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Abstract  
 

Cellulose nanocrystals (CNCs) are recognized as special nanomaterials extracted from the most 

plentiful and almost unlimited natural polymer, cellulose. This nanomaterial is inherently 

renewable, biodegradable, sustainable, nontoxic, and earth abundant. CNCs recently have 

received significant interest due to their mechanical, optical, chemical, and rheological 

properties. CNC as an organic compound is extremely versatile, being used as a reinforcing 

agent or can be chemically or physically modified for different applications. Additionally, CNCs 

have been realized as a cost-effective nanomaterial in an industrial-scale production.  

This thesis is focused on making the intrinsically insulating CNCs, highly conductive to be used 

in electroluminescent applications. In this work, flexible electroluminescent devices (FELDs) are 

demonstrated using environmentally-friendly cellulose nanocrystals substrates having a silver 

nanowire conductive network. The CNC sheets, with drop-casted silver nanowires (Ag NWs), 

act as highly transparent conductive electrodes for an electroluminescent layer (a phosphorescent 

ink containing Cu/Br-doped ZnS microparticles). This phosphorescent device requires operating 

voltages as low as 7 V and achieves a high luminance of up to 43 Cd/m2 (at 50 V). Furthermore, 

through impregnating the CNC host material with Rhodamine 6G or Thiazol Yellow G, blue, 

turquoise, green and purple light emission having a broad (400 nm to 650 nm) luminescence 

spectrum were obtained. We envision this device, which employs earth abundant, cost-effective, 

and recyclable materials, will lead to advancements in the areas of electronics and lighting 

technology. 
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To the best of our knowledge, this work is among the very few pioneering studies that explore 

the potential of CNC sheets drop-casted by Ag NWs as highly conductive and flexible 

transparent substrates for electroluminescent device applications. This thesis presents details for 

fabricating flexible and transparent CNC sheets from CNC powders and the synthesis of long Ag 

NWs for FELDs.  
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Preface 

This Thesis is ultimately based on the published paper by A.M. Badkoobehhezaveh, E. Hopmann, and 

A.Y. Elezzabi, “Flexible Multicolor Electroluminescent Devices on Cellulose Nanocrystal 

Platform”. Advanced Engineering Materials, 2020, 22(5), 1901452. In the published paper all authors co-

wrote the manuscript and contributed to editing and revisions. 
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Chapter 1 

Introduction 

1.1 Research background and motivation 

Climate change and the need to reduce the consumption of nonreusable materials are, today, two 

of the major challenges facing the planet’s ecosystems [1]. The conflict between increasing 

human demands and the depletion of natural resources has become a major global challenge [2]. 

Renewable materials are the most reliable and will potentially be inexpensive once the 

technology and the infrastructures are set in place for efficient utilization [3]. 

Among the economically sustainable and recyclable materials, cellulose nanocrystals (CNCs) is 

considered to be an alternative for replacing many nonreusable materials in different applications 

[4]. CNCs are a unique nanomaterial derived from an abundant natural polymer, cellulose [5]. 

Such nanocrystals are found in plants, wood, and several marine animals [6]. CNC is a nontoxic, 

and a biodegradable material [7-10]. With the recent improvement of the extracting processes 

and along with being a natural and renewable material, CNC is receiving special attention due to 

its intrinsic mechanical, optical, chemical, and rheological properties.   

Recently, electroluminescent devices (ELDs) have attracted great attention for potential 

applications in flat panel displays [11], electronic paper [12], wearable optoelectronics [13], roll-

based or collapsible wallpaper lights [14], and solid-state lighting sources [15]. The 

advancements in electronics and lighting technology demand new and unique combination of 
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materials [16,17] that can address key issues in electroluminescent device technology. Such 

advanced lighting technology calls for highly conducting, excellent insulating, and efficient 

luminescent materials that can be integrated into ELD platforms, such as printed/flexible light 

sources [18,19] and thin lightweight displays [20]. While the next generation ELDs must be 

energy efficient, flexible, mechanically robust, and lightweight [21], other challenges that need 

to be addressed are the ELDs’ cost-effectiveness, environmental-friendliness [22], and low 

voltage operation. 

A typical ELD is composed of two conductive layers (where at least one of them being optically 

transparent), sandwiching a thin electroluminescent (EL) material that is insulated from the 

conductive layers. By applying an alternating current (AC) voltage across the conducting layers, 

an electric field excites electrons in the EL material, thereby populating the luminescent centers 

within the EL layer [23]. Light emission is obtained upon the relaxation of the excited state of 

the luminescent center. The emitted light spectrum depends on the EL material, applied voltage, 

and AC frequency.  

The most widely used transparent conductive material in ELDs is indium tin oxide (ITO); 

however, along with being costly to produce, ITO has the disadvantages of being brittle when 

subjected to slight mechanical stress [24]. Owing to its high mechanical flexibility and >90%  

optical transparency, poly (3,4-ethylenedioxythiophene) polystyrenesulfonate (PEDOT:PSS) has 

been utilized for printed electronics and organic electronics [25]. However, PEDOT:PSS 

possesses a high sheet resistance of 500 Ω/sq and exhibits limited environmental stability [26].  

Recently, graphene [27], carbon nanotubes (CNTs) [28], and metallic nanowire networks [29] 

have emerged as viable transparent conducting layers for ELD applications. While carbon 

nanotubes (CNT) and graphene can be used as electrodes, both materials suffer from setbacks. 
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Processing of uniform CNT sheets is more complex than silver nanowires (Ag NWs) since CNT 

is insoluble in most organic solvents and aqueous solutions. Thus, CNT electrodes must be 

dispersed using surfactants or chemical agents [30]. Furthermore, CNT is costly to produces in 

large quantities and its environmental impacts needs to be evaluated when it is used in electronic 

devices [31]. On the other hand, since graphene is a 2-dimensional conductor, it suffers from low 

interlayer conductivity and poor optical transparency. Recently, metallic nanowires, especially 

conductive layers composed of Ag NWs, have shown promising features for application in 

flexible electronic devices [32,33].  Notwithstanding, there are still unresolved challenges in the 

integration of Ag NWs on flexible large-scale ELDs due to poor adhesion to conventional 

polymer-based transparent flexible substrates (e.g. Polyethylene terephthalate (PET)) [34]. 

Having the Ag NWs strongly adhere to a flexible, transparent, and an eco-friendly substrate 

would provide an invaluable platform for flexible electronic devices, such as ELDs. 

Interestingly, it would be promising to exploit the presence of hydroxyl groups on the surface of 

cellulose, can facilitate proper adhesion of Ag NWs [35-36].  

In any ELD, the device is integrated onto a substrate. Glass, as a traditional conductor substrate, 

has been widely used in various light emitting devices and electronic displays due to its high 

optical transparency (>95%), mechanical rigidity, and chemical stability. However, its 

mechanical rigidity and brittleness limit its use in flexible electronic devices. Most recently, 

flexible transparent plastic and polymer-based films, have been widely utilized for light-based 

devices; however, such materials are neither renewable nor environmentally-friendly [37].  

A prime material candidate to serve as a substrate for Ag NWs are Cellulose nanocrystals 

(CNCs). Highly transparent flexible paper (i.e. substrate) can be easily fabricated from CNC; 

however, developing a conductive and transparent substrate for flexible electroluminescent 
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devices (FELD) is an interesting engineering challenge. CNC along with electrode materials 

including metallic nanowires, such as Ag NWs, can serve as soluble electrodes [38]. In the light 

of aforementioned properties, CNC sheets drop-casted by Ag NWs offer many advantages which 

are realized in ELDs. 

In this thesis, we demonstrate a CNC-based, high brightness, lightweight and flexible 

electroluminescent device using ZnS microparticles doped with Cu and Br embedded in an 

insulating ink as the active layer and CNC sheets drop-casted with Ag NWs as the conductive 

substrate. By depositing Ag NWs on the CNC films, a web network composed of Ag NWs is 

formed and percolates the CNC layers to make the CNC highly conductive electrode sheets 

having an optical transparency of 81% and resistance of 50 Ω/sq. By applying a low AC voltage 

(≤50 V) to the Cu/Br-doped ZnS ink sandwiched between the conductive CNC electrodes using 

the doctor blade method, the FELD emits high luminance of up to 43 Cd/m2. Such CNC-based 

ELDs will open up a new frontier in fabricating environmentally friendly biodegradable cost-

effective high-brightness flexible electroluminescent displays. 

 

1.2 Research scope and methodology 

As previously discussed, this thesis focuses on the development of conductive CNC platforms 

for electroluminescent applications, driven by the thrust of ‘green’ nanotechnology. A green 

nanotechnology is defined as the approaches and technologies employed to minimize potential 

environmental and human health risks related to the manufacture and the utilization of 

nanotechnology products. The driving aim of green nanotechnology is to offer viable new 

nanomaterials alternatives that are more environmentally-friendly throughout their lifecycle and 
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to enhance sustainability.  In this regard, harsh chemical modifications on CNC and Ag NWs are 

avoided and the synthesis methods and fabrication methods are achieved through either physical 

interactions or via simple and green chemistry where toxic chemical are strictly limited. In 

addition, the use of simple experiments and methods makes the final product cost effective.  

The specific research scope is outlined below: 

• Preparation of flexible, transparent CNC sheets using CNC powders to serve as 

a substrate for Ag NWs. 

To make flexible, transparent CNC sheets, different amount of CNC powders was 

dissolved in DI water to form a transparent gel. Different CNC powder concentrations 

have been investigated and the best sample is introduced in our experimental section. 

In order to modify the rheological properties of the gel and the flexibility of the 

obtained CNC sheets, Glycerol is added to the gel. Among the many different 

additives, Glycerol is being chosen for its high compatibility with the environment 

and low cost. Using doctor blade method as a simple, cost effective and fast method, 

CNC sheets having various thickness were realized.  

 

• Modified polyol process synthesis of long and narrow Ag NWs to serve as 

transparent electrodes on CNC substrates. 

The physical and chemical characteristics of Ag NWs such as, thermal, electrical, 

catalytical, optical, mechanical, rheological, etc. in different applications are strongly size 

and morphology dependent. Based on Theoretical calculations of quantum conductance, 

it has been shown that the conductance of metallic nanowires, such as Ag NW is 
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quantized due to their dimension that is comparable to the electron Fermi wavelength 

[39]. The strong connection between electronic characteristics and structural properties of 

Ag NWs has been proven by theoretical calculations [40]. The growth of long and narrow 

Ag NWs in transparent conductive electrodes using a modified polyol process is 

investigated in this thesis.  

• Assembly and performance of a multi-color flexible electroluminescent device 

(FELD) using CNC substrates and drop-casted Ag NWs  

Using both drop-casting and spray coating methods, Ag NWs will be fabricated to have a 

strong adhesion on CNC substrates by forming a highly intertwined network of 

nanowires with a desired conductivity and optical transparency. Next, the aim is to 

investigate the performance of the obtained FELD, including its optical and physical 

characteristics. Additionally, in order to change light emission spectrum of the FELDs 

needles of changing the EL material, optically florescent dyes will be added to CNC gels 

prior to doctor blading the Cu/Br-doped ZnS ink layer. The percentage weight of 

fluorescent dyes should be low enough to prevent any noticeable effect on the 

environment. Alternatively, any bio-compatible dyes can be used for such application. 

 

 

1.3 Thesis outline 

This thesis consists of five chapters. Chapter 1 provides an overview of the research 

background and introduces the research motivation and general scope of the research 
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theme. Chapter 2 provides an in-depth literature review on CNCs which is the key 

material being investigated in this research, followed by literature review on the main 

research advances in electroluminescent devices. Chapter 3 presents the experimental 

details of synthesis method of Ag NWs and the preparation of the CNC sheets. This 

chapter also presents the methods of Ag NWs coating on the CNC substrates and 

impregnating florescent dyes into substrates. Chapter 4 summarize the results describing 

the properties and performance of the produced CNC sheets drop-casted by Ag NWs 

along with the performance of the obtained FELDs. Chapter 5 summarize the presented 

results in this thesis as a conclusion and provides suggestions for the future work.       
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Chapter 2 

Literature Review 

2.1 Cellulose Nanocrystals (CNCs) 

2.1.1 General properties of CNCs 

Cellulose is recognized as the most plentiful biopolymer in nature. The main components 

of all trees and plants are made of cellulose. This biopolymer can be renewed naturally 

through a photosynthesis process by nature. Cellulose as an organic compound can be 

recycled naturally in a scale with the same order as the world reserves of minerals and 

fossil fuels [41]. From cellulose, nanocrystals with highly ordered crystalline particles 

engineered by nature, can be extracted. This crystalline component of cellulose is 

inherently strong and possess a unique structure and properties. For example, the size, 

shape, and its surface charges resulted a unique behavior of them in solutions. In 

addition, due to having chemically active functional groups (-OH) on its surface, which 

can be replaced/manipulated by many other functional groups through surface 

modifications, CNCs are customizable for various applications. As an example, CNCs 

can show high heat stability that allows high temperature applications. There are a few 

cellulose-derived materials, such as wood, cotton and paper that have played a significant 

role in our daily lives and society for many years [42]. CNCs are also promising 

candidates for applications in various fields including biomedicine [43], pharmaceuticals 
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[44], electronics [45], barrier films nanocomposites [46], membranes [47], and super 

capacitors [48]. Due to a noticeable increase in demands for new types of CNC based 

applications on an industrial scale, many researches both in academia and industry have 

begun a wide investigation on new sources, new extraction procedures, and new 

functionalization processes of CNCs. The following part of chapter 2 provides an 

overview of recent studies on CNCs and its applications. 

2.1.2 CNC resources and the extraction procedure  

CNCs are the most rigid element consisting cellulose [49]. CNCs can be derived from celluloses 

of different sources where those extracted from different sources possess their own unique 

mechanical, optical and chemical properties [50]. This carbohydrate macromolecule is the main 

structural component of the cell wall of most plants and thousands of tons of cellulose are 

extracted annually from different plant/organic resources. Figure 2.1 illustrates some of cellulose 

sources used in the extraction of CNC. As depicted in this figure, the size and morphology of 

CNCs from each different source are unique for every parent source.  
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Figure 2.1: From the cellulose source to the cellulose nanocrystals and fibers.  

(modified from www.researchgate.net Terhi Suopajärvi, 2015) [51]. 

 

To extract CNC from plants, the first step is to extract cellulose fibers. Here, the cellulose fibers 

must first be separated from other main components of the cell wall of the plant (e.g. 

hemicellulose and lignin). This is achieved in a pulping process where the plant-like wood is 

chemically and/or mechanically fragmented into segregated fibers [52,53]. The obtained pulp 
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fibers are then further broken down into microfibrils, or microfibrillated cellulose.  The 

microfibrils or microfibrillated cellulose contain fibrils having nanoscale dimensions (containing 

alternating amorphous region and crystalline CNC material) are further extracted via chemical 

treatments. Due to the existence of internal strain through the extraction process, the microfibrils 

will be distorted, tilted, and twisted and in result various arrangements and orientations of chain 

dislocations on segments along the elementary fibril will be created. These unique arrangements 

and formations of chain dislocations are the reason of existence of the amorphous and crystalline 

regions in CNC materials [54]. The most commonly adopted technique to extract cellulose 

nanocrystals (the crystalline part) is based on using an acid as a hydrolysis agent. Here, the 

amorphous regions are preferentially hydrolyzed whereas the crystalline regions resist the acid 

hydrolyzed and remain intact. Different sources contain various percentage, size and distribution 

of crystalline regions, therefore, each source produces a unique CNC structure having different 

mechanical and optical properties [55]. In other words, by employing the hydrolysis technique, 

all the defects and non-crystalline parts of the microfibrils will be removed and produces rod-like 

CNCs (referred to as ‘cellulose whiskers” cellulose nanofibers’), or uncommon types, such as 

‘spaghetti-like and ‘rice-like’ [56-59]. A schematic of the extraction procedure of the CNCs from 

a raw material is depicted in Figure 2.2.  
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Figure 2.2: Extraction procedure of cellulose nanocrystals from plant sources.  

(modified from https://doi.org/10.1016/j.compositesb.2015.01.008) [60]. 

 

In Figure 2.3, the elements which contains CNC (crystalline regions) are illustrated for 

clarification. As is shown in this figure, the CNC is derived from nanomaterials including 

cellular wall structure, cellulose fibrils, individual microfibrils, cellulose microstructure, and 

cellulose molecules. The scanning electron microscope (SEM) images of the obtain CNCs are 

also shown in this figure. The differences between the obtained CNCs from various plant sources 

(e.g. soft wood, hard wood, tomato peel, ushar seed, oil palm, red algae, sea plant, tunicate, 

bacterial cellulose) is clearly evident from the Transmission electron microscope (TEM) images  

https://doi.org/10.1016/j.compositesb.2015.01.008
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shown in Figure 2.4. The dimensions and the crystallinity of these nanocrystals depend on the 

origin of the cellulose fibers as well as the procedure employed to produce them [61]. In the light 

of aforementioned examples, it can be concluded that both the CNC source and processing have 

a significant effect on physical properties of the extracted CNC material. Thus, to utilize the 

CNC in a specific application, the choice of the appropriate CNC source is important. 

 

 

 

Figure 2.3: Hierarchical structure of cellulose and its nanomaterials types  [61]. 
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Figure 2.4: Transmission electron microscope (TEM) images of cellulose 

nanocrystals derived from (a) softwood, (b) hardwood, (c) tomato peel,  (d) ushar 

seed (e) oil palm, (f) red algae, (g) sea plant,  (h) tunicate, (i) bacterial cellulose 

[61]. 

 

The second step to produce CNC from a selected source is the hydrolysis procedure. The most 

commonly used and efficient hydrolysis procedure is to employ 64 wt% sulfuric acid under 

hydrolysis temperature of 45 degrees for 25-45 min [62]. It is also worth noting that by using 

sulfuric acid as the hydrolyzing agent, the obtained CNCs exhibit a better dispersion in water due 

to the strong negative surface charged from sulfuric acid. The CNCs used in this research 

investigation, was provided by Alberta innovates (Edmonton, Alberta).  The CNC is produced 



15 

 

through the mentioned hydrolysis procedure of native pulp fibers have a diameter of 2-5 nm and 

an average length of 100-200 nm. 

2.1.3 Structural organization of cellulose  

Cellulose possess a unique Polysaccharide Structure of glucose that can only be found in plants. 

This polysaccharide (β-D-glucose polymerized through β-glucosidic bonds) serves a structural 

rather than a nutritional role in plants. There are different types of cellulose based on their 

structure. For example, pyranose is a form of cellulose and identified as a linear chain 

polysaccharide of reiterating d-glucose and it is not soluble in water. Two pyranose units form a 

β-glycosidic bond through a condensation reaction, which results in linkage of the two via C-1 

and C-4 atomic bonds [63]. The structure of cellulose is made up of repeating units of the 

cellulose polymer chain, which have many hydroxyl groups (-OH) in their structure. A schematic 

representation of CNC is presented in Figure 2.5. 

 

Figure 2.5: Schematic representation of the chemical structure and intra -, inter-

molecular hydrogen bonds in crystalline cellulose  [55]. 
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Since the surface of CNC is decorated with many hydroxyl groups, CNC molecules are attracted 

to each other by hydrogen bonds, resulting in formation of a highly-ordered crystalline structure. 

A significant advantage of CNCs is the presence of abundant hydroxyl groups in their structure. 

This offers various possibilities for modification and functionalization of the CNC material. It 

has been shown that the reactivity of 6-OH on CNC is 10 times that of 2-OH, and that 2-OH is 

twice in comparison to 3-OH [64]. Moreover, Since CNC has a highly-ordered and dense 

structure of cellulose chain forming each polysaccharide nanocrystal, only the OH groups on its 

surface are prone to chemical reactions. It is estimated that from all OH functional groups of 

CNC only 1/3 of OH bonds (mostly on surface) are suitable for chemical modifications. A 

schematic of a cellulose molecules is presented in Figure 2.6, showing different units of a single 

cellulose molecule and the functional groups on its main chain. 

 

Figure 2.6: Molecular structure of cellulose [65]. 

 

Various CNC modification techniques have been reported to introduce different functional 

groups. For example, in a common extraction method, instead of using a single acid for 

hydrolyzation, a mixture of acids like, hydrochloric acid and acetic acid are used, the CNC 

surface will be decorated with hydrophobic acetyl groups [66]. The decoration of functional 

groups on CNC surface is a well-known method used in the preparation of esters by heating a 
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carboxylic acid in alcohol containing a small amount of catalyst (i.e. usually a strong acid). The 

reaction scheme applied to cellulose showing how the -OH surface functional groups are 

replaced by a hydrophobic group is illustrated in Figure 2.7.  

 

Figure 2.7: The reaction scheme of -OH surface functional groups replaced by a 

hydrophobic group on cellulose [66]. 

 

Other methods of surface modification of CNCs can be achieved through no-covalent 

interactions with various polymers and chemical reactions occurring on the -OH groups. 

Noncovalent approaches are attained through the adsorption of surfactants or polyelectrodes 

through electrostatic interaction, hydrogen bond, or van der walls force [67]. This approach 

produces CNC having enhanced dispersion stability in organic solvents and better compatibility 

with the polymer matrix or composite materials [67]. For example, anionic and/or non-anionic 

surfactants have been employed to improve dispersion of CNCs in solvents [69]. For example, to 

improve the stability of CNCs in solvents, a surface cationization procedure can be employed via 
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a nucleophic addition reaction (using the reaction between the OH functional groups of CNC and 

reactive epoxy functional group of EPTMAC (epoxypropyltrimethylammonium chloride)) that 

decorates CNC surface with negative charges [70]. This modification leads to stable aqueous 

suspensions of nanocrystalline cellulose with suitable rheological properties.   

 

Figure 2.8: Reaction scheme for surface cationization of CNC with  EPTMAC [70]. 

 

The etherification reaction allows for polymer-CNC covalent interaction. According to Kloser 

and Gray, a stable colloidal suspension of CNCs can be attained by grafting polyethylene oxide 

(PEO) onto the CNC surface [71].   

Grafting a polymer onto a CNC surface using etherification improves its dispersion in media. It 

was found that surface -OH groups of CNC can act as a nucleophile under alkaline conditions, 

when reacting with epoxides [72], to form ether (C–O–C) linkages polymer-CNC covalent 

interaction. Accordingly, a stable colloidal suspension of CNCs was obtained by grafting 

polyethylene oxide (PEO) onto the CNC surface [73]. As shown in Figure 2.9, the etherification 

reaction on CNC by grafting a Polyethylene Oxied (PEO) polymer, results in better dispersion. 
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Figure 2.9: PEO-grafted CNC via the etherification reaction, with the improvement 

in aqueous dispersibility of CNC through steric stabilization [ 71]. 

 

The significance of surface modification of CNCs is be able to introduce specific functionality 

that enable many advanced applications for CNCs. For example, in many electronic and 

optoelectronic applications, transparent or highly conductive electrodes are needed. Recently, 

many researchers attempted to fabricate conductive CNC sheets [74-76]. In order to make the 

surface of the CNC highly conductive, a method to deposit metallic nanowires on the CNC’s 

surface is needed. Clearly, having a stable network of conductive wires necessitate the need for a 

strong adhesion between the metallic nanowires and the CNC surface. The presence of hydroxyl 

groups on the surface of cellulose, facilitate strong adhesion of metallic nanowires such as, Ag 

NWs.  

2.1.4 CNC Applications  

Since development of novel bio-based applications is essential to reduce the dependence on 

fossil resources and provide a sustainable future, cellulose nanocrystals (CNCs) have raised 
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interest due to their supreme properties along with being biocompatible and biodegradable. Such 

unique properties making CNCs suitable to be used in a variety of applications and some of them 

are shown in Figure 2.10.    

 

Figure 2.10: Common applications of Cellulose nanocrystals.  

 

CNC has been used in a variety of applications such as, electronic and optoelectronic devices 

(e.g. supercapacitors, batteries, light emitting devices, solar cells, electrochemical devices and 

sensors [77-82]), packaging [83], construction [84], drug delivery, biomedical applications [85], 

filtration [86], and as a reinforcement agent in polymeric matrixes [87]. In this thesis, the 

application of CNC in electroluminescent devices (ELDs) is investigated. 
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2.2 Luminance phenomenon and Electroluminescent devices (ELDs) 

Generally, Electroluminescence can be defined as an electrical to an optical light generation 

phenomenon where a phosphorescent material emits light in response to an electric field. ELDs 

have been used in a verity of applications (see Figure 2.11).  

 

Figure 2.11: Electroluminescent applications: (a) airplane body signs, (b) 

transparent displays, (c) cloth and design industry, (d)  & (e) solid-state displays, (f) 

flexible screens, and (g) static light signs.  

 

A schematic diagram illustrating typical ELD is presented in Figure 2.12. Typically, an ELD 

consists of two electrodes on substrates where at least one of them is optically transparent to 

allow the emitted light to escape. Between these electrodes, an electroluminescent (EL) material 
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encompassed between two insulator layers, is placed. This EL layer will produce light under the 

application of an external voltage.  

 

 

Figure 2.12: A schematic illustration of an ELD.  

 

The emission of visible light (i.e. wavelengths between about 690 nanometres and 400 

nanometres, corresponding to the region between deep red and deep violet) 

requires excitation energies, E,  

 𝐸 = ℎ𝜈 =
ℎ𝑐

𝜆
    (2.1) 

Where h is Planck’s constant, ν is the light frequency, 𝜆 is the light wavelength, and c is the 

speed of light. Accordingly, the energy required for visible light generation ranges between 1.8 

to 3.1 electron volts (eV). The excitation energy will be transferred to the electrons that make the 

luminescence phenomenon happen. As a result of receiving the excitation energy, electrons will 

be excited from their ground-state energy level to a level of higher energy.  

https://www.britannica.com/science/light
https://www.britannica.com/science/excitation
https://www.britannica.com/science/Plancks-constant
https://www.britannica.com/science/electron
https://www.britannica.com/science/energy-state
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Electrons participating in the luminescence phenomenon are the outermost electrons of atoms or 

molecules. The terms fluorescence and phosphorescence can be defined here, on the basis not 

only of the persistence of luminescence but also of the way in which the luminescence is 

produced.  

An excited electron will be placed to an excited singlet state, this occupied state will have a 

lifetime, from which the excited electron can simply return to its initial state (which normally is a 

singlet state), emitting its excitation energy as fluorescence photons. The spin of the electrons 

during this electronic transition does not change; the singlet ground state and the excited singlet 

state have like multiplicity (due to coupling between orbital angular momentum and spin angular 

momentum.). In another possible electron transition, an electron can also be raised, under 

reversal of its spin, to a higher energy level, called an excited triplet state. Transitions from 

triplet states to singlet states (as states with different multiplicity) are “forbidden,” and, therefore, 

the lifetime of triplet states is noticeably longer than that of singlet states. This means that 

luminescence originating in triplet states has a far longer duration than that originating in singlet 

states and phosphorescence is observed. Figure 2.13 displays the phosphorescence and 

fluorescence phenomena. 

 

Figure 2.13: Schematic illustration of phosphorescence and fluorescence 

phenomena. 

https://www.britannica.com/science/fluorescence
https://www.britannica.com/science/phosphorescence
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The electronic energy levels of EL materials such as zinc sulfide (ZnS) or any other host crystals 

used in phosphors, includes a particular arrangement of bands in the ground state which are 

practically, occupied by electrons in valence band. There is an energy difference between 

valence and conduction band and this energy difference corresponds to photons in the ultraviolet 

or still shorter wavelength region. Additional (i.e. intermediate) energy levels may introduced to 

the arrangement of bands in electronic energy levels by activator ions or centres linking 

the energy gap between valence band and conduction band. Electroluminescence will occur if an 

excited electron transfers from its initial state in valence band to an intermediate energy level. 

Thus, during its relaxation from the intermediate energy level it will release the extra energy as 

visible light upon returning to the ground state (Electroluminescence).  

A great number of materials (e.g., diamond, ruby, crystal phosphors, and certain complex salts of 

platinum) luminesce under the impact of accelerated free electrons or when electrons are driven 

by an electric field inside the material. In 1897 the first practical application of 

cathodoluminescence was introduced in the display screen of an oscilloscope tube. Later, display 

screens employing enhanced crystal phosphors, were used in a variety of application such as 

electron microscopes, television, radar, oscilloscopes, etc. One of the first introduced 

electroluminescent materials are sulfide-type phosphors. For example, zinc sulfide as an EL 

material produced by heating zinc oxide in a stream of hydrogen sulfide. Later, it was found that 

these sulfides do not luminesce when they are chemically pure but only when they contain small 

quantities of an activator metals. Later, a wide range of different materials such as metal oxides, 

silicates, and phosphates, were found to luminesce. In this thesis, ZnS microparticles doped with 

Cu and Br embedded in an insulating ink are used as the EL layer of ELDs.  

https://www.britannica.com/science/band-gap
https://www.britannica.com/technology/cathode-ray-oscilloscope
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Chapter 3 

Experimental Procedure 

The objective of this chapter is to present: (1) the experimental procedure used in the fabrication 

of transparent, multi-color and highly flexible CNC sheets from CNC powders, (2) the synthesis 

method used in producing long Ag NWs, (3) the drop casting method used to coat Ag NWs on 

the surface of the CNC sheets to fabricate conductive substrates, and (4) the procedure for 

assembling a complete FELD. 

 

3.1 Materials 

All the materials employed in this study were used without any purification. The rod-like CNCs 

(length of ~ 50-150 nm and width of ~ 10 nm) were supplied by the Alberta Innovates Research 

Corporation (Edmonton, Canada). The turquoise 8152B phosphor ink was purchased from 

DuPont. The precursors for the synthesis of silver nanowires, NaBr (Sodium bromide , ≥99%), 

NaCl (Sodium Chloride ≥99%), AgNO3 (Silver Nitrate ≥99%), polyvinylpyrrolidone (PVP) 

powders and ethylene glycol (EG), acetone (AR, ≥99.5%), and ethanol (Laboratory Reagent, 

96%) are purchased from Sigma Aldrich.  

3.2. Ag NWs synthesis method 

The Ag NWs were synthesized through a modified polyol process [88,89]. polyol process 

method is a robust strategy for preparation of well-defined metal nanocrystals in terms of size, 

https://www.sigmaaldrich.com/catalog/product/mm/106363?lang=en&region=CA
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shape, composition, and crystallinity. In this method, the metal particles will form through a 

homogeneous nucleation separated from the growth step. Typical synthesis entails the reduction 

of metal precursor by polyol in the presence of appropriate capping agent at an elevated 

temperature. The capping agent is an indispensable factor for stabilization of the formed nuclei at 

the initial stage of reaction and for directing morphology of the metal nano crystals. PVP is the 

most typical capping agent in the polyol method, enabling production of a wide range of metal 

nano crystals such as Ag, Pt, Au, Pd, Cu, and Rh in addition to their alloys via adsorption on the 

metal surface through the carbonyl group of the pyrolidone ring [90,91]. The PVP-metal legend 

facilitates the reduction on specific crystal faces, while preventing reduction onto others, 

enabling anisotropic growth through the formation of metal nano crystals with high-index facets. 

This process is not only selective but also prefers binding on the crystal facets at low energy in 

the {111} and {100} planes rather than {110} facet. The mechanism of binding PVP on specific 

crystal facets is unclear and still under consideration, thus it is rather difficult to resolve the role 

of PVP in the polyol process. However, empirically the morphology, size, and uniformity of 

metal nanocrystals are mainly determined by the PVP chain length. Furthermore, the reaction 

temperature, reactant concentration, injection rate, and adsorbates have an unambiguous effect 

on tuning particle size and morphology. 

Here, four stock solutions (i.e. (A) 220.0 mM NaBr, (B) 210.0 mM NaCl, (C) 505.0 mM 

polyvinylpyrrolidone PVP), and (D) 265.0 mM AgNO3) were dissolved in ethylene glycol (EG).  

A mixture composed of 0.5 ml of solution (A), 1 ml of solution (B), 5 ml of solution (C) and 5 

ml of solution (D) was added to 38 ml EG and stirred for 30 minutes at room temperature. Next, 

the temperature of the mixture was increased to 170 °C while the solution was stirred for 15 

https://www.sciencedirect.com/topics/materials-science/nucleation
https://www.sciencedirect.com/topics/materials-science/polyol
https://www.sciencedirect.com/topics/materials-science/adsorbate
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minutes under nitrogen gas supply after which, the mixture was kept for an hour in that 

temperature without stirring. 

The reaction was halted with addition of 150 ml of DI water to the flask. The Ag NWs were 

collected and purified by selective precipitation through slow addition of 100 to 200 ml of 

acetone to the mixture.  The PVP-coated Ag NWs settled to the bottom of flask, leaving behind 

the uncoated (i.e. lighter) Ag nanorods and nanoparticles. The aggregated Ag NWs were 

dispersed in 40 ml of DI water containing 0.5 wt% of PVP and. 100 to 200 ml of acetone was 

added to the mixture. This purification cycle was repeated five times to achieve pure Ag NWs. 

Finally, the Ag NWs were dispersed in 10 ml of ethanol for further uses in drop casting on the 

flexible CNC sheets. A schematic illustration of the three-neck flask system used in the synthesis 

of Ag NWs is shown in Figure 3.1. 

 

Figure 3.1: Schematic illustration of the three-neck flask setup used in Ag NWs 

synthesis.  
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3.3. CNC sheet preparation 

To fabricate flexible CNC substrates, 3g of CNC powder was first dissolved in 25 ml of DI water 

and stirred for 30 minutes, after which it was kept at 5 °C for 12 hours to form CNC gel. The 

CNC gel was spread onto a Teflon substrate and formed into a 35 µm thick sheet using a doctor 

blade device. The CNC sheet was allowed to dry at room temperature for two hours before 

detaching it from the Teflon substrate. The fabricated CNC sheets were used as substrates in a 

simple drop casting of the synthesized Ag NWs at 70 °C temperature in air, which produce the 

electrodes of the FELDs. The Cu/Br-doped ZnS ink was doctor bladed to form an EL active 

layer of 100 µm thick on one conductive CNC sheet. Next, a second conductive CNC sheet was 

placed on top of the EL layer.  The assembled FLED device was annealed at 90 °C for 15 

minutes prior to testing.  

In order to change light emission spectrum of the ELD needles of changing the EL material, 0.5 

ml of Thiazol Yellow G (yellow color) and/or  Rhodamine 6G (orange color) optically florescent 

dyes were added to the 25 ml of CNC gel prior to doctor blading the Cu/Br-doped ZnS ink layer. 

The percentage weight of 2% of Thiazol Yellow G and/or Rhodamine 6G are low enough to 

have any noticeable effect on the environment even when the ELD is recycled. Alternatively, any 

bio-compatible dyes can be used for such application. 

Figure 3.2 depicts the prepared CNC gels with Thiazol Yellow G (Figure 3.2.a), Rhodamine 6G 

(Figure 3.2.b) and the CNC gel and obtained transparent flexible CNC sheet (figure 3.2.c). In 

addition, the flexibility of CNC sheet mixed with dyes (figure 3.2.d, e) and CNC sheet (figure 

3.2.f) are shown. The obtained CNC sheets show a very high flexibility (with an almost 180◦ of 

bending degree). 
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Figure 3.2: (a) Mixed CNC gel with Thiazol  Yellow G in a form of a CNC sheet 

(the inset image shows the CNC gel used to form the sheet), (b) Mixed CNC sheet 

with Rhodamine 6G (the inset image shows the CNC gel used to form the sheet), (c) 

CNC sheet (the inset image shows the CNC gel used to form the CNC sheet), (d) 

flexible Yellow G-CNC sheet, (e) flexible Rhodamine 6G-CNC sheet, (f) flexible 

CNC sheet.  

 

A schematic of a FELD along with the electroluminescent process are illustrated in Figure 3.3. 

The emitting electroluminescent layer, sandwiched between two CNC sheets drop-casted with 

Ag NWs, is a copper (Cu) and bromide (Br) -doped zinc sulfide (ZnS), The cubic Cu-doped ZnS 

forms two trapping states contributing to green/turquoise and blue emissions; whereas, the Br-

doped ZnS forms electron trapping sites close to the energy level of the ZnS band gap. Upon 
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electrical excitation (Figure 3.3), turquoise and blue photons are emitted when the electrons in 

donor sites recombine with the holes trapped in Cu states. To change the color of the emitted 

light, fluorescent dyes (e.g. Thiazol Yellow G and/or Rhodamine 6G) are excited by the 

electroluminescent photons [92]. 

 

Figure 3.3: A schematic of a FELD and the electroluminescent process.  
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Chapter 4 

Results and Discussion 

4.1 FTIR result 

To characterize the obtained CNC sheets, Figure 4.1 depicts the FTIR spectrum of a CNC sheet 

after processing. All characteristic spectral bands of the cellulose nanocrystals are clearly 

present. The spectral peak at 3350 cm-1 corresponds to the hydroxyl group whereas the spectral 

peak at 2900 cm-1 results from aliphatic saturated C-H stretching group vibration of cellulose. 

The peaks at,1430 cm-1, 1313 cm-1, and 1032 cm-1 correspond to CH2- bending, -C-H- 

asymmetric deformation, and -C-O-C- bonds, respectively. Notably, the spectral peak at 1645 

cm-1 is associated with the O-H bending of water adsorbed to the cellulose structure.[93-95] As 

the FTIR signal is showing clear features of the nanocrystalline cellulose,[96] the film is 

definitely made up by individual crystals, rather than a structure obtained from dissolution and 

resolidification of cellulose material. 
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Figure 4.1: FTIR spectra of a CNC sheet. 

 

4.2 Synthesized Ag NWs 

Using the reported modified polyol synthesis method (chapter 4), Ag NWs having a narrow 

width of about 40 nm and a length more than 25 µm were achieved. The FESEM images of the 

synthesized Ag NWs is shown in Figure 4.2.  
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Figure 4.2: FESEM images of Ag NWs (a) with a narrow width (b) with a length 

more than 25 µm . 

 

4.3 Drop-casted Ag NWs on CNC sheets FELD electrodes 

The fabricated CNC sheets were further processed by drop-casting increasing amounts of silver 

nanowires onto them to create a conductive network of Ag NW. The formation and morphology 

of the drop-casted Ag NW networks on the CNC sheets are depicted in Figure 4.3 (a, b). The 

synthesized Ag NWs on the CNC substrate form a highly intertwined network of nanowires 

varying in width from 30 to 120 nm mixed with a few Ag nanoparticles. The occurrence Ag 

particles is due to early termination of the growth of the Ag nanoparticles prior to the formation 

of Ag NWs. Since the size of the Ag NWs is much less than the visible optical wavelength, it is 

expected that the optical transmittance of such drop-cased Ag NWs to be high, while the strongly 

intertwined networks should yield high conductivity. 
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Figure 4.3: (a, b) top view FESEM images of Ag NWs drop-casted on CNC sheets 

(0.5 ml of Ag NWs) at various magnifications.  

 

4.4 Electrical resistivity and optical transmittance of the Ag NWs 

CNC electrodes  

Both the electrical resistivity and the optical transmittance of CNC sheet vary according to 

concentration of the Ag NWs suspension coating. Shown in Figure 4.4.a, the sheet resistance of 

the Ag NWs coated CNC sheet as the amount of the Ag NWs suspension is increased from 0.5 

ml to 5 ml, decreases dramatically from 50 to 2 Ω/sq, respectively. As expected, the optical 

transmission of the samples decreases steadily with increasing conductivity. 

Figure 4.4(b) depicts the optical transmittance of the CNC sheet in the spectral rage between 

450-750 nm. The uncoated CNC sheet exhibits a high optical transmittance of 81-90% over the 

wavelength range between 450-750 nm. However, as the amount of Ag NWs is increased, the 

optical transmittance decreases from 81% to 35%, respectively. Clearly, the interplay between 

the electrical resistance and optical transmittance (i.e. requiring a low resistance for low power 

dissipation and high optical transmittance to allow light to escape) is important. From Figures 4.4 
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(a) and 5.4(b) it is further concluded that the achievable transmission decreases with decreasing 

resistivity. As transmission is a critical metric for an ELD than the achievable low resistivity, the 

concentration of 0.5 ml of Ag NWs was chosen for further characterization. As such, an amount 

of 0.5 ml Ag NWs was selected for further experiment and design of electroluminescent devices. 

 

Figure 4.4:(a) Surface resistance of a Ag NWs coated CNC sheet at various Ag NWs 

concentrations, (b) Optical transmittance of a CNC sheet and Ag NWs coated CNC sheets at 

various Ag NWs concentrations. 

 

The optical transmittance and electrical resistance of the CNC sheets with drop-casted Ag NWs 

are listed along with other potential electrodes (e.g. PEDOT:PSS, [97] carbon nanotubes (CNTs) 

[98]  and graphene [99] (Table 4.1)). In comparison with the electroluminescent cellulose-based 

device from Ref. [100], the CNC sheet prepared by our process exhibits a much higher optical 

transmission (81-90%) over the 350nm-800nm wavelength range. Furthermore, the Ag NWs 

have a lower sheet resistance of 50 Ω/sq, making it more advantageous for use as a flexible 

transparent ELD electrode. 
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Table 4.1: Optical transmittance and resistance of CNC sheet drop -casted by Ag 

NWs and common electrode materials.  

Electrode 

materials 

Sheet resistance 

(Ω/sq) 

Optical transmission  

(350-750 nm) 

(%) 

Reference 

CNC sheets drop-

casted by Ag NWs 

50 81-90 This work 

Cellulose-based 

film with Ag NWs 

75 68-86 [100] 

CNT 546.5 78-78.5 [98] 

PEDOT:PSS 850 90 [97] 

Graphene 230 96.3 [99] 

 

4.5 Morphology and formation of electroluminescent material on Ag 

NWs CNC sheets  

The CNC sheets with a resistivity of 50 Ω/sq were chosen to fabricate flexible 

electroluminescent devices. To investigate the contact between ZnS microparticles and Ag NW 

network, Figure 4.5.(a) illustrates a small amount of doctor bladed Cu/Br-doped ZnS on a 

conductive CNC sheet. The Cu/Br-doped ZnS are randomly distributed on top of the Ag NW, 

but in close contact to the network, allowing for effective field injection, and therefore high 

electric field strength over the particles. Figure 5.5(b) depicts a cross-sectional view of the 

fabricated FELD consisting of two 30 µm thick Ag NWs-CNC sheets sandwiching 100 µm 
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Cu/Br-doped ZnS layer. The figure clearly shows that the phosphorescent particles are in close 

contact to each other, with low amounts of air gaps, keeping power losses to a minimum. 

 

Figure 4.5: (a) Top view images of an Ag NWs and doctor bladed Cu/Br -doped ZnS 

on a CNC sheet. (b) Cross sectional view of a FELD.  

 

4.6 Performance investigation of a complete FELD 

A FELD is a purely capacitive electrical load, as such injection of energetic electrons into the 

conduction band of the EL material excites luminescent centers, leading to photon emission. Via 

electrical excitation, Cu/Br-doped ZnS emits blue-green photons due to transitions between 

dopants Cu (acceptors), Br (donors) and host material (ZnS) [101,102]. The performance of the 

FELD is investigated by applying alternative (AC) voltages (200 Hz-22 kHz) in the range of 7 V 

to 50 V. Having an AC voltage excitation allows several emission states to be involved in the EL 

light emission process where the probability of electron-hole recombination increases with the 

applied frequency [103]. For such a device, the threshold voltage required for light emission is 

found to be 7 V (independent of the frequency). Figure 4.6(a) illustrates the broadband (400-800 
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nm) light emission intensity as a function of voltage applied at a fixed frequency of 2 kHz for a 

fabricated FELD.  As the voltage is increased form 7 V to 50 V, a significant increase in the peak 

light intensity is observed. The shape of the spectrum changes from rather broad to single 

gaussian in the wavelength range between 400-550 nm accompanied by a slight (~5 nm) blue 

shift of the central peak wavelength at 475 nm. Clearly, increasing the voltage enhances the EL 

light intensity, while simultaneously shifting the spectral weight.  

At higher frequencies, electron scattering spreads the electron energy distribution as such, more 

electrons can be excited to a higher energy level [104] and a blue shift in luminescence peak is 

expected. To investigate such a phenomenon, a fixed 20 V at various frequencies was applied on 

FELD and the emission was recorded.  Figure 4.6(b) illustrates the emitted light spectrum 

excited at 200 Hz, 2 kHz, 22 kHz, and 200 kHz, where the peak emission wavelength blue shifts 

from 510 nm, 475nm, 450nm, 425nm, respectively.  As depicted in Figure 4.6(b) inset, by 

increasing the excitation frequency from 200 Hz to 200 kHz, the FELD emitted light changes 

color from green to blue.  

To achieve a light emission spectrum in the green and purple spectral range, the CNC substrate is 

impregnated with fluorescent dyes (e.g. Thiazol Yellow G (yellow color) and/or Rhodamine 6G 

(orange color)).  Both dyes have a strong absorption bands in the spectral range of the emitted 

light from the Cu/Br-doped ZnS (i.e. 400-550 nm) and high emission fluorescent light yield in 

the yellow and orange wavelength range.  Shown in Figures 4.6(c), the emission spectrum from a 

Rhodamine 6G and Cu/Br-doped ZnS FELD.  Here, two frequency-dependent emission peaks 

are observed which correspond to the Rhodamine 6G and Cu/Br-doped ZnS emissions. Having 

both emissions band results in the emission of a purple/pink colored light. As the frequencies 

applied at a fixed voltage of 50 V, is increased from 200 Hz to 2 and 22 kHz, both emission 
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peaks blue shifts. The observed blue shifts for Rhodamine 6G emission (the peak emission 

wavelength blue shifts from 610 nm to 470 nm), is occurred due to frequency dependence of 

Rhodamine 6G molecules emission and absorption [105,106]. Similarly, green light emission is 

achieved from a Thiazol Yellow G-Cu/Br-doped ZnS FELD (Figure 4.6.(d)). Due to a strong 

resonant absorption of Thiazol Yellow G molecules (from 350–470 nm) only a single broad light 

emission is obtained in the range of green light (i.e. 495–550 nm) [107]. 

 

Figure 4.6: (a) FELD light emission spectra from a CNC-Cu/Br-doped ZnS FELD at 

various voltages applied at a fixed frequency of 2 kHz, (b) FELD light emission 

spectra from a Cu/Br-doped ZnS FELD at various frequencies applied at a fixed 

voltage of 20 V (insets: Electroluminescent emission from the device at 2 kHz and 

200 kHz), (c) FELD light emission spectra  from a Rhodamine  6G-CNC-Cu/Br-

doped ZnS FELD at various frequencies applied at a fixed voltage of 50 V (inset: 

Electroluminescent emission from the device at 2 kHz), (d) FELD l ight emission 

spectra from a Thiazol Yellow G-CNC-Cu/Br-doped ZnS FELD at various 

frequencies applied at a fixed voltage of 50 V (inset: Electroluminescent emission 

from the device at 2 kHz).  
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4.7 Flexibility of the FELDs 

The developed ELDs need to emit light uniformly while they are bent, to be classified as a 

flexible ELDs and this is only realized with strong adhesion between different layers of FELD. 

The flexibility and performance of FELDs while emitting light are shown in Figure 4.7. Clearly, 

the FELDs bright uniform light emission is still present when the devices were bent (by a 5 mm 

bending radius). 

4.8 Luminance of the FELDs 

Of importance is to determine the luminance of the flexible FELD. As shown in Figure 4.8, the 

luminance scales linearly with AC voltage amplitude. As expected, both trends at low frequency 

(2 kHz) and at high frequency (22 kHz) are almost identical where a luminance of 43 Cd/m2 is 

obtained at an excitation voltage of 50 V.  
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Figure 4.7: Flexible FELDs: (a) CNC-Cu/Br-doped ZnS FELD and (b) Rhodamine      

6G CNC-Cu/Br-doped ZnS FELD. 
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Figure 4.8: CNC-Cu/Br-doped ZnS FELD luminance as a function of the applied 

voltage and frequency.  
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Chapter 5 

Conclusion and Future Work 

We showed that earth abundant, environmentally-friendly, cost-effective CNC is a promising 

host for electroluminescent material, serving as a flexible transparent substrate for the FELD 

applications. To our knowledge, this is the first electroluminescent application of nanocrystalline 

cellulose. Using the modified synthesis method reported in this research long Ag NWs were 

produced and were well-suited FELD electrodes.  

By drop-casting Ag NWs on CNC sheets, doctor blading electroluminescent semiconductor 

microparticles, and impregnating florescent dyes into the Ag NWs CNC conductive sheet, high 

brightness, multi-color (blue-green, green, purple), and highly flexible, FELDs were 

demonstrated at voltage as low as 7 V. We envision that by incorporating different 

semiconductor electroluminescent materials or organic polymers, light emission can be realized 

over a much wider spectral range, thus paving the way for fabricating environmentally friendly 

and flexible light emitting sources without the need for expensive or complex equipment 

processes. 

As a future work, it is suggested to make a touchscreen/display using the same 

technique/materials that were introduced in this thesis. 
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