waveguides though it was 

much higher for CNCs-based waveguides. A recyclability study was also performed, and it 

was found that CNCs-based waveguide could be reused with little to no performance drop 

whereas APE-based waveguide was not able to do so. Even though further modification is 

required to reduce the scattering for large devices, the results looked promising and an 

excellent reference for future effort. 
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Later, lignin and CNCs were both studied for radiative cooling application by utilizing the 

unique property that enables them to transfer heat through the earth’s atmosphere to the 

universe. This allows them to achieve a cooling temperature lower than the surrounding. At 

first, lignin was investigated which had high solar absorption that required to modify the 

radiative cooling structure. Daytime study with this modified structure showed high cooling 

power and lower sample temperature than the surrounding. This radiative cooler was attached 

to the backside of a solar cell and it showed an enhancement as the radiative cooler was able 

to lower the operating temperature of the cell. But due to lignin’s concern over high solar 

absorption that required some modification, CNCs were also explored since it has a high solar 

reflection. CNCs based radiative cooler also showed high cooling power and managed to lower 

the temperature of the sample below the surrounding temperature. Moreover, once placed on 

top of a solar panel, high output was recorded which might be due to the combined effect of 

scattering and radiative cooling.  

Finally, the scattering property of CNCs was leveraged for improving light quality in white 

LEDs. The most common way of producing white LED is to use phosphor and blue LED chip 

where phosphor would absorb some on of the blue light and emit yellow light and combination 

if this two would produce white light. Scattering of light by CNCs increased the chances of 

blue light absorption by the phosphor and produced better quality light. The uniformity of the 

color temperature was improved, and enhanced luminous flux was recorded from the LEDs 

containing CNCs as a scattering medium.  

Overall, this thesis utilized biopolymers for different applications in photonics. Though further 

studies would need to be conducted, results were encouraging and showed excellent prospect 

of biopolymers for photonics.       
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6.2. Future outlook 

6.2.1. Cellulose nanocrystals size optimization and chiral nematic structure 

formation for LSC device 

During this research, it was found that CNCs can be used as matrix material in luminescent 

solar concentrators and performance was better compared to APE in small devices. When the 

size was increased, performance dropped sharply which we believe due to enhance scattering 

of light by CNCs. We expect this can be tackled by optimizing the size of CNCs. A thorough 

study needs to be conducted to understand the relation between the size of CNCs and optical 

properties and optimize it for luminescent solar concentration (LSC) application. Another way 

the performance of LSC can be improved by placing CNCs-based reflective liquid crystal films 

underneath the LSC device to improve light trapping. CNCs can self-assemble into periodic 

optical planes serving as Bragg diffractors [168]. The reflection peak of this kind of film can 

be tuned as shown in Figure 47. Now based on the property of organic dyes/quantum dots used 

in the LSC device, CNCs-based liquid crystal film can be optimized to have a high reflection 

at the emission peak of organic dyes/quantum dots which would reduce escape cone losses in 

the LSC device.  
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Figure 47. Reflective optical micrographs with natural light incident upon CNC-based 

reflective films with reflection peaks centered at (a) 400 nm (b) 557 nm, and (c) 688 nm 

prepared with organosilica loading ranging from 21.3 to 32.6 wt % in the presence of a static 

2000G magnetic field directed parallel to the surface normal. In (d) these films’ reflection 

spectrum is plotted in their predominant reflective color. Reprinted (adapted) with permission 

from [169]. Copyright © 2018 American Chemical Society. 

 

 

6.2.2. Modification of lignin for Radiative cooling application 

During the radiative cooling study, it was found that even though lignin has excellent 

emissivity property for radiative cooling applications, its use for daytime radiative cooling 

could be limited as it absorbs solar radiation. In our work, a simple and cost-effective solution 

was implemented by using Al foil but for large-scale implementation, such a solution is not 
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feasible. Interestingly, it was found that the color of lignin can be controlled either by 

optimizing the process [110] or by choosing an appropriate source [111].  Figure 48 shows a 

comparison of lignin produced from different sources for sunscreen application. Such optical 

property would be beneficial for lignin’s application in radiative cooling as it would reduce the 

absorption of solar radiation and at the same time, there may not be any necessity to use a 

reflective top layer. A thorough study of lignin from different sources showing such light color 

would increase the potential of lignin for large-scale implementation.  

 

 

Figure 48. Photographs of the sunscreen (a) without lignin and with 1 wt. % lignin added [(b) 

OL, (c) MWL-M, and (d) MWL-P] [111]. Copyright Elsevier, license number: 

5010541384617. 

 

6.2.3. Application of cellulose-based film for other types of photovoltaic and 

light emitting diodes 

In this work, the proposed cellulose-based film was used as a separate layer and its radiative 

cooling property was used to reduce the operating temperature of a silicon-based solar cell. 

This kind of film can be utilized easily for other types of solar cells since it only requires a 

simple lamination process. Especially in the case of solar cells with glass substrate as a top 
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layer, this cellulose-based film can be utilized as a top layer that would promote light scattering 

and improve solar absorption by the absorber material and at the same time will reduce the 

operating temperature utilizing its radiative cooling property.  

This cellulose-based film can also be utilized to enhance the light extraction from LED devices 

with high refractive values such as QDs or perovskite-based LEDs where light trapping is a 

major bottleneck. Moreover, a previous simulation study has found to improve the output of 

LED devices by having a layer of CNC film on the outer side of the lens [127]. As such, a 

study can be conducted to see the effect of cellulose-based film as an outer layer on top of the 

lens and compare its performance with our work where the cellulose-based film was 

investigated as an internal layer by placing it on the LED chip.  
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Appendix: Supplementary information of radiative 

cooling and LED measurements  

 

 

 

 

Figure 49. Spectral absorptivity (emissivity) of pure PDMS, 10 wt.%, 20 wt.%, and 30 wt.% 

lignin samples. 

 

Figure 49 shows the absorption (emission) of the samples between 1300-4000 cm-1, which is 

negligible compared to the absorption (emission) between 600-1300 cm-1. 
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Figure 50. Effect of aluminum foil in the radiative cooling application. 

 

Figure 50 shows the effect of Al foil on lignin-based samples under AM1.5G radiation. 

Without the foil, this sample would absorb the incoming solar radiation which would 

drastically change its radiative cooling potential. The experiment showed this sample will have 

an average temperature of 4 °C above the ambient temperature. Having a sample in contact 

with Al foil (Al foil was placed on the top) would ensure reflection of solar radiation but 

outgoing radiation from the sample would not be straight forward as it has to rely on internal 

reflection (reflection from the surface facing the sample) and gaps on the side. Still, such a 

sample would show some radiative cooling power as the experiment showing a sample 
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temperature 3 °C below the ambient temperature. The best solution would be placing Al foil a 

few mm over the sample so that Al foil reflects incoming solar radiation and at the same time 

allows radiation from the sample to escape efficiently. The experiment suggests such a 

technique would allow the sample to reach an average temperature 6.75 °C below the ambient 

temperature. Due to simplicity, the sample in contact with Al foil was used in this work.  

 

Figure 51. Surrounding and sample temperatures measured by the thermocouples. 
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Figure 52. Wind speed and humidity during the outdoor measurement [123]. 
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Figure 53. The measured cooling power of PDMS samples of different thicknesses. 

 

Figure 53 shows the effect of thickness on the cooling power of the PDMS sample. Two 

samples of thicknesses 1.4 mm and 1.9 mm were fabricated, and their cooling powers were 

measured. The results show that thickness variation will have little effect on the cooling power 

of PDMS. 
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Figure 54. Schematic of the indoor setup for testing the effect of the radiative cooler on a solar 

cell. 

 

Figure 54 shows the schematic of the setup that was used for evaluating the effect of a lignin-

upgraded sample on a solar cell. Since we performed this experiment indoors, the lignin-

upgraded sample exchanged heat with the surrounding instead of the sky. This experiment was 

conducted as a proof of concept to show that a lignin-upgraded sample can lower the operating 

temperature of a solar cell.  
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Figure 55. The temperature of the solar cell with and without a radiative cooler. 
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Figure 56. Spectral absorptivity (emissivity) of pure PDMS, 1 wt.%, 2 wt.%, 10 wt.%, 20 

wt.% and 30 wt.% CNCs samples. 

 

Figure 56 shows the absorption (emission) of the sample between 1300-4000 cm-1, which is 

negligible compared to the absorption (emission) between 600-1300 cm-1. 
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Figure 57. Spectral absorptivity (emissivity) of pure PDMS and 30 wt.% CNCs samples, with 

and without Al substrate. 
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Figure 58. Reflection measurement of 30 wt.% CNCs+ PDMS sample, with and without Al 

substrate by spectrophotometer UV/VIS (Hitachi U-3900H). 

 

Figure 57 and Figure 58 show the effect of Al substrate on fabricated samples. Though Al 

didn’t change the emission of the overall structure it increased the solar reflectance 

significantly that increased the cooling ability of the cellulose-upgraded sample.  
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Figure 59. Surrounding and sample temperatures during the outdoor measurement. 
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Figure 60. Wind speed and humidity during the outdoor measurement [123]. 
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Figure 61. Change in luminous flux and CCT with phosphor concentrations. 
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Figure 62. Chromaticity coordinates with different concentrations of phosphor. 

 

Figure 61 shows the effect of phosphor concentration on luminous flux and CCT. It shows that 

luminous flux was highest for 14 wt.% phosphors. CCT shifts from towards lower temperature 

with increasing concentration of phosphors as shown in Figure 61 and Figure 62. This suggests 

an increase in yellow light intensity with increasing phosphor concentration.  
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Figure 63. Transmission data at 4 different points of a sample with 14 wt.% phosphors and 6 

wt.% CNCs. Inset shows the fabricated sample. 

 

Figure 63 shows the transmission measured by spectrophotometer UV/VIS (Hitachi U-3900H) 

at 4 different points of a 2-inch diameter sample containing 14 wt.% phosphors and 6 wt.% 

CNCs. It shows that transmission remains consistent proving a uniform mixing of phosphors 

and CNCs in the fabricated sample.  

 

 


