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Abstract 

This study addresses the key components required to enhance the power conversion efficiency 

of organic solar cells. The first part of the research focuses on incorporating silver nanoparticles 

into the PEDOT:PSS layer to enhance light absorption. The silver nanoparticles were 

synthesised using the chemical reduction method. Then incorporated into the PEDOT:PSS 

liquid to make a blend of PEDOT:PSS and silver nanoparticles. The blend was coated on top 

of a glass substrate using the spin coating method. Characterisation techniques such as XRD, 

TEM, SEM, Raman, and UV-vis were used. TEM analysis revealed that the silver nanoparticles 

synthesised were spherical and ranged in size from 10 to 70 nm. The UV-visible spectroscopy 

confirmed the presence of the silver nanoparticles, showing an absorption peak at 389 nm. 

Furthermore, UV-vis analysis was conducted to evaluate the absorption of both the pristine 

PEDOT:PSS and the PEDOT:PSS with silver nanoparticles. The findings showed an enhanced 

absorption in the PEDOT:PSS blend with silver nanoparticles, demonstrating that the 

incorporation of silver nanoparticles into the PEDOT:PSS improved its light absorption 

properties. 

The second part is directed towards fabricating a transparent, flexible, conductive substrate that 

will serve as an anode for the organic solar cell. Bacterial cellulose synthesised using kombucha 

tea through static cultivation was combined with polyvinyl alcohol to make flexible, 

lightweight and transparent substrates. The composite substrates were made conductive by 

adsorbing multi-walled carbon nanotubes onto the substrate using the adsorption method. 

Different concentrations of multi-walled carbon nanotubes were explored on the composite 

films. Characterisation techniques such as UV-vis spectroscopy, SEM, TEM, XRD, TGA and 

electrical conductivity measurements of the individual components and the final films were 

assessed. The substrate with a 0.05% concentration of multi-walled carbon nanotubes showed 

the highest conductivity. The TGA results showed that the addition of polyvinyl alcohol to 

bacterial cellulose resulted in composite substrates with lower degradation at temperatures 213- 

467 ℃, as compared to pure bacterial cellulose which is due to the structural degradation of the 

composite substrates. The UV-vis transmittance spectra indicated that using a higher 

concentration of multi-walled carbon nanotube dispersion during fabrication resulted in 

electrically conductive transparent substrates with reduced transparency.   
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Chapter 1 

1 Introduction 

 

1.1 Background and motivation 

Energy is crucial for the stability of our society, without it, our society would face significant 

challenges and disruptions [1]. The recent electricity outages experienced in South Africa from 

2007 to the present, commonly known as load shedding, have emphasised the importance of 

energy and our heavy dependence on it [2]. Load shedding is a scheduled power outage 

intended to prevent uncontrollable blackouts due to the inability to meet power demands [3]. 

These power outages have forced hospitals to operate with minimal care and maintenance, 

resulting in patient care disruptions [4].  

Renewable energy sources such as solar energy stand out as a potential solution for addressing 

energy-related challenges [5]. It comes from natural resources and has the benefits of being 

environmentally friendly and sustainable, as it doesn’t deplete or destroy the ecosystem [5]. 

The sun radiates energy at a rate of 3.8 × 1023𝑘𝑊, of which the Earth absorbs about 

1.8 × 1014𝑘𝑊, making solar energy the most abundant renewable energy source [6]. Solar 

energy technologies like photovoltaics (PV) possess the capacity to fulfil energy demands in 

an economical, dependable, and environmentally sustainable manner [7, 8]. 

Photovoltaic (PV) devices like Solar cells directly convert sunlight into electricity [9]. Initially, 

silicon was used to develop solar cells for commercial purposes, and it remains the most 

effective material for solar cells used in both home and industrial application [10]. Over 80% 

of solar panels sold worldwide use these silicon-based solar cells [11]. However, silicon solar 

cells are associated with relatively high production costs and the availability of certain high 

purity material used in their manufacturing can be limited [12]. These constraints led to the 

development of a new generation of solar cells called Organic Solar Cells (OSCs) that is 

flexible, cost-effective, and lightweight [13].  

OSCs are solar cells that uses organic molecules or polymers to convert sunlight into electricity. 

OSCs consist of multiple layers such as an electrode (anode), Electron Transport Layer (ETL), 

Hole Transport Layer (HTL), and a second electrode (cathode) [5]. One of the main limitations 

on the performance of the OSC is the inefficient absorption of incident light [14]. The 
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efficiency of an OSC is further influenced by factors such as light absorption, charge transport, 

and the anode [15]. As a result improving the efficiency of the OSCs has been a major focus 

for years [16,17]. 

 

Figure 1.1 The structure of an OSC. 

Improving the efficiency of the OSCs has been a major focus for years [14, 15]. The efficiency 

of an OSC is further influenced by factors such as light absorption, charge transport, and the 

anode [16]. One of the main limitations on the performance of the OSC is the inefficient 

absorption of incident light [17]. The development of an adaptable substrate and the integration 

of metal nanoparticles (NPs) are some of the methods that could enhance light absorption [17]. 

When metal NPs are integrated into the HTL and ETL layers, various effects help to improve 

device efficiency. These include better conductivity, enhanced hole injection, scattering, and 

plasmonic effects [18-20]. In short, these NPs improve the transport layer's conductivity, which 

improves the device's total performance [21]. The addition of metallic NPs like gold (Au) and 

silver (Ag) to the Hole Transport Layer (ETL) or Electron Transport Layer (ETL) of OSCs has 

been reported to drastically improve the PCE of OSCs as shown in Table 1.1 [22]. 

This study aims to improve the efficiency of OSCs by exploring two methods; synthesizing 

and integrating Ag NPs into PEDOT:PSS, and fabricating a transparent, conductive, and 

flexible substrate using Bacterial Cellulose (BC). 

The initial approach involves the integration of Ag NPs in the PEDOT:PSS layer, to enhance 

light absorption. Ag NPs exhibit Localized Surface Plasmon Resonance (LSPR) across a 

broader wavelength range, extending from the visible to the UV spectrum. The effects of 

different Ag NPs concentrations on the optical and structural characteristics of PEDOT: PSS 
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are investigated using X-ray diffraction (XRD), Raman spectroscopy, transmission electron 

microscopy (TEM), and UV/visible spectroscopy.  

The second approach focuses on fabricating a conductive, transparent, and flexible substrate 

for the OSC by using a composite of bacterial cellulose, polyvinyl alcohol, and multi-walled 

carbon nanotubes. Currently, the market is dominated by conventional conductive metal oxide 

substrates like fluorine-doped tin oxide (FTO) and indium tin oxide (ITO). However, these 

materials come with financial implications, resulting from scarcity of indium, the high costs 

associated with the necessary deposition processes, and the brittle nature of their ceramic 

structure [23]. These disadvantages restrict their application in flexible solar cells. 

Furthermore, the conductivity of ITO significantly decreases after bending, which limits its 

application in flexible organic electronics [24]. 

Substrates made of cellulose have the potential to be highly effective substrates for maintaining 

the components of OSC. These cellulose-based substrates can be processed into flexible, 

transparent, and electrically conductive films [25]. One significant benefit of using cellulose 

substrates is their ability to enhance photon absorption at angled incidence. This feature makes 

cellulose substrates capture light more efficiently than conventional glass substrates [26]. 

Previous research has focused on the use of plant-derived cellulose to develop cellulose 

substrates [27-29]. Therefore, this current study reports on the use of bacterial cellulose (BC) 

to fabricate a flexible, transparent, and electrically conductive substrate, using multiwalled-

carbon nanotubes as a conductive material. 
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Table 1.1: Reports on the improvement of the hole transport layer due to the incorporation of Au and Ag nanoparticles 

NPs Active layer Size of NP 

(nm) 

Thickness 

(nm)  

Function FF (% PCE (%) Improvement in 

PCE (%) 

Remarks Ref 

Ag P3HT: PCBM 80 55 HTL 38.80 2.28 2.65 Higher conductivity [30] 

Ag P3HT: PCBM 20-40 40 HTL 51.20 3.20 3.47 SPR and improved hole 

collection 

[31] 

Au P3HT: PCBM - 40 HTL 51.50 3.19 3.46 SPR and improved hole 

collection 

[31] 

Au P3HT: PCBM 11± 3 30 HTL 53.30 3.23 4.27 Enhanced extraction of charge 

in HTL 

[32] 

Au P3HT:PC70BM 18 40 HTL 69.21 3.51 4.15 SPR and improved hole 

collection 

[33] 

 P3HT: PCBM 45± 5 50 HTL 70.32 4.24 5.03 SPR and improved hole 

collection 

[34] 

Au P3HT: PCBM 14 ±4 - HTL 30.02 1.00 1.66 SPR and improved hole 

collection 

[35] 

Au P3HT:PC60 

BM 

50 30 HTL 66.10 4.14 4.7 Stronger near-field 

enhancement, thus higher 

photocurrent output 

[36] 
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1.2 Aim and Objectives 

 

This dissertation aims to enhance the light absorption in the PEDOT: PSS layer and to fabricate 

a flexible, conductive, and transparent BC substrate for OSC application. 

The objectives are:  

(a) To synthesise Ag NPs using chemical reduction and study their morphology, structural, and 

optical properties  

(b) To study the changes in PEDOT: PSS due to incorporating plasmonic Ag NPs.  

(c)  To synthesize Bacterial cellulose using kombucha tea. 

(d) To fabricate a substrate using bacterial cellulose and polyvinyl alcohol blend.  

(e) To enhance the conductivity of the bacterial cellulose substrate using multi-walled carbon 

nanotubes.  

1.3 Structure of the Dissertation 

Chapter 1 Discusses the background and motivation as well as the aim and objectives of the 

study and the structure of the dissertation. 

Chapter 2 Discusses the literature review on different plasmonic NPs, their different 

properties and significance, cellulose's background, their synthesis, chemical nature, and 

applications as well as their use in OSCs. 

Chapter 3 Details the results on the effect of plasmonic silver nanoparticles in PEDOT: PSS 

layer. 

Chapter 4 Details the results of the fabrication of transparent and flexible bacterial cellulose 

PVA composite film. 

Chapter 5 Details the results of the electrical conductivity of bacterial cellulose/polyvinyl 

alcohol/ multiwalled carbon nanotube composite films. 

Chapter 6 Discusses conclusion and future work. 
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Chapter 2 

2 Nanoparticles in cellulose-based organic solar cell 

2.1 Introduction 

In recent years, nanotechnology has emerged as an innovative and interesting topic. 

Nanotechnology is the study and creation of new materials at the nanoscale level [1]. It is built 

on the concept that tiny particles, smaller than 100 nanometers (nm) can provide unique 

properties to structures made from these particles [2]. Multiple industries have used particles 

in this size range for thousands of years to improve their scientific discoveries [3]. These 

particles can transform many technology devices, making them more affordable, portable, safe, 

and easy to use [4]. Figure 2.1 below shows a schematic representation illustrating the methods 

of synthesising nanoparticles. 

  

Figure 2.1 Synthesis methods of nanoparticles used in nanotechnology. 

 

2.2 Nanoparticles 

Nanoparticles (NPs) are groups of atoms, between 1 and 100 nm in size [5]. Materials such as 

proteins, polysaccharides, and synthetic polymers can make NPs [6]. The properties of NPs 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



10 
 

such as electrical conductivity, mechanical strength, thermal conductivity, and optical 

properties differ depending on the size of the NPs [7].  Metal NPs such as gold (Au), and silver 

(Ag) exhibit Surface Plasmon Resonance (SPR) [8]. SPR happens when electrons on the 

surface of metal NPs get excited by light, at a specific wavelength [8]. NPs have a huge surface 

area relative to their size. They can take on several dimensional structures, for example, two-

dimensional NPs like nanoflakes and nanosheets, zero-dimensional NPs like nanospheres and 

nanodots, one-dimensional NPs like nanorods, nanowires, and nanotubes [8]. 

2.2.1 Methods of Producing Nanoparticles  

Beginning with Faraday's discovery in 1857, the synthesis of NPs has roughly 167 years of 

history [9]. The synthesis of NPs is an important part of current scientific research [10]. NPs 

can be produced in a variety of sizes and shapes [11]. NPs of various shapes such as spheres, 

rods, and flowers, have been synthesised effectively by precisely managing both their size and 

shape [12]. Several approaches are currently utilised for the synthesis of NPs. 

2.2.1.1 Top-down approaches 

A top-down approach involves crushing, milling, and grinding and is a useful method for 

materials synthesis and particle size reduction [13]. The top-down approach offers simplicity 

and environmental advantages while being adaptable in its use of different materials and 

precise in controlling NPs properties [14].  Below are various methods of top-down 

approaches. 

2.2.1.1.1 Micropatterning 

Micropatterning is a technique used to synthesise and precisely control how NPs are organised 

on a substrate [15]. This procedure involves the formation of NPs on a substrate [15]. Among 

various methods of micropatterning, laser micropatterning is widely favoured when compared 

to alternative techniques like electro-deposition, chemical vapour deposition, and 

photolithography [16]. Some of the key advantages of laser micropatterning are high precision 

and versatility [17]. The following nanoparticles can be produced through micropatterning 

platinum (Pt), silver (Ag), and gold (Au). Figure 2.2 illustrates a laser micropatterning 

technique for synthesising Ag NPs through ink synthesis. 
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Figure 2.2: Laser micropatterning technique used in the synthesis of silver nanoparticles 

through ink synthesis [16]. 

Liu et al. synthesised Ag NPs using a laser micropatterning technique. They reported Ag NPs 

in a size range of 10 to 50 nm and also demonstrated that they were able to achieve precise 

control over the size and distribution of the NPs by adjusting the laser parameters [18]. 

2.2.1.1.2 Attrition 

Attrition produces NPs in a mill, a mechanical device that uses energy to break down coarse-

grained material into nanoscale particles [19]. When materials undergo attrition processes, they 

usually show a high degree of crystallinity, resulting in particles with diameters ranging from 

1 to 10 nm following milling [20]. Some of the factors that affect the size of the particles during 

the milling process are the speed at which the mill is operated, the size and arrangement of the 

milling balls, the temperature at which the mill is operated, and the length of the milling 
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operation [21]. The synthesis of NPs can be accomplished by a variety of ball milling processes, 

in which the balls contact the bulk material as illustrated in  Figure 2.3 [22]. 

            

                                                           

Figure 2.3:  Synthesis of Ag nanoparticles through mechanical milling using a planetary milling 

machine [23].  

Khayathi et al. produced Ag NPs ranging from 5 to 100 nm in size using a planetary milling 

machine. They controlled the size distribution by adjusting milling parameters such as rotation 

speed, milling time, and the ball-to-powder ratio. Their study revealed that longer milling times 

generally result in smaller particle sizes, but also increase the risk of contamination from the 

milling media [24]. 

 

2.2.1.2 Bottom-up Approaches 

In a bottom-up approach, NPs are created by carefully assembling tiny molecules or atoms into 

larger ones. This can be achieved through evaporation and controlled precipitation also known 

as crystallization. Depending on the approach used, these processes might occur in tiny droplets 

or overall the entire solution [28]. Below are various methods associated with the bottom-up 

approach in the synthesis of NPs. 
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2.2.1.2.1 Chemical reduction  

The chemical reduction synthesis method involves the use of organic and inorganic reducing 

agents [29]. Generally, a variety of reducing agents, such as sodium citrate (Na3C6H5O7), 

ascorbate (C6H7O6), and sodium borohydride (NaBH4) are employed to reduce Ag ions (Ag+) 

in both aqueous and non-aqueous solutions [30]. When Ag+ are exposed to these reducing 

agents, they change from Ag+ to metallic silver (Ag0), and then the Ag particles aggregate into 

clusters. Finally, these clusters produce metallic colloidal Ag NPs over time  as illustrated in 

Figure 2.5 [31].  

 

Figure 2.4: Schematic illustration of the controlled sizing of Ag nanoparticles achieved through 

the chemical reduction method [32]. 

When using NaBH4 as a reducing agent and water as a solvent, the most commonly utilized 

capping agents include polyvinyl alcohol, trisodium citrate, and NaBH4 itself [33, 34]. Radziuk 

et al. reported the reduction of AgNO3 using NaBH4 to produce Ag NPs. The produced Ag NPs 

had sizes ranging from 10 to 50 nm [35]. Kim et al. conducted a study where they synthesized 

spherical Ag NPs. The NPs ranged in size from 5 – 50 nm. They achieved this through the 

polyol process and a modified precursor injection technique [36].  

2.2.1.2.2 Chemical vapour deposition 

Chemical Vapor Deposition (CVD) happens when a thin coating of gaseous reactants is applied 

to a substrate. During this process, a thin layer forms on the surface of the substrate as a result 

of a chemical reaction that takes place when these gases come into contact with a heated 

substrate inside a reaction chamber as shown in Figure 2.6 [37]. The CVD method makes it 

possible to precisely regulate the parameters of the process, which enables the modification of 

surface properties, orientations of NPs, and crystal structure [38]. It is excellent at guaranteeing 

material consistency and adherence to the substrate. Moreover, it produces remarkably robust, 
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uniform, pure, and homogenous NPs [39]. Typical nanoparticles produced using the CVD 

technique are gold (Au), silver (Ag), nickel (Cu), and platinum (Pt). 

 

Figure 2.5: Chemical vapour deposition method used for synthesising and depositing Ag NPs 

on a silicon substrate [40]. 

  

2.2.1.2.3 Hydrothermal method 

Hydrothermal synthesis takes place when tiny particle deposits are created in a reaction vessel 

by reacting a solid material with a liquid solution at high temperatures and pressures [41]. The 

majority of hydrothermal reactions take place within a closed vessel, commonly referred to as 

an autoclave, a pressure container, or a high-pressure chamber, as illustrated in Figure 2.7 [41]. 

The hydrothermal method has several benefits such as homogenous precipitation, affordability, 

environmental friendliness, and scalability [42].  
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Figure 2.6: A visual representation of the hydrothermal synthesis of NPs [43]. 

 

2.2.1.2.4 Microemulsion method 

The microemulsion method allows for exact control over the size, shape, structure, 

homogeneity, and surface area of the particles [44]. In microemulsion, two microemulsions 

containing the required reactants are mixed to form NPs. The Brownian motion of the micelles 

interacts with one another, leading to intense collisions that mix the contents of the micellar 

solution. Reactant mixing requires droplets to undergo fusion-fission processes before 

chemical reactions may begin. Lots of molecules are produced during the chemical reaction 

inside the nanodroplets, which starts the nucleus's creation and therefore stimulates the growth 

of NPs [45].  

 2.2.1.3 Biological methods 

The biological synthesis of NPs provides a more environmentally friendly way to produce NPs 

[46]. Biological organisms such as bacteria, actinobacteria, yeasts, moulds, algae, and plants 

are used to synthesise NPs [47]. The following are biological organisms used in the synthesis 

of NPs.  
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2.2.1.3.1 Bacteria  

Bacteria can easily produce NPs because of their rapid growth, low cost of cultivation, and 

simplicity in regulating and changing their development environment [46]. Shivaji et al. 

successfully synthesized Ag NPs using a bacteria named psychrophilic [48]. Simon et al. 

suggested that a specific gene is accountable for conferring resistance to Ag in bacteria. These 

bacteria could potentially serve as a substitute for the use of Ag in burn treatments, thereby 

diminishing the risk of Ag toxicity [49]. Enhanced control over the size of produced NPs can 

be achieved simply by genetic manipulation of actinobacteria [50].  

               

Figure 2.7: Illustration of the synthesis of Ag NPs using bacteria [51]. 

 

2.2.1.3.2 Yeasts and fungi 

Fungi are known as eukaryotic organisms that live in various settings and are frequently known 

for their roles as decomposers [52]. Fungi has the ability to simultaneously accumulate and 

tolerate metals [53]. The filamentous fungus Fusarium oxysporum has been widely used as a 

major species for NP synthesis [54]. Ahmad et al. produced highly stable Ag NPs with 

diameters ranging from 5 to 15 nm by using Fusarium oxysporum [55].  

Yeast cells use glutathione (GSH) and two types of metal-binding molecules, metallothioneins, 

and phytochelatins, to remove toxins. These molecules also help create NPs and make sure the 

complexes are stable in most yeast species [56]. Yeast strains are better than bacteria because 

they can make lots of NPs easily in the lab, they can make lots of enzymes quickly, and they 

grow fast with simple food [57]. Geriche et al. used the yeast Pichia jadinii to produce Au NPs 

ranging in size from 10 to 100 nm. Figure 2.9 shows the steps involved in producing Ag NPs 

using fungi. 
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Figure 2.8: Diagram representation of the steps involved in producing Ag NPs using fungi 

[58]. 

 

2.2.1.3.3 Algae 

Algae are aquatic eukaryotic creatures [59]. The colours, proteins, carbohydrates, lipids, 

nucleic acids, and secondary metabolites found in algae enable them to degrade metallic salts 

into NPs [46]. Algae extracts can produce NPs with possible antibacterial qualities when mixed 

with metal solutions at a particular pH [60]. Ting et al. synthesized AuNPs using Chlorella 

vulgaris, a single-cell green algae from the division Chlorophyta and family Chlorellaceae. The 

AuNPs produced had a small size (2-10 µm) and a spherical shape along with the lack of 

flagella, making it a good candidate for nanoparticle synthesis [61]. 

2.2.1.3.4 Plants  

A wide range of plant components, such as fruits, leaves, stems, flowers and roots, have been 

used in the synthesis of NPs [62]. Plants produce a large amount of H⁺ ions during glycolysis 

in addition to Nicotinamide Adenine Dinucleotide (NAD), a powerful reducing agent. This 

phenomenon is helpful for the production of Ag NPs [63]. In a study investigating different 

antioxidant components in extracts from pomegranate, turmeric, blueberries, and blackberries, 

it was found that pomegranate can produce Au and Ag NPs that are more uniform in size and 

shape, with sizes between 20 and 500 nm. These NPs could be used in antioxidant therapy and 
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cancer management [64]. Badri et al. reported the synthesis of Ag and Au NPs, using coriander 

leaf extract as the reducing agent. The coriander leaf extract generated NPs with diameters 

varying from 6.75 to 57.91 nm [65]. Ria et al. have reported the creation of triangular Au and 

Ag shell NPs through the reduction of Au+ with lemongrass extract [66]. 

 

 

Figure 2.9: Mapping of environmentally friendly synthesis method using plant leaves for the 

production of NPs [67]. 

 

2.2.1.3.5 Enzymes 

Enzymes are preferred in NPs synthesis due to their well-defined structure and high purity [68]. 

Enzymes are utilized to stimulate growth on solid substrates in the production of Ag NPs, 

guaranteeing purity and accuracy in the process. A sulfite reductase enzyme from Escherichia 

coli that had been isolated using ion exchange chromatography was used to make a cell-free 

extract that could be used to make Au NPs. When applied to human pathogenic fungi, these Au 

NPs demonstrated antifungal capabilities [68, 69]. Raju et al. successfully synthesized Au-Ag 

bimetallic nanoparticles using macerase enzyme as a reducing agent. The synthesis was 

conducted at two different temperatures, 80°C and 90°C [70].  
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2.2.1.3.6 Vitamins 

The synthesis of silver and palladium nano-spheres, nanowires, and nanorods has been 

achieved in an environmentally friendly manner by using vitamin B2 as a capping and reducing 

agent [71]. When generating nanowires and nanorods, vitamin B2 functions as a reducing agent 

in two different ways. This strategy is notable in the field of green nanotechnology because it 

investigates the effects of natural substances on different tumour cells while using them to 

further scientific goals [71]. Nadagouda et al. reported a green chemistry approach using 

vitamin B2 as a reducing agent and capping agent in the synthesis of Ag nanospheres, 

nanowires, and nanorods at room temperature. The average particle size of the nanoparticles 

was found to be 6.1 ± 0.1 nm [72]. 

2.3 Application of nanoparticles 

2.3.1 Cosmetics  

Ag NPs scatter light, When Ag NPs are integrated into cosmetic products like creams or 

serums, these NPs contribute to achieving a brighter and more uniform complexion resulting 

in skin looking more radiant and reducing the appearance of dullness or uneven skin tone [73]. 

Kokura et al. conducted a study that highlights the impressive potential of silver nanoparticles 

as effective preservatives in cosmetic products [74]. 

2.3.2 Electronics 

The increased demand for larger and brighter screens in modern televisions and computer 

monitors drives the widespread use of NPs in display technology. Ag nanowires and spheres 

have been used as pastes and inks in printed circuit board manufacturing, as well as electrodes 

for thin-film transistors [75]. They find use in data storage devices, optoelectronics, and 

intercalation-based battery materials [76].  Cho et al. demonstrated that Ag NPs boosted the 

performance of surface-enhanced blue LEDs. The efficiency of the SP-enhanced blue LED 

improved by 72% when Ag NPs were bonded to the p-GaN layer [77]. 

2.3.3 Medicine 

Through the use of NPs in drug delivery, nanotechnology has improved the medical industry. 

Drug delivery to particular cells can now be done on a targeted basis [78]. Ag is used in some 
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Ayurvedic (traditional Indian medicine) procedures. A common recommendation is to use Ag 

to improve memory. In some medication formulations, Au is added to support a child's 

cognitive health [79]. Peng et al. developed a biosensor device using gold nanoparticles that 

can identify lung cancer by analysing an individual's exhaled breath [80]. 

2.3.4 Food 

Improvements in food production, processing, preservation, and packaging are made possible 

by NPs. In a food packaging process, the incorporation of a nanocomposite coating allows for 

the direct introduction of antimicrobial substances onto the surface of the coated film. In the 

canola oil production industry, an example involves the utilisation of nano drops, an additive 

specifically designed to facilitate the transfer of vitamins and minerals within the food [81]. 

Shafrina et al. explored the effects of combining LDPE film packaging with Ag NPs and a 

modified atmosphere on the shelf life of chicken breast fillets [82]. 

2.3.5 Construction 

Construction processes have been improved by NPs, which has made them safer, quicker, and 

more inexpensive. For instance, when NPs are incorporated into conventional concrete, it 

enhances its mechanical properties and durability. Similarly, the inclusion of haematite (Fe2O3) 

NPs leads to increased strength in the concrete [83]. Hegazy et al. studied the impact of 

colloidal copper nanoparticles as an additive in corrosion-resistant coatings for steel [84]. 

 

      

Figure 2.10: Various potential uses of NPs in different sectors [85].                                                                                                                                                                      
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2.4 Architecture of Organic Solar Cell 

OSCs are fabricated using the spin coating method. OSC device is made up of multiple layers 

as illustrated in Figure 2.12. It consists of two electrodes, one optically transparent as an anode, 

and a metal as a cathode.  

         

Figure 2.11 Architecture of an Organic Solar Cell. 

 

2.4.1 Anode 

The Anode is a layer which gets exposed to light within the device. Indium Tin Oxide (ITO) is 

a front electrode depending on architecture. The layer performs two functions; it gathers the 

photogenerated holes as an anode and serves as a transparent window layer [86]. Sungo et al 

used ITO as an electrode for their organic solar cell structured as ITO/PEDOT: PSS-Ag 

NPs/P3HT: PCBM/LiF which demonstrated an 8% increase in their power conversion 

efficiency primarily due to the increased surface roughness of the PEDOT: PSS [87]. 

2.4.2 Hole Transport Layer 

Poly(3,4-ethylene dioxythiophene) polystyrene sulfonate (PEDOT: PSS) is frequently used as 

an HTL due to its ability to improve hole collection at the ITO electrode [88]. Gao et al used 

PEDOT: PSS as their HTL for their Bulk heterojunction organic solar cell with the structure 

ITO/PEDOT: PSS-Au NPs/P3HT: PCBM/Al It has been found that the power conversion 

efficiency increased from 3.50% to 4.07% after incorporating the 60 nm Au NPs [89]. 
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2.4.3 Electron transport layer 

Electron Transport Layer (ETL) is a layer in which charge carriers are generated as a result of 

most incident light absorption, P3HT: PCBM is usually used as an ETL [90]. The ETL extracts 

and transports electrons while also preventing the undesired movement of hole carriers [91]. 

Paul et al. used P3HT: PCBM as an electron transport layer for their organic solar cell [92]. 

2.4.4 Cathode 

This is the Top layer which is usually made of Ag, Au, or another metal with a suitable work 

function to facilitate improved electron transport. Xiong et al used aluminium as a cathode in 

their organic solar cell fabrication The PSC devices with architecture ITO/PEDOT: PSS (with 

or without Ag NPs)/P3HT: PCBM/Al The results showed that power conversion efficiency 

increased from 2.28 to 2.65 % when 0.1 wt% Ag NPs was incorporated in PEDOT: PSS layer 

[93].                 

2.5 Nanoparticles in Organic Solar Cells 

The incorporation of metal NPs into OSCs has the potential to improve power conversion 

efficiency (PCE) [94]. Recent studies have shown that the most commonly used light-trapping 

strategy involves integrating metallic NPs into the ETL/HTL layer of an OSC [95]. The 

improvements in these layers enhance the extraction of charge carriers toward the electrodes 

and reduce the recombination of charge carriers at the interface between the cathode ITO and 

the photoactive layer. This could enhance the performance of the OSCs [95]. 

      

Figure 2.12 The device structure of an OSC with Ag NPs incorporated in the (a) HTL layer 

(PEDOT: PSS), and (b) ETL layer (P3HT: PCBM). 

 In their study, Lee et al. explored the incorporation of Ag NPs ranging in diameter from 10 to 

100 nm into the PEDOT: PSS layer of the OSC. As a result, the PCE of the solar cell reached 

a notable 8.6% [96]. Otieno et al. investigated the plasmonic resonance of Au inside the 
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PEDOT: PSS layer. Their findings showed a 32.4% improvement in PCE [97]. Goru et al. 

incorporated Ag and Au NPs in the P3HT: PCBM layer to enhance light absorption, the NPs 

varied in size from 10 to 50 nm. The PCE was found to be  4.21% and 4.44%, respectively  

[91]. 

2.6 Cellulose 

The most widely used polymer on earth is cellulose, produced by plants, algae, and certain 

bacterial species [98]. Plants and marine organisms like tunicates, have large amounts of 

cellulose while algae, fungi, and bacteria have smaller amounts of cellulose [99]. Cellulose 

exists in two forms, cellulose I and II, and is the primary constituent of all-natural fibers [98]. 

Many hydroxyl groups in the cellulose chain cause a network of intra- and inter-molecular 

linkages [100]. Hydroxyl groups in cellulose help form hydrogen bonds, creating a micro-

fibrillated structure of crystalline and amorphous parts [101]. Nishiyama et al. conducted a 

study on the structure of cellulose, revealing that it has two crystal phases, namely I𝛼 and I𝛽. 

The I𝛼 crystal phase has been identified in the cell walls of certain algae organisms, whereas 

the I𝛽 crystal phase is predominantly found in cotton, wood, and ramie fibers [102]. 

                   

Figure 2.13: Chemical structure of cellulose [103]. 

 

2.6.1 Bacterial cellulose 

In 1886, Brown studied the existence of cellulose generated by bacteria, called bacterial 

cellulose (BC) [104]. BC can be found in various sources, such as vinegar, fruits, vegetables, 

and alcoholic beverages [105]. BC is produced as a thick white gel by an acetic acid bacteria 
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called Gluconaceto bacter xylinus. BC possess the following characteristics, 60-90% cellulose 

crystallinity, high purity, high mechanical strength, full biocompatibility, and a high degree of 

polymerization [106, 107]. Although the chemical structure of BC is similar to that of plant-

based cellulose, BC has many benefits because its formation is not dependent on climate, 

happens readily, and is not associated with hemicellulose, lignin, or pectin [108]. 

                  

Figure 2.14:  Biosynthesis of bacterial cellulose. 

Guzel et al. explored the use of citrus peels for the production of BC. The results demonstrated 

that the BC had favourable properties, making it a potential material for various industrial 

applications [104]. Ha et al. investigated the use of waste beer culture broth to produce BC. 

They found that the waste beer culture broth provided an effective and low-cost medium for 

BC production [109]. It is challenging for BC to produce a transparent film with sufficient 

strength due to the hydrogen bonds that hold the BC fibers together. Therefore BC tends to be 

produced to a nanoscale size through acid hydrolysis, enzymatic hydrolysis and tempo-

mediated oxidation methods [110].  

2.6.1.1 Production of Bacterial Cellulose NanoCrystals (BCNCs) 

The BC can be processed into bacterial cellulose nanocrystals (BCNCs) by enzymatic and acid 

hydrolysis methods. BCNCs, also known as nanowhiskers, are rigid and resemble an extended 

crystal rod. BCNC usually exhibits lengths between 50 and 600 nm and widths between 3 and 

50 nm [99]. 

2.6.1.1.1 Acid hydrolysis 

The acid hydrolysis is a process that converts fine pulp bacterial fibers into BCNCs, by 

breaking down the fiber's amorphous domains and splitting down hydrogen bonds [111]. The 

two primary reactions that occur during this process are the breakdown of glycosidic bonds 
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and the addition of ester groups to the surface hydroxy (OH) groups [112]. Cellulose chains 

shorten due to the rapid breakdown of glycosidic bonds, which primarily occurs in the less 

organised regions of cellulose. This leads to the retention of mostly crystalline regions in the 

cellulose structure [113]. 

Different kinds of acid treatments, such as hydrochloric (HCl), sulfuric (H2SO4), and 

phosphoric acids (H3PO4), have been used to produce BCNCs [114]. Every treatment adds 

unique functional groups to the surface of the fibres, affecting their colloidal stability. HCl 

acid-generated BCNCs have suboptimal colloidal stability, while H2SO4 acid-produced 

BCNCs have highly stable colloidal dispersion due to negatively charged sulfate ester groups 

[115]. The important condition in the hydrolysis process is to preserve the basic structure of 

the BC backbone [116]. Three primary factors influence the outcome of the acid hydrolysis 

reaction; the duration of the reaction, the temperature, and the concentration of acid used [117].  

 

Figure 2.15:  Isolation of cellulose nanocrystals derived from bacterial cellulose through acid 

hydrolysis. 

The optimization of reaction conditions is crucial for controlling the yield and properties of 

BCNCs in the isolation process [117]. A fine balance is required to get the best hydrolysis since 

too long of a reaction time breaks down the cellulose fiber, while short of a period results in 

big, insoluble fibers and aggregates [118]. Le Gars et al. reported a high yield amount of 

BCNCs. Their method involved several stages, including the mechanical pre-treatment of 

cellulose, controlled acid hydrolysis, and subsequent post-treatment steps such as 

homogenization and ultrasonication. By applying these methods together, they were able to 

produce a high yield of BCNCs [117]. 
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2.6.1.1.2 Enzymatic hydrolysis 

Enzymatic hydrolysis is a heterogeneous reaction where enzymes such as endoglucanase, 

cellobiohydrolase, and cellobiase work together to break down hydrogen bonds that connect 

BC fibers to produce BCNCs [119, 120]. Enzymatic treatment does not modify the structure of 

BC since it targets the amorphous areas of BC fibers, leading to lower energy requirements for 

homogenization or microfluidization [121]. The following factors influence the enzymatic 

process; temperature, the enzyme concentration, and the length of time the enzyme is active 

[122]. Higher enzyme concentrations generate an expected increase in enzyme adsorption onto 

the BC fibers, which in turn increases the rate of enzymatic hydrolysis [123]. George et al. 

reported BCNCs with a size range of 100–300 nm in length and 10–15 nm in diameter after a 

12-hour enzymatic treatment [122]. 

 

Figure 2.16: Isolation of cellulose nanocrystals from bacterial cellulose by enzymatic 

hydrolysis. 

 

2.6.1.2 Production of cellulose nanofibers 

Bacterial cellulose nanofibers (BCNF) are a collection of elongated nanofibers. Fibers made of 

BC are elastic and bound together, with a large surface area [124]. BCNFs are isolated through 

the Tempo-mediated oxidation method. 

 

 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



27 
 

2.6.1.2.1 TEMPO-mediated oxidation 

The TEMPO-mediated oxidation process weakens the hydrogen bonding between BC fibers, 

separating them into BCNFs [125]. This is achieved by mitigating the negative or positive 

charges on the fiber surfaces and introducing carboxylic (COOH) groups to the BC fibers 

during the oxidation process [126]. TEMPO-mediated oxidation is recognized for its ability to 

decrease the thermal stability of nanocellulose and improve the colloidal stability of the 

resulting cellulose nanofibrils [127]. Zheng et al. reported BCNFs with reduced thermal 

stability when produced using the TEMPO-mediated oxidation method [128]. Saito et al. 

reported that individual BCNFs can be prepared by TEMPO-mediated oxidation followed by 

mild mechanical treatment. They also reported BCNFs with reduced thermal stability  [129]. 

 

Figure 2.17: Isolation of cellulose nanofibers from bacterial cellulose by tempo-mediated 

oxidation. 

 

2.7 The use of BC in organic solar cell  

Recently a transparent cellulose film has emerged as a novel green material to improve the 

efficiency of organic solar cells [130-132]. The primary goals for developing novel organic 

solar cell substrates are to use materials that are transparent, flexible, thermally stable, 

sustainable, and recyclable. These properties have been proven in transparent cellulose films 

[133-136]. Hu et al. created cellulose film with a light transmission of over 90%, showcasing 

its application in solar cells for the first time. Their research revealed that optical transparency 

is positively impacted by a transparent CNF film's width [137]. Solar cell that is made up of 
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flexible substrate have several advantages over traditional rigid solar cell made of glass or 

silicon wafer substrates. These include being thin, lightweight, portable, easy to integrate over 

curved or uneven surfaces and less risk of breaking [138] and having superior mechanical 

properties attributed to a higher packing density of fibers [139] 

Research has indicated that the utilisation of polymers in solar cell devices can increase light 

absorption in the module. This could increase the power conversion efficiency of solar cells 

[140]. Zhou et al. recently demonstrated a cellulose-based organic solar cell with a 2.7% power 

conversion efficiency. However, the random distribution of cellulose fibers in the film caused 

light scattering and reduced transmittance [141]. 

 

Figure 2.18:  Schematic of cellulose-based organic solar cell. 
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3 Chapter 3: Effect of plasmonic silver nanoparticles in PEDOT: PSS layer 

 3.1 Introduction 

Conducting polymers (CPs) are widely recognised as innovative materials that merge the 

specific parameters of metals, which include electrical and optical properties and charge 

transfer [1]. Poly (3,4-ethylene dioxythiophene): Poly (styrene sulfonate) (PEDOT:PSS) is a 

conductive polymer that offers excellent transparency, low density, and high thermal stability 

[2]. PEDOT:PSS is made up of negatively charged insulating PSS and positively charged 

conjugated PEDOT [3]. This is a deep blue microdispersion that is normally used as a hole 

transport layer (HTL) in solar cell devices [4]. PEDOT:PSS films can be fabricated using the 

PEDOT: PSS aqueous dispersion through solution-processing methods such as spin coating, 

slot die coating, and spray deposition [5]. 

Plasmonic nanoparticles with tunable optical resonance properties improve the absorption of 

light by amplifying photocurrents in Organic Solar Cells (OSCs) through light-trapping 

methods [1]. Surface plasmon resonance (SPR) is a behaviour at the frequency of the dipole 

surface plasmon caused by the surface's confinement of the nanoparticle's (NPs) internal 

conduction electrons and the creation of a powerful restorative force [6]. Plasmons can result 

from the interaction of conduction electrons and electromagnetic waves with metallic NPs 

(localized plasmon) [7]. In OSCs, various metal NPs including platinum (Pt), gold (Au), and 

silver (Ag) are being researched since they can improve light absorption [8]. 

The application of SPR derived from metal NPs integrated into the PEDOT:PSS layer has been 

reported [9, 10]. Plasmonic enhancement is regarded to be one of the best techniques due to its 

simple method, high efficiency, and the ability to modify the size, shape, and composition of 

the particles to manipulate the plasmon absorption wavelength [11]. The metallic NPs are 

encapsulated within a matrix of a dielectric material like polymer (PEDOT:PSS) since their 

dipole surface plasmon frequency enables them to interact with light very intensely due to the 

NPs' collective electron velocity being excited [6]. 

Most of the research on the improvement of OSCs using SPR in devices has centered on metal 

NPs of various sizes doped in the active layer. Therefore, in this study, we demonstrate a doping 
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method for adding Ag NPs to the HTL of OSCs to improve the absorption of light. We also 

investigate Ag NPs impact on our PEDOT:PSS film’s structural and optical properties. 

3.2 Materials and Instrumentation 

3.2.1 Chemicals 

Silver nitrate (AgNO3), Trisodium citrate (Na3C6H5O7), Ethanol amine(C7H7NO), and Sodium 

borohydride (NaBH4) were obtained from Sigma Aldrich. Glass substrates and PEDOT: PSS 

were obtained from Ossila. 

3.2.2 Characterization Techniques 

Field emission gun transmission electron microscope (FEG-TEM, Jeol 2100) and field 

emission scanning electron microscope (FE-SEM Zeiss SEM Microscope Crossbeam-540) 

were used to characterise the morphology of the samples. The optical absorbance was measured 

using an Agilent Cary 60 UV–Vis spectrophotometer; the scan range for UV–Vis’s absorption 

was between 200 – 800 nm. The crystallographic structure of the films were determined by 

XRD using a PANalytical X'Pert Pro powder diffractometer with an X'Celerator detector. The 

system used Fe-filtered Co-Kα radiation (λ = 1.789Å), adjustable divergence, and fixed 

receiving slits. WITec Raman microscope model alpha300 RAS was used for examining the 

films' structural organization and Raman spectra. The LWX100 microscope objective was used 

to focus on an excitation wavelength of 532 nm, using a power of 0.012 W. 

3.2.3 Experimental 

3.2.3.1 Synthesis of Ag NPS  

Ag NPs were synthesized using the chemical reduction method. Specifically, an aqueous 

solution of NaBH4 (10 mL, 20 mM) was added to a 100 mL aqueous solution containing 

AgNO3 (0.25 mM) and trisodium citrate (0.25 mM). The reaction mixture was stirred for 30 

minutes until a yellow colloidal silver solution formed. 

 

 

 3.2.3.2 PEDOT:PSS samples fabrication 
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PEDOT:PSS was first filtered through a hydrophilic filter, it was then doped with 1 mL of 

ethanol ammine before being spin-coated on glass at 3000 rpm for 30 s. Different amounts of 

Ag NPs were prepared by adding 10, 20, and 30 𝜇𝐿 of Ag NPs solution into a 100 ml blend of 

PEDOT: PSS and ethanol amine. The first solution was without Ag NPs while the other 

solutions contained varying amounts of Ag NPs. The thin films underwent a 15-minute 

annealing process at a temperature of 120°C, then followed a cooling process to get them to 

room temperature. 

 3.4 Results and Discussion 

3.4.1 UV-Vis spectroscopy 

The UV/Vis spectrum of the Ag NPs in Figure 3.1a shows an intense peak at 389 nm indicating 

the formation of Ag NPs. The reduction of Ag+ ions to Ag NPs using NaBH4 resulted in the 

development of a unique absorption spectrum between 350 and 450 nm, attributed to the 

surface plasmon resonance (SPR) of the metal's conducting electrons in the colloidal silver. 

The 389 nm intense peak did not expand, indicating that there is little, or no agglomeration as 

seen in Figure 3.1a [8]. In a study by Zienliska et al. similar outcomes were observed. The 

presence of a significant plasmon band around 400 nm in the silver colloid's spectra confirmed 

the reduction of Ag+  to Ag° in the aqueous phase  [12].  
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 Figure 3.1: UV/ Vis spectra of (a) Ag NPs, (b) P3HT: PCBM, PEDOT: PSS (c) pristine and 

(d) at different volumes of Ag NPs. 

 

The absorption spectrum of the P3HT: PCBM blend is illustrated in Figure 3.1b There are two 

primary absorption peaks observed at approximately 340 nm and 510 nm, corresponding to 

PCBM and P3HT, respectively. P3HT is primarily responsible for the majority of the absorption 

in the blended film. Its absorbance is higher than that of PCBM, particularly in the 450–600 

nm region. At roughly 600 nm, a vibronic structure is observed in regioregular P3HT. We 

attribute this vibronic structure to the ordered state attained by the regioregular P3HT [13]. Our 

findings align with those reported in previously published articles [13]. 

Figure 3.1c and d shows UV-Vis results of PEDOT: PSS at various volumes of Ag NPs. The 

transparent polymer pristine PEDOT: PSS is shown by the absence of an absorption peak in 

Figure 3.1c. There is one primary plasmon absorption band at 435 nm in PEDOT: PSS with 

various volumes of Ag NPs illustrated in Figure 3.1d, which demonstrates that their integration 

had an impact on the PEDOT: PSS absorption. The peak intensity of 30 μL is higher than the 
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20 and 10 μL, implying that increasing the volume of Ag NPS results in a proportional increase 

in the intensity of the maximum plasmon peak. The volume of Ag NPs in the colloidal solution 

directly correlates with the intensity of an absorption peak [14]. 

3.4.2 Transmission electron microscopy  

Figure 3.2 shows a transmission electron microscopy (TEM) image of water-soluble citrate 

stabilized Ag NPs and their size distribution. The TEM image (Figure 3.2a) shows that the Ag 

NPs have elongated spherical morphology and are widely dispersed. The particle size 

distribution shown in Figure 3.2b indicates that the produced NPs have an average diameter 

of 22(2) nm, with a size range of 10 – 70 nm.  In a chemical synthesis process, the size and 

distribution of nanoparticles are dependent on the relative speeds of nucleation and growth 

processes as well as the agglomeration phenomena [15].  Zaheer et al.'s findings, as revealed 

by TEM images, indicated that the silver solution contains well-dispersed spherical NPs with 

a particle size range of 10 to 30 nm. This is consistent with our research results [16]. 

 

Figure 3.2: (a) TEM image of Ag NPs and (b) graph of particle size distribution curve of Ag 

NPs. 

 

3.4.3 Scanning electron microscopy  

SEM analysis was conducted to examine the surface morphology of PEDOT:PSS at different 

volumes of Ag NPs. Figure 3.3 shows SEM images of the PEDOT:PSS layer onto the ITO 

substrate. The images show full coverage of the polymer on top of the ITO; ethanol amine had 

an impact on this complete coverage since it enabled PEDOT:PSS to attach to the ITO 

substrate. Various volumes of incorporated Ag NPs in PEDOT:PSS are illustrated as white dots 
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in Figures 3.3b through d. The visual images in our study are comparable to those of Liu et al. 

[8]. Figure 3.3a is a pristine PEDOT:PSS, the image shows a coarse surface. As shown in 

Figures 3.3b and c, the Ag NPs were dispersed uniformly across the PEDOT:PSS layer with no 

clear aggregation, while Ag NPs with the highest volume aggregate into clumps of NPs (Figure 

3.3d). Moreover, the NPs exhibit a spherical shape. 

It is crucial for the uniform deposition of Ag NPs to prevent any aggregation, as the clustering 

of Ag NPs may lead to device shortages or undesirable alterations in the emissive properties. 

These changes can include shifts in the spectrum, alterations in directionality, and even 

modifications in polarization [17]. 

 

 

Figure 3.3: SEM images of (a) pristine PEDOT: PSS and the integration of Ag NPs into 

PEDOT: PSS using (b) 10 μL, (c) 20 μL (d) 30 μL volumes. 

 

3.4.4 Raman spectroscopy 

Figure 3.4 shows Raman spectra of PEDOT:PSS at various volumes of Ag NPs. Pristine 

PEDOT:PSS thin film presents three vital bands at 446, 930, and 1567 cm-1 related to (C-S-C), 
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(O-S), and (C∞ -Cβ) asymmetric stretching, respectively. After the incorporation of Ag NPs, for 

a volume of 10 μL the spectrum locations change to 436, 925, and 1579 cm-1; however, for 20 

μL and 30 μL of Ag NPs, the band positions move to 446, 930, and 1575 cm-1 and 441, 925, 

and 1571 cm-1, respectively. The shifting of these bands results from structural modifications 

after adding various concentrations of Ag NPs. Which also indicates a blue shift.  

According to studies, the band between 1400 and 1500 cm-1 is crucial for determining the 

structure of the PEDOT:PSS chain. Raman spectra's strongest peak at 1435 cm-1 is generated 

by the (C∞ = Cβ) symmetric stretching vibration of PEDOT:PSS, indicating the emergence of a 

shape resembling a quinoid. The findings from Sarkar et al. and ours are in good agreement 

[18]. As a result, it is identified through the analysis of Raman spectra that PEDOT:PSS 

structure transitions from a benzoid to a quinoid form [19]. 

 

      

Figure 3.4: Raman spectra of PEDOT: PSS at different volumes of Ag NPs. 

 

3.4.5 XRD diffraction 

Figure 3.5 shows XRD patterns of pristine PEDOT:PSS and PEDOT:PSS incorporated with 

various Ag NPs volumes. In general, PEDOT:PSS exhibits an amorphous nature. According to 

several research reports [20, 21] a peak associated with PEDOT:PSS that was supposed to exist 
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at about 25° was absent. Our observations however show a broad diffraction peak at 2𝜃 ≈ 28°. 

This implies that there is a very low crystallinity among the polymer chains because of the 

relatively wider peak [22]. The peaks at 28,17, 27,23, 27,77, and 28,22° are observed for both 

samples and they are associated with PEDOT:PSS. When nanoparticles are present, PEDOT: 

PSS films exhibit a composite character, as demonstrated by X-ray diffraction analysis. 

After incorporation of the NPs, a sharp diffraction peak emerged at 2𝜃 ≈ 45° which corresponds 

to the (200) crystallographic plane of the face-centred cubic (FCC) phase of Ag [23]. Peak 

intensity decreases as Ag NPs volume increases due to reduced crystallinity in the film [24]. 

                   

Figure 3.5: XRD patterns of PEDOT:PSS for pristine and at different volumes of Ag NPs 

 

3.5 Conclusion 

The Ag NPs were incorporated in the PEDOT:PSS layer to improve light absorption. The TEM 

analysis indicates that the Ag NPs vary in size from 10 to 70 nm. Based on the TEM images, 

the NPs are widely scattered and have a primarily spherical morphology. The UV-Vis 

absorption spectra show that the Ag NPs exhibit a surface plasmon absorption band at a 

maximum of 389 nm, providing evidence that there are spherical Ag NPs present. The 

absorption peak in Figure 3.1b demonstrates lower light absorption at 10 μL volume of Ag NPs. 
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In contrast, the absorption peak at 30 μL volume of Ag NPs exhibits increased light absorption, 

implying that the incorporation of Ag NPs enhanced PEDOT:PSS absorption. 
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4 Chapter 4: Fabrication of transparent and flexible Bacterial Cellulose/PVA 

composite substrate 

4.1 Introduction 

Cellulose is a natural polymer, produced by plants, and certain bacterial species [1]. It can 

produce materials that are biocompatible and environmentally friendly [1]. Cellulose fibers can 

be used to make highly transparent and smooth films which can be used as substrates for solar 

cells [2, 3]. Bacterial cellulose (BC) is produced by Gram-negative, acetic acid bacteria 

Gluconacetobacter xylinus and it can be found in various sources such as vinegar, fruits, 

vegetables, and alcoholic beverages [4]. It has been reported that bacteria produce cellulose as 

a means of protection against ultraviolet radiation, chemical environments, and to facilitate 

access to oxygen [5, 6].  

BC has high crystallinity (60–90%), high mechanical strength, and full biocompatibility [7]. 

Therefore, due to these unique properties, BC is particularly common and interesting among 

various sources of cellulose.  Additionally, the use of BC eliminates the need for wax, lignin, 

hemicellulose, and pectic substances all of which are normally found in cellulosic products 

made from plants [8]. In this study, we report the Fabrication of composite films using BC and 

Polyvinyl alcohol (PVA) as a binding agent to produce a flexible and transparent substrate.   

4.2 Materials and Instrumentation 

4.2.1 Chemicals  

Sulfuric acid (98%, H2SO4), absolute ethanol (C2H5OH), ammonium sulfate ((NH₄)₂SO₄), 

sodium hydroxide (NaOH), nitric acid (HNO3, 55%) sucrose (C12H22O11), magnesium sulfate 

hexahydrate (MgSO4.7H2O), hydrochloric acid (HCl, 32%), sodium hypochlorite (NaClO), 

potassium phosphate (KH2PO4), dialysis tubing cellulose membrane (flat width 43 mm)  and 

acetone (C3H6O) were obtained from Sigma Aldrich. Kombucha tea, green tea (rooibos), brown 

sugar, and silicon moulds were obtained from South African commercial retailers.  

 4.2.2 Characterization Techniques 

In this investigation, the optical transmittance was measured using an Agilent Cary 60 UV-Vis 

Spectrophotometer. The UV-Vis transmittance scan range is 200- 400 nm for UV and 400– 800 

nm for visible light. Fourier transform infrared (FT-IR) spectra were obtained using a Perkin-
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Elmer Spectrum 100 FT-IR Spectrometer (USA) with a diamond crystal ATR accessory within 

the 4000 – 400 cm-1 range. Transmission electron microscope (TEM) images were obtained 

using a field emission gun transmission electron microscope (FEG-TEM, Jeol 2100). Before 

TEM imaging, the BC fibers were sonicated and negatively stained with uranyl acetate. Fiber 

dimensions were calculated using ImageJ Software. Scanning electron microscope (SEM) 

images were obtained using a field emission scanning electron microscope (FE-SEM Zeiss 

SEM Microscope Crossbeam-540). SEM images of the BC substrate were obtained at an 

acceleration voltage of 5.00 kV because of the substrate's sensitivity to the field emission gun. 

X-ray diffraction analysis (XRD) was carried out using a Bruker, AXS D2 phaser Advance X-

ray diffractometer (Germany), using a copper (Cu) source with Kα1 = 0.154 nm. 

Thermogravimetric analysis of the substrates was measured using a Perkin Elmer Simultaneous 

Thermal Analyzer (SDT 600) under N2 conditions, heating to a maximum of 850 °C at 10 °C 

min-1.  

 4.2.3 Experimental 

 4.2.3.1 The development of a symbiotic culture of bacteria and yeast 

(SCOBY) 

 A 500 ml beaker was sterilized and filled with kombucha tea. Separately, 500 ml of green tea 

was brewed with boiling water and allowed to cool to room temperature before being mixed 

with the kombucha tea. Then, 85 grams of commercial brown sugar was added to the kombucha 

and green tea mixture and stirred until fully dissolved. Two 500 ml beakers, previously 

sterilized, were equally filled with the mixture. The beakers were kept at room temperature in 

the dark and covered with semi-permeable fabric. After two weeks, the SCOBY was extracted 

from the kombucha tea medium for subsequent use in BC biological production.  
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Figure 4.1: A visual representation of the SCOBY growth process. 

 

 4.2.3.2 Biological Growth of BC 

Following accepted procedures [9], a Hestrin and Schramm (HS) medium was made for the 

cultivation of BC. A solution of 55 g sucrose, 10 g ammonium sulfate, 10 g yeast extract, 7 g 

potassium phosphate, and 0.1 g magnesium sulfate heptahydrate was prepared for the HS 

medium by dissolving all the ingredients in 500 mL of boiling water. The HS medium solution 

was left to cool to room temperature.  The HS medium was transferred to a clean plastic bowl 

with the SCOBY. A semi-permeable covering was placed over the bowl and was incubated at 

room temperature in a dark and aerobic area. After two weeks, the BC pellicle was removed 

and cleaned with water. The BC pellicle was treated with a 0.25 M NaOH solution for 24 hours 

subsequently, a 15 wt% NaClO solution was used for bleaching. The bleached BC pellicle was 

rinsed with water and stored in double-distilled water, maintaining a pH of approximately 7.  

  

Figure 4.2: A Hestrin and Schramm (HS) medium for the growth of BC using SCOBY. 
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4.2.3.3 Hydrolysis of BC to BNF 

A home blender was used to break down the BC pellicle into smaller pieces and liquefy it. The 

liquefied BC was vacuum-filtered for an entire night to get rid of extra water, giving it a pulp-

like texture. The BC pulp was hydrolysed by stirring it at 55 °C with 60 wt% H2SO4, keeping 

the ratio of 0.5 g BC pulp to 1 mL H2SO4. The hydrolysis reaction was stopped after five hours 

by diluting the reaction fluid tenfold with cold deionized water (DI water). Before starting 

dialysis, the hydrolysed BC was centrifuged several times to lower the sulfuric acid level. After 

being added to MCE dialysis tubing, the acid-BC mixture was dialysed in a DI-water reservoir 

while being constantly stirred. The DI-water's pH was checked regularly by replacing the water 

every hour until it reached a PH of 6. After being dialysed, the BC mixture was placed in a 

glass bottle and then examined using SEM and TEM to verify that it was indeed bacterial 

nanofibers (BNF). 

 

Figure 4.3: The method of hydrolysing bacterial cellulose to produce bacterial nanofibers.  

 

4.2.3.4 Fabrication of BNF: PVA composite substrates 

The method employed in this experiment follows that used by Gounden et al [10]. Polyvinyl 

alcohol (PVA) was dissolved in 50 mL of DI water while being continuously stirred under 

reflux conditions to make a 5 wt% solution. The composition optimization was conducted by 

varying the BNF-to-polymer ratios to make the substratess. To create a homogenous 
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combination of BNF and PVA, the required volumes of both solutions were mixed in centrifuge 

tubes. The tubes were then subjected to ultrasonication for 15 minutes. The homogeneous 

mixtures were poured into silicon mold and allowed to air-dry for 3 days. PVA was utilized in 

lesser quantities, due to its role as a strengthening agent and its capacity to enhance the 

mechanical properties and processing capabilities of BNF substrate. 

Table 4.1: The composite substrates's BNF to polymer ratios. 

Ratio of  

BNF: PVA 

BNF 

(10 mg mL -1)  

 

PVA 

(5 wt.%)  

 

Total weight of substrate 

mL mg μL mg Expected 

mg 

Actual 

mg 

BNF 5.0 50 0 0 50 49.84 ± 0.06 

PVA 0 0 5.0 50 50 49.84 ± 0.06 

90:10 4.5 45 100 5 50 49.8±  0.01 

70:30 3.5 35 300 15 50 49.97± 0.06 

50:50 2.5 25 500 25 50 50.0 ±  0.06 

 

 4.3 Results and Discussion  

In static growth, bacteria are usually produced in a culture medium that has all the nutrients 

needed for their growth. During the cultivation process, the culture media is left static, meaning 

not shaken. As a result, the BC pellicle accumulates at the air-liquid interface, where oxygen 

is sufficient. A gel-like BC pellicle grown in static conditions is shown in Figure 4.4a. It 

initially had a natural yellowish colour after the static growth process. The yellow colour is due 

to the presence of protein and organic impurities obtained from yeast extracts or bacterial cells 

during the production of BC [11]. Subsequently, the colour turned white after undergoing the 

purification process (Figure 4.4b). It was treated with sodium hydroxide (NaOH) to remove 

the organic impurities and consecutively bleached with sodium hypochlorite (NaOCl) which 

helped with the transparency of the pellicles. The bleaching effect of the NaOCl solution has 

been reported to be exceptional since it reacts with water to form a weak acid (HOCl) and a 

strong base (OCl-) [11, 12], as shown by equations (1) and (2). 
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NaOCl + H2O → Na+ + OCl−                                                                                                                                                  ( 1)                                                                           

OCl− + H2O → HOCl + OH−                                                                                                  ( 2) 

                                

Figure 4.4: BC pellicles produced in static cultivation (a) before and (b) after purification 

treatment. 

The two-step purification process eliminates non-cellulose materials such as proteins and 

nucleic acids from the pellicle, enabling the development of strong inter- and intra-fibrillar 

hydrogen bonds [11], also making it possible to see easily inside the gel. 

4.3.1 Scanning electron microscopy  

Figure 4.5 shows the SEM micrographs of the BC before and after acid hydrolysis. The BC 

has a porous morphology, with nanofibers arranged in a three-dimensional reticulated network 

(Figures 4.5a and 4.5b). The fiber morphology closely resembles that described in the study by 

Abba et al. where their fibers measured 200 nm in diameter [13]. The average width of the BC 

fibers is about 82,17 ± 1,54 nm and the fiber lengths were indeterminable using ImageJ due to 

their excessive length. Due to its three-dimensional reticulated network, BC is more 

biocompatible than collagen fiber-woven extracellular matrix [14]. The BC went 

through hydrolysis to produce bacterial nanofibers (BNF). Sulphuric acid (H2SO4) was used to 

break down the fiber's amorphous region and split down hydrogen bonds of BC fibers resulting 

in BNF.  

(a) (b) 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



57 
 

      

    

Figure 4.5: SEM images of BC at two different magnifications before hydrolysis (a) 50 KX 

(b) 100 KX, after hydrolysis (c) 50 KX and (d) 100 KX. 

 In Figures 4.5c and 4.5d, the fibers of BC after hydrolysis are no longer interconnected with 

each other. The hydrolysis treatment caused bundles of BNF to aggregate and form. Before 

hydrolysis, the BC did not contain these bundles (Figures 4.5a and 4.5b). The partial expansion 

of the nanofibril fragments, whose surfaces tend to stick to one another, appears to be what 

causes the formation of the BC nanofiber bundles. The crystalline domains of BC are more 

resistant to hydrolysis than the amorphous regions because they have strong hydrogen bonds, 

whereas the amorphous regions are poorly aligned and less compact [15].  

4.3.2 Transmission electron microscopy  

Figure 4.6 shows TEM micrographs of BNF. The morphological and dimensional analyses 

shown in Figure 4.6a confirmed the hydrolysis of the long BC fibers, resulting in a measurable 

reduction to the nanometer scale. The needle-like structure of the BNF is similar to that 

obtained by Dai et al. in their study [16].  The BNF exhibited an average length of 696.16 nm 

± 11.55 nm and an average width of 12.18 nm ± 0.61 nm. Comparing the width and length of 

BC fibers in Figure 4.5a and 4.5b to that of the BNF in Figure 4.6a, it is evident that the 

hydrolysis reduced both the width and length of the fibers.                          

(a) (b) 

(d) (c) 

200 nm 200 nm 

200 nm 200 nm 
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Figure 4.6: TEM image of BNF (a) and size distribution graph of BNF(b) width and (c) 

length. 

 

4.3.3 XRD diffraction              

Cellulose comprises four crystalline allomorphs - celluloses I, II, III, and IV. Cellulose I is the 

predominant form of cellulose found in nature [16]. Cellulose I's crystalline structure is a 

combination of two different forms: celluloses Iα (triclinic) and Iβ (monoclinic) [17]. BNF: 

PVA composite substrates were analyzed using XRD as shown in Figure 4.7b. The 

diffractograms consistently affirm the semi-crystalline characteristic of BC.  

500 nm 
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 Figure 4.7: XRD diffractograms of (a) Pure BNF and PVA and (b) BNF: PVA composites.  

The diffraction patterns of the pure BNF exhibited three distinct peaks that signify the existence 

of both Iα and Iβ crystal cellulose (Figure 4.7a). The diffraction pattern of the pure BNF sample 

revealed clear reflections at approximately 16.5°, 22.8°, and 34°, which corresponded to the 

monoclinic (010), triclinic (110), and (004) crystallographic planes, respectively [16]. 

However, the BNF/PVA composites display a comparable diffraction pattern profile to that of 

the pure BNF. This indicates that the semi-crystalline structure remains intact throughout the 

experimental process. The results of Gouden et al. and the results from this study have a strong 

correlation [10]. 
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4.3.4 FTIR Spectroscopy 

Figure 4.8 shows FTIR spectra of pure BNF, PVA, and BNF: PVA composites. The FTIR 

spectrum peak around 3355 cm-1 represents the stretching vibrations of OH groups. The 

stretching vibrations of cellulose backbone C-H groups are indicated by the peak that is at about 

2896 cm-1. BNF's spectrum peaks, which fall between 1500 and 1200 cm-1, are receptive to 

changes in chemical and molecular structure [18]. The stretching vibrations of C–O–C and C–

O are connected to the infrared bands in the 1000 – 1200 cm-1 area and are linked to the 

glycosidic connection of cellulose. These results are comparable to that by Dalei et al [19]. 

Table 4.2 lists the key infrared peaks for the pure BNF, PVA, and composite substrates. 

Although pure PVA exhibits a spectrum similar to that of the BNF substrate, it lacks vibrations 

in the 1200 cm-1 to 1160 cm-1 range, which corresponds to the C-O-C vibrations of BNF.  
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Figure 4.8: FTIR spectroscopy of (a) pure BNF (b) pure PVA (C) BC/PVA composite 

substrates. 

 

Table 4.2: Key infrared peaks for the pure BNF, PVA, and composite substrates. 

 

          

Bond assignment 

Peak wavenumber (cm-1) 

 

 

BNF PVA 90:10 70:30 50:50 

OH (stretch) 3355 3287 - - - 

CH (stretch) 2896 2902a, 

2939s 

- 2902a, 

2941s 

2902a, 

2935 

CH2 (stretch) 1423 1415 1413 1411 1411 

C-O (stretch) 1028, 

1055 

1082 1082 1080 1082 

C-O-C (stretch) 1156   - 1143 1141 1143 

CH2 (rocking)   - 915 909 909 911 

a – asymmetric, s – symmetric 

 

4.3.5 UV-Vis spectroscopy 

A material's transparency signifies the extent to which electromagnetic radiation can pass 

through it, making it a crucial consideration in the production of transparent electrodes. 
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Transparent substrates allow light to pass through to the active semiconductor layers of solar 

cells, where conversion takes place. For this reason, attaining high transparency is essential to 

optimizing light absorption and, in turn, improving energy conversion efficiency. Figure 4.9 

provides a visual representation of the transparent BNF/PVA ratio composite substrates that 

were fabricated. The composites are made of BNF:PVA ratio as shown in Figure 4.9, the pure 

BNF substrate was excessively brittle and prone to tearing, making it unsuitable for practical 

applications. Polyvinyl alcohol (PVA) was selected to enhance the mechanical properties and 

processing capabilities of BNF substrates while maintaining the original qualities of BNF 

substrates, such as transparency, and biodegradability. PVA is a versatile synthetic polymer 

used across various industries due to its emulsifying and adhesive properties, water solubility, 

and excellent substrate-forming ability. Moreover, PVA has good shrinkage characteristics, is 

non-toxic and non-carcinogenic, and offers biocompatibility and mechanical strength [20, 21].  

        

 

Figure 4.9: Visual representation of the produced BNF: PVA ratio composite substrates. 

Transparency in the visible region of the electromagnetic spectrum is a crucial requirement for 

producing transparent substrates. Figure 4.10 shows UV-vis spectra of BNF/PVA composite 

substrates. The Pure BNF substrate exhibited excellent light transmission of ~ 69% from 750 -

700 nm, then Consistently, sustained ~ 65% transmittance from 690 nm to 500 nm. In 

comparison to pure BNF substrate, the pure PVA substrate exhibited significantly greater light 

transmission than the pure BNF substrate. It upheld approximately 80% transmission from 800 

nm to 500 nm, with a gradual decline to around 72% between 300 nm and 400 nm. The 

transparency of the pristine PVA surpassed that of the BNF/PVA composite because the 

agglomeration of cellulose likely blocked some of the light from getting through. The variance 

90:10  
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is attributable to both the purity of the BNF and the structural differences between the 

substrates.  

                 

                   

Figure 4.10: Comparison of UV-vis transmittance spectra of (a) Pure BNF and PVA, and (b) 

BNF/PVA composites. 

The 90:10 composite maintained ~ 57% transmittance from 800 nm to 700 nm, which then 

decreased to around 53% between 690 nm and 500 nm. The 70:30 composite exhibited the 

lowest transmittance, reaching approximately 37% between 800 nm and 700 nm, which was 

the lowest among all the composites, and it further decreased to about 34% between 690 nm 

and 500 nm. As for the 50:50 composite, it showed a 56% transmittance between 800 nm and 

700 nm, and it maintained around 51% between 690 nm and 500 nm. There appears to be a 

more noticeable decline in transmission across all substrates when they enter the ultra-violet 
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(UV) region of the spectrum, occurring between 400 and 200 nm. By comparing the 

transmittance of pure BNF and BNF: PVA composites, it is evident that the inclusion of PVA 

decreased the transmittance of the BNF matrix. This observation reinforces the notion of 

interaction between BNF and the polymers in the composite substrates. Of all the composite 

substrates evaluated, the 90:10 ratio appears to be the optimal choice.  

4.3.6 Thermogravimetric analysis 

Thermogravimetric analysis was used to investigate the thermal performance of pure BNF 

and PVA substrates. The TGA thermograms of BNF pristine and BNF/PVA composite 

substrates are shown in Figure 4.11. The first weight loss at lower temperatures between 88 – 

200℃ for both BNF pristine and composites is caused by the evaporation of physisorbed and 

chemically bound water [22]. For pure BNF the second major stage starts at 213 and 381℃ 

and is caused by the elimination of tiny molecular fragments like hydroxyl and hydroxymethyl 

groups [23]. The final stage at 382℃, due to the cleavage backbone of PVA composite 

substrates or the decomposition of carbonaceous matter [22].   

As anticipated, the addition of PVA to BNF resulted in composites with lower degradation at 

temperatures 213- 467℃, as compared to pure BNF, this is due to the structural degradation of 

PVA composite substrates [24]. This suggests that the addition of PVA changed the thermal 

properties of BNF, which certainly makes practical sense given that PVA was added to increase 

BNF's flexibility. The thermograms of PVA were not done due to its rigid nature, the substrate 

couldn't fit in the thermogravimetric machine bowl. The thermal degradation of PVA/BNF 

composites at the second stage may have experienced a sharp decrease due to the decreased 

crystallinity and potentially lower molecular weight of PVA, as these structural parameters can 

impact the thermal degradation behaviour [25]. These findings are similar to those reported by 

Ching et al. [26]. 
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Figure 4.11: Thermogravimetric analysis of pure BNF and BNF/PVA composites. 

 

4.4 Conclusion 

This study reports the fabrication of transparent and flexible substrates made from a composite 

of BNF and PVA polymer used as binding agents. Adding PVA to BNF improved the subtrates's 

flexibility, although it reduced the natural BNF substrates's optical transmittance. SEM analysis 

showed that the BC exhibited a porous structure, with nanofibers forming a complex three-

dimensional network. Additionally, TEM confirmed that the long BC fibers underwent 

hydrolysis, leading to a significant reduction in size to the nanometer scale. It was confirmed 

that the hydrolysis reduced both the width and length of the fibers. The FTIR indicated the 

stretching vibrations of cellulose backbone C-H groups with a peak at about 2896 cm-1 

confirming the existence of cellulose. The TGA analysis revealed that the thermal properties 

of BNF were altered by the addition of PVA. The composites containing PVA showed reduced 

degradation at temperatures ranging from 213 to 467℃ compared to pure BNF. 
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5 Chapter 5: Electrical conductivity of bacterial cellulose/polyvinyl alcohol 

composite substrates 

 5.1 Introduction 

Recently, there has been growing interest in developing transparent conductive materials for 

flexible electrodes [1, 2]. New coating materials are being developed to replace Indium tin 

oxide (ITO), which isn't ideal for flexible devices. Multiwalled carbon nanotubes (MWCNTs) 

hold promises for creating flexible, transparent, and electrically conductive films suitable for 

optoelectronic applications [3]. MWCNTs composed of carbon-carbon bonds have superior 

mechanical qualities, optical transparency, and high electrical conductivity making them ideal 

for use as an electronic material [4-6]. Their ability to significantly boost the electrical 

conductivity of the bacterial cellulose (BC) composite with even a tiny input makes this carbon-

based material exceptional, adding MWCNTs to a BC matrix can make it electrically 

conductive [7]. 

Composites made of a network of one-dimensional conducting wires exhibit much higher 

optical transparency and conductivity than those covered with conducting spheres [8]. 

Therefore, in this study, aqueous MWCNT dispersion containing a surfactant was dispersed in 

a BC polymer matrix to prepare a conductive transparent, and flexible composite. To stabilize 

the MWCNTs against van der Waals attraction and reduce the harm that chemical alteration 

could do to the intrinsic qualities of each nanotube, they were sonicated in cationic 

cetyltrimethylammonium bromide (CTAB) aqueous solution [9, 10]. Since water is not a good 

solvent for MWCNTs, a surfactant was utilized to distribute the MWCNTs in water. MWCNTs 

were uniformly adsorbed and embedded in BNF/PVA. Investigations were also conducted on 

the morphology and electrical conductivity of the BNF/PVA/MWCNTs composite substrate.  

 

5.2 Materials and Instrumentation 

5.2.1 Chemicals 

Cetyltrimethylammonium bromide (C19H42BrN) and multiwall carbon nanotube (MWCNT) 

were received in its pure form (98%) were purchased from Sigma Aldrich South Africa, and 

BNF/PVA substrates were fabricated as part of the experimental process in Chapter 4.  
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5.2.2 Characterisation Techniques 

The transparency of the substrates was measured across wavelengths ranging from 200 to 800 

nm using an Agilent 60 UV-visible spectrophotometer (Agilent Technologies, Germany). The 

electrical conductivity of the MWCNT-adsorbed BNF/PVA substrates was measured using the 

Ossila four-probe technique. The morphology of electrically conductive transparent BNF/PVA 

substrate was observed using a field emission scanning electron microscope (FE-SEM Zeiss 

SEM Microscope Crossbeam-540) and field emission gun transmission electron microscope 

(FEG-TEM, Jeol 2100).  

5.2.3 Experimental 

5.2.3.1 Incorporation of multiwalled carbon nanotubes in bacterial cellulose 

matrix 

The method employed in this experiment follows that used by Yoon et al. [7]. Different 

concentrations of MWCNTs were dispersed in DI water with a cationic CTAB surfactant. The 

concentrations used were 0.01 wt%, 0.03 wt%, and 0.05 wt% of MWCNTs, along with 0.1 

wt%, 0.2 wt%, and 0.3 wt% of CTAB surfactant respectively. The MWCNTs/CTAB solution 

was sonicated using a sonicator with a nominal frequency of 28 kHz and a power of 600 W for 

7 h at 25 °C. Once a homogeneous aqueous dispersion of MWCNTs/CTAB had been obtained. 

The BNF/PVA composite substrates were then immersed into different concentrations of 

MWCNTs/CTAB by ultrasonic for 12 h at room temperature. The MWCNTs adsorbed 

BNF/PVA composite substrates obtained after sonication were further washed with DI water 

to remove MWCNTs/CTAB, that was not absorbed on BNF/PVA substrate and vacuum dried 

for water removal.  

5.3 Results and Discussion 

5.3.1 Morphological properties of Multiwalled Carbon nanotubes 

The SEM image in Figure 5.1a shows a cylindrical morphology of the pure MWCNTs that is 

identifiable by their coiled tube bundle shape [11]. EDX was used to identify the chemical 

compositions detected in the pure MWCNT as shown in Figure 5.1b. The EDX findings show 
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that the composition of the MWCNTs is predominantly carbon and there are no inorganic or 

metal contaminants present in the pure MWCNTs which confirms the purity of the material. 

 

                

                

Figure 5.1: (a) SEM image of pure MWCNT, (b) EDX patterns of MWCNT, SEM images of 

BNF/PVA/MWCNTs at different magnifications (c) 100KX and (d) 50KX. 

Figure 5.1c and d shows SEM images of BC/MWCNTs at different magnifications. The 

adhesion of the MWCNTs on the surface of the BNF/PVA substrate is because of the interaction 

between the cellulose and the oxygen-containing species on the nanotubes, such as carboxylic 

acid groups introduced during the purification process [9, 10]. One of the most crucial 

requirements for achieving uniform conductivity throughout a composite is the homogeneous 

dispersion of MWCNTs in a polymer matrix. Two distinct domains were identifiable from 

Figures 5.1c and d; a continuous network of BNF microfibrils and incorporated MWCNTs 

distributed throughout. Due to their high conductivity, the bright areas in the images are 

identified as MWCNTs [12]. These MWCNTs were uniformly dispersed throughout the BNF 

matrix without aggregating as shown in Figures 5.1c and d. The uniformly dispersed MWCNTs 

enhanced the conductivity of the BNF matrix due to the formation of conductive networks 

throughout the insulating matrix [12]. 
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Figure 5.2: (a) TEM microscopy of MWCNTs and (b) size distribution graph. 

The TEM image in Figure 5.2a shows that the nanotubes identified are homogeneous, with 

sizes roughly ranging from 22.94 ± 2,11 nm. The image shows that the MWCNTs are bundles 

with unique long tubular structures. The tubes exhibit smooth surfaces with no visible defects. 

The images are consistent with other studies that presented TEM images of MWCNTS showing 

similar findings [13, 14]. 

5.3.3 UV-vis spectroscopy 

The presence of MWCNTs enhances the substrate's conductivity; however, a higher 

concentration of MWCNTs within the substrate results in decreased transparency. The optical 

transmittance of BNF/MWCNTs composites is demonstrated in Figure 5.3. The transparency 

of BNF/PVA substrates can be affected by scattering, absorption, and reflection. The medium 

doesn't scatter if the scattering centers are less than 10 nm of the wavelength. Since BNF fibers 

have cross sections that are roughly 10 nm in diameter, they can be used as reinforcement 

networks in transparent substrates. Even high fiber content composites show some scattering, 

though [15]. The concentration of the aqueous MWCNT dispersion had an expected effect on 

the transmittance of the transparent electrically conductive substrates.  
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Figure 5.3: Optical transparency of MWCNT-adsorbed substrates at varying MWCNT.  

The 0.01% composite substrates exhibited low transmittance within the visible light 

wavelength range of 400–800 nm, ranging from 50% to 53%. The 0.03% substrates showed 

even lower light transmittance than the 0.01% composite substrates, with values decreasing 

from 37% to 27% between 800 nm and 400 nm. The spectra for the 0.05% sustrates remained 

relatively stable between 800 nm and 350 nm with a transparency of 22%. The transmittance 

spectra indicate that using a higher concentration of MWCNT dispersion during fabrication 

resulted in electrically conductive transparent substrates with reduced transparency. Given the 

same reaction time and a higher concentration of MWCNT dispersion, it is fair to expect that 

more MWCNTs might adsorb on the BNF substrate. 

5.3.4 Electrical conductivity 

Bacterial cellulose is naturally non-conductive but can be made conductive by adding 

conductive nanomaterials. In general, electrical conductivity is influenced by both the 

incorporated materials and the polymer matrix [16, 17]. In these composite substrates, the 

polymer layer within the connections between nanotubes serves as a highly resistive segment 

along the electrical pathway. This impedes efficient carrier transport between the MWCNTs 

and accounts for the fluctuation-induced tunnelling observed in conductivity models [18]. As 

shown in Figure 5.4, the substrates were made conductive by incorporating MWCNTs.  

According to these results, there’s a network structure that develops between the MWCNTs in 
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the polymer matrix, which facilitates electron transport by electron hopping along the 

MWCNTs interconnections or tunnelling across the BNF [16].  

                        

Figure 5.4: Graphical representation of the conductivity of MWCNT-adsorbed substrates at 

varying MWCNT concentrations.  

When the electrically conductive transparent substrates were made from 0.01, 0.03, and 0.05 

% MWCNT dispersions, respectively, their corresponding electrical conductivities were 

1.0×10-2, 2.1×10-2, and 2.3×10-2 S/cm. The results in Figure 5.4 show that the conductivity 

measured for the BNF/ MWCNTs substrates increases as the MWCNTs concentration 

increases. The 0.01% showed a lower conductivity among all the other substratess. This was 

expected as reduced amounts of dispersed MWCNTs on the surface of the substrate hinder 

current flow as there will be a decrease in contact of the MWCNTs across the surface of the 

BNF/PVA substrates, thereby inducing lower conductivity values [19]. These results align with 

those of other studies conducted in the past [7]. 
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5.4 Conclusion 

This study reports on the fabrication of conductive, transparent, and flexible substrates as a 

composite of BNF, PVA as a reinforcing agent, and MWCNTs as the conductive material. The 

SEM and TEM images revealed that the MWCNTs formed bundles with distinctive long 

tubular structures. The EDX analysis confirmed the absence of any contaminants. The 

transmittance spectra showed that increasing the concentration of MWCNT dispersion led to 

electrically conductive transparent substrates with decreased transparency. The electrical 

conductivity measured for the BNF/MWCNTs substrates increases as the MWCNT 

concentration increases. It was evident that the conductivity of the substrates was impacted by 

the increase in MWCNT concentration.  
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Chapter 6 

6.1 Conclusion and Future Work 

Herein we focused on improving and developing materials to enhance the layers of OSCs, 

thereby boosting their overall performance. Specifically, the study aimed to improve the 

absorption of PEDOT:PSS (Chapter 3) and to develop a flexible, transparent, and conductive 

electrode that can serve as a substrate in OSCs (Chapters 4 and 5). 

In Chapter 3 the objective was to enhance light absorption in PEDOT:PSS using plasmonic 

nanoparticles. Ag NPs were employed to increase the absorption of PEDOT:PSS. Initially, 

chemical reduction was utilized to synthesize the plasmonic NPs. Subsequently, the NP 

solution was mixed with PEDOT:PSS and spin-coated onto substrates. 

The SEM analysis confirmed the successful incorporation of Ag NPS in the PEDOT:PSS layer. 

Dispersed spherical Ag NPs with sizes 10 to 70 nm could be seen in the PEDOT:PSS layer. 

The XRD spectra of PEDOT:PSS/Ag exhibited a sharp diffraction peak that emerged at 2𝜃 ≈ 

45° which corresponds to the (200) crystallographic plane revealing the face-centered cubic 

(FCC) phase of Ag. The UV-Vis absorption spectra of Ag NPs exhibited a surface plasmon 

absorption band at a maximum of 389 nm, indicating spherical Ag NPs' existence. The UV-vis 

absorption spectra of pristine PEDOT:PSS did not show any absorption peak because PEDOT: 

PSS does not absorb. However, the primary plasmon absorption band at 435 nm proved that 

the integration of Ag NPS had an impact on PEDOT:PSS absorption. 

In Chapter 4 the objective was to fabricate a transparent and flexible film using BC. The BC 

was grown in static cultivation and converted to BNF using hydrolysis then combined with 

PVA to enhance the mechanical strength of the film. SEM showed a porous morphology, with 

nanofibers arranged in a three-dimensional reticulated network. The FTIR spectroscopy 

revealed asymmetric stretching vibrations of C-O-C associated with an absorption band 

observed at around 1160 cm-3, demonstrating cellulose's genuine presence and purity. When 

comparing the transmittance of pure BNF and BNF: PVA composites, it was evident that the 

inclusion of PVA decreased the transmittance of the BNF matrix. The XRD showed that the 

diffraction patterns of the pure BNF exhibited three distinct peaks that signified the existence 

of both Iα and Iβ crystal cellulose. 
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In Chapter 5 the objective was to make BNF/PVA composite film conductive using multiwalled 

carbon nanotubes through the immersion method, The EDX findings showed that the 

composition of the MWCNTs is predominantly carbon, with no inorganic or metal 

contaminants present in the pure MWCNTs which confirmed the purity of the material. While 

the MWCNTs contributed to the film's conductivity, the number of MWCNTs inside the film 

reduced transparency. The concentration of the aqueous MWCNT dispersion had an expected 

effect on the transmittance of the transparent electrically conductive film. The electrical 

conductivity measured for the BC/ MWCNTs film increases as the MWCNT concentration 

increases.  

6.2 Future work 

Future studies may explore the integration of this substrate into organic solar cells to investigate 

the compatibility of the BNF/PVA/MWCNT substrate with organic solar cells and assess any 

improvements in overall device performance.  Additional research could explore the integration 

of conductive nanoparticles to enhance the charge transfer and electrical conductivity of the 

composite. This could involve exploring the use of materials like graphene or metal oxides that 

may improve conductivity without drastically decreasing the transparency of the substrate. 
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