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Abstract 

Modern demand for consumer electronics is fueling the generation of 'E-waste.' Furthermore, the 

raw materials and manufacturing methods used in the fabrication of electronics are not sustainable. 

There is therefore the need to develop renewable and sustainable raw materials for electronic 

devices that do not sacrifice performance; as well as a requirement to develop novel, scalable, 

sustainable electronic device fabrication methods that use these green electronic materials. To this 

end, bio-based materials are an environment-friendly alternative to non-renewable materials; and 

printed electronics could replace traditional manufacturing methods. Cellulose, one of the most 

abundant biopolymers on Earth, exhibits an interesting hierarchical structure. Due to extensive 

research over the years, there are a wide variety of established chemical modifications for cellulose, 

which can be harnessed to prepare high-performance electronic components. The hierarchical 

structure of cellulose is crucial in defining its material properties. In cellulose rich fibers, high 

molecular mass glucan polymers are commonly found in the form of cellulose nanofibrils (CNFs); 

these can be liberated and, once so, are capable of self-assembling into a wide variety of structures. 

Since cellulose is electrically insulating, it needs to be made into composites with conductive 

materials to form electrically conductive materials.  

This thesis investigates the interaction between cellulose and the conductive polymer PEDOT:PSS 

(poly(3,4-ethylenedioxythiophene) : polystyrene sulfonate), and demonstrates how a fundamental 

understanding of the interactions between the two can be used to guide the chemical modification 

of cellulose for the large scale production of sustainable electronics. First, the PEDOT:PSS structure 

was studied using molecular dynamics (MD) simulations and experimental methods. Secondly, the 

interaction between cellulose and PEDOT:PSS was studied, and factors affecting this interaction 

were identified. This knowledge was then applied to propose a molecular interaction mechanism 

between these materials. Nanocellulose, especially cellulose nanofibrils (CNFs), have been integral 

to the development of bio-based conductive composites. However, the nanofibrillation process is 

expensive and energy-intensive. In addition, PEDOT:PSS is an expensive polymer. Therefore, in 

this work, chemically modified fibers were used to improve the interaction between cellulose and 

PEDOT:PSS; and prepare fiber-based bioelectronics and energy storage devices. The large-scale 

production of papers capable of energy storage has also been demonstrated using chemically-

modified fibers, the factors affecting the processing of these materials have been identified 

throughout.  

 

Keywords: Cellulose nanofibrils, PEDOT:PSS, chemically-modified cellulose fibers, fundamental 

interactions, bioelectronics, energy storage, conductive paper production, large-scale production.  



 

 

 
 

Sammanfattning 

En enorm efterfrågan på hemelektronik skapar ett stort  "e-avfalls” problem i dagens 

samhälle. De råvaror som idag används för att tillverka elektronik har ett högt 

koldioxidavtryck, och traditionella tillverkningsmetoder för elektronik är dessutom 

energikrävande. Därför finns det en stort behov av högpresterande, hållbara, billiga, 

förnyelsebara råvaror för elektroniska komponenter. Dessutom behövs nya, hållbara 

bearbetningsmetoder för att producera elektroniska komponenter med lägre mängder 

inbyggd energi. I detta avseende är biobaserade material ett miljövänligt alternativ till icke-

förnybara material och tryckt elektronik skulle kunna användas för att ersätta traditionella 

tillverkningsmetoder. Cellulosa är en mycket vanligt förekommande biopolymer i många 

växter och i vissa djur och det finns många rationella metoder för att utvinna denna polymer 

och polymeren är därför en mycket intressant råvara för framtida produkter. Den 

högmolekylära glukanmolekylen organiseras i i de flesta fallen i cellulosa nanofibriller (CNF) 

som sedan anordnas i en hierarkisk struktur i makroskopiska fibrer. Modern forskning har 

också visat att de frilagda fibrillerna kan självorganiseras i skräddarsydda nano-strukturer 

som kan vara mycket intressanta för att tillverka högpresterande elektroniska komponenter. 

Med hjälp av all den forskning som genomförts för cellulosamaterial genom åren finns det 

också tillgång till en fantastisk verktygslåda för att kemiskt modifiera cellulosa för att passa i 

olika tillämpningar. Eftersom cellulosa är elektriskt isolerande är det nödvändigt att 

kombinera cellulosa med ett ledande material för att skapa skräddarsydda komponenter med 

god elektrisk ledningsförmåga. 

 

Arbetet i denna avhandling har fokuserats på studera växelverkan mellan cellulosa och den 

ledande polymer PEDOT:PSS, och för att klarlägga hur denna  grundläggande förståelse kan 

utnyttjas för att identifiera nödvändiga kemiska modifieringar på cellulosan för att överföra 

resultaten till storskalig produktion av hållbar elektronik. Initialt studerades den molekylära 

och övermolekylära strukturen hos PEDOT:PSS komplex med en kombination av 

molekylärdynamiska (MD) simuleringar och experimentella undersökningar. För det andra 

studerades växelverkan mellan cellulosa och PEDOT:PSS, och det visade sig möjligt att 

identifiera de faktorer som kontrollerar denna växelverkan. Dessa kunskaper användes sedan 

för att molekylärt förklara hur dessa material fundamentalt växelverkar med varandra. 

Nanocellulosa, särskilt cellulosa nanofibriller (CNF) har varit en del av biobaserade ledande 

kompositer. Nanofibrilleringsprocessen är dock kostnads- och energikrävande. Dessutom är 

PEDOT:PSS en dyr polymer. Därför användes i detta arbete kemiskt modifierade fibrer för 

att förbättra interaktionen mellan cellulosa och PEDOT:PSS (för att minska kostnaderna), 

och för att förbereda fiberbaserad bioelektronik och energilagringsenheter. Storskalig 

produktion av energilagringspapper demonstrerades också med kemiskt modifierade fibrer 

och faktorer som påverkar bearbetningen av dessa material identifierades. 
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 Introduction 

1.1. Context 

Since the invention of conductive polymers, the field of organic electronics has 

grown exponentially. Conductive polymers have enabled the solution-based 

fabrication of electrodes at room temperature. The resulting materials have good 

electrical and ionic conductivities, and can be cheaply printed on an industrial 

scale. This has given rise to a new interdisciplinary field of bioelectronics. 

Conventional silicon devices cannot conduct ions and are mechanically rigid; 

however printed electronics are predominantly plastics so do not have these 

limitations. For energy storage applications, it is desirable to have electrodes with 

3D porous geometries and high specific surface areas, hence printed electronics are 

ideally suited for such applications. 

The ubiquitous substrate for information transfer (writing, printing, packaging, 

etc.) has for long been paper, which consists of the most used bio-based material, 

cellulose. The paper-making process was developed in China in the early second 

century. Since then, the production of paper and its applications have increased 

exponentially. Paper is an attractive choice of substrate for electronics due to its 

flexibility, porosity, environmental friendliness, cost-effectiveness, and the 

existence of a well-developed paper industry. In addition, there exists a well-

developed printing industry, with high-resolution printers capable of printing on a 

vast range of substrates. The discovery of conductive polymers and organic 

electronics have revolutionized the printing industry and have led to the invention 

of printed electronics. Cellulose fibers are increasingly seen as a sustainable 

substrate for printed electronics. However, cellulose fibers have the potential to be 

more than just a substrate. The chemical modification of cellulose fibers allows the 

tailoring of their mechanical properties to different applications. In order to 

harness the potential of cellulose in organic and printed electronics, a fundamental 

understanding of the interaction between cellulose and conducting polymers is 

important. 

The escalating problem of electronic waste, so-called “E-waste”, in the 21st century 

is a growing concern given its negative impact on the environment. Heavy metals 
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and toxic chemicals from discarded electronic devices leach into the environment 

where they can contaminate water and soil. Toxic and non-renewable raw materials 

should be designed out of future electronics to alleviate this issue. Thus, research 

and innovations in cellulose-based electronics are crucial to achieve sustainable 

electronics. 

1.2. Thesis Objectives 

The objectives of this work are: 

1. To understand the structure and chemistry of PEDOT:PSS polymer and its 

interactions with cellulose. 

2. Identify the chemical modifications of cellulose that improve the interactions 

with PEDOT:PSS.  

3. Demonstrate the large-scale production of bio-based electrodes for energy 

storage applications. 

Sustainable and Green Electronics are not only needed to address the 'E-waste' 

problem, but also to combat climate change. The United Nations have listed 17 

Sustainable Development Goals (SDGs) to combat the problems of fossil-based 

materials and increase sustainable behavior in our daily lives. In this regard, wood-

based materials can help mitigate the issues associated with fossil-fuel derived 

plastics. This work attempts to increase the sustainability of everyday electronic 

devices while addressing the UN´s SDGs, specifically: good health and well-being 

(SDG 3), clean and affordable energy (SDG 7), industry, innovation, and 

infrastructure (SDG 9), responsible consumption and production (SDG 12), climate 

action (SDG 13), and partnerships for goals (SDG 17), to combat climate change. 

Overall, it attempts to take an incremental step toward an innovative circular 

electronics industry. 
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 Background 

This section aims to provide the relevant background for a clear understanding of 

the research results described in this thesis. 

2.1. Wood fibers and components 

Wood has a 3D hierarchical structure consisting of long, highly anisotropic, slender 

fibers; which provide mechanical strength and durability to trees. Chemically, 

wood fibers are composed of three main constituents: cellulose (40-50%), 

hemicellulose (25-35%) and lignin (25-35%). Additionally, there is also a small 

fraction of “extractives”. The wood tissue has a layered structure, consisting of: a 

lignin-rich middle lamella and a hemicellulose-rich primary layer that helps to hold 

the cellulose fibers together; three secondary layers (S1, S2, S3), rich in cellulose 

and hemicellulose with small amounts of lignin, these secondary layers provide the 

mechanical strength; and a cell lumen which is used to transport water and 

nutrients. The cellulose fibers are liberated from wood fibers by chemical and/or 

mechanical treatment (called pulping). In these processes the chemical treatment 

removes most of the lignin and some hemicellulose, while mechanical pulping 

methods typically have much higher yields of the fibrous components. The products 

of the chemical treatment are commonly called “pulp fibers”.1  

2.1.1. Hierarchical structure of cellulose 

Cellulose is among the most abundant renewable biopolymers on Earth. It is a 

linear polysaccharide of β-1,4 linked D-glucopyranose, also called 

"anhydroglucose" units (AGU), (Figure 1). Cellulose chains are assembled into 

high-aspect ratio, semicrystalline cellulose nanofibrils (CNFs) via van der Waals 

interactions as well as inter- and intra-molecular hydrogen bonds. These fibrils 

strongly associate with one another to form fibril aggregates in the fiber wall. The 

fibril aggregates form hollow fibers that are typically 20–40 µm wide, with a fiber-

wall thickness of approximately 5 µm and a length of a few millimeters.2,3  

There are two technically relevant crystal structures of cellulose. The native 

cellulose polymer is called cellulose I, where all the cellulose chains run in the same 

direction (parallel). However, after dissolution and regeneration of cellulose I, a 



 

4 
 

more thermodynamically stable crystallographic structure, cellulose II, can be 

formed, where chains are present in an antiparallel orientation.4,5 There are many 

different solvent systems that can be used for the dissolution of cellulose. This 

thesis uses cellulose model surfaces prepared from the dissolution of cellulose in 

the NMMO/DMSO solvent system, which produces semicrystalline regenerated 

cellulose II surfaces.6 

2.1.2. Nanocellulose 

CNFs consist of ordered cellulose molecules which makes them very stiff, with a 

Young's modulus of 130–150 GPa, which is comparable with many metals, alloys, 

and polymers.7–10 Individual CNFs can be liberated from the cellulose fiber cell 

wall. The preparation of micro-fibrillated cellulose (MFC) was first demonstrated 

by Turback et al., using the high-pressure homogenization of wood pulp fibers.11,12 

However, this is an energy-intensive process and, for that reason, was never 

commercialized. Instead, research was conducted to find less energy intensive 

fibrillation processes. Approaches whereby the fibers are pretreated by physical 

beating, enzymatic or chemical methods, were investigated. The chemical 

pretreatments focused on introducing charges in the fiber wall to help liberate 

CNFs and reduced the energy required for fibrillation.13–15 The high surface area, 

good rheological properties, potential for surface functionalization, unique 

colloidal properties, and high aspect ratio of CNFs have led to the development of 

a multitude of functional composites.2,15,16 Another class of nanocellulose obtained 

from wood is cellulose nanocrystals (CNCs). These are highly crystalline, stiff, 

short, rod-like nanoparticles (520 nm wide and 50-350 nm long) prepared by the 

acid hydrolysis of cellulose pulp fibers. CNCs produced from sulfuric acid treatment 

are colloidally stable and can self-assemble to form chiral, nematic structures that 

can be utilized in different engineering and biomedical applications.17,18 
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Figure 1 The chemical structure of native cellulose and the chemical treatments required for 
the different chemical modifications of cellulose used in this work. TEMPO: 2,2,6,6-
tetramethylpiperidine 1-oxyl, GTMAC: glycidyltrimethylammonium chloride. 

2.2. Chemical modifications of cellulose 

Native cellulose is highly ordered, insoluble in water, stiff, and difficult to process 

and is lacking a glass transition temperature (as it starts to thermally degrade). The 

presence of a primary hydroxyl at C6 and secondary hydroxyls at the C2 and C3 

positions (Figure 1), provide a route by which the cellulose can be chemically 

modified to tailor its interactions with other materials and thereby form 

composites.19,20 In addition, these modifications often act as a pretreatment to 

reduce the energy consumption of mechanical fibrillation of the cellulose fibers into 

CNFs. Over the years, different chemical modifications of cellulose have been 

proposed.19 This thesis is limited to simple, aqueous-based chemical modifications; 

the focus being to study and optimize the interactions of cellulose with PEDOT:PSS. 

The chemical modification investigated are: carboxymethylation, TEMPO-

oxidation, periodate oxidation with subsequent borohydride reduction, and 

cationization (Figure 1). This section provides a brief description of each of these 
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modifications. For the detailed reaction procedures, the reader is directed to the 

appended articles.  

2.2.1. Carboxymethylation (Paper II) 

As the name implies, carboxymethylation is used to introduce acetic acid groups 

onto the primary and secondary hydroxyls of AGU in cellulose, by chemical 

treatment of the pulp fibers using monochloroacetic acid.21,22 The degree of 

substitution can be determined by controlling the reaction conditions. 

Carboxymethyl CNFs (CM-CNF) with a charge density of 600 µeq/g were used in 

this work and provided by RISE Bioeconomy. 

2.2.2. TEMPO-mediated oxidation (Paper II) 

Another way to introduce carboxyl groups to the cellulose backbone is via the 

TEMPO-mediated oxidation of the cellulose fibers. TEMPO-mediated oxidation is 

highly specific, pH-sensitive, and can selectively modify only the C6 hydroxyl 

groups.13,14,23,24 The reaction can be carried out at alkaline or neutral pHs. However, 

the alkaline conditions have been observed to degrade cellulose chains, leave 

residual aldehydes and lead to lower degrees of cellulose polymerization. In this 

work, a method developed by Saito et al. was used to prepare carboxylated cellulose 

fibers with a charge density of 600 µeq/g by TEMPO-mediated oxidation at pH 6 

(to preserve the molecular mass of the cellulose).13  

2.2.3. Periodate oxidation and borohydride reduction (Paper III-IV) 

Periodate oxidation is routinely used to oxidize the 1,2-dihydroxyls to dialdehydes 

for structural analysis of carbohydrates. The periodate oxidation cleaves the C2-C3 

bond in cellulose and introduces two aldehyde groups, after which the polymer is 

termed dialdehyde cellulose.25,26 These dialdehyde groups can be further converted 

to different functional groups, such as carboxylic acids or primary alcohols. One 

such reaction is the reduction of dialdehyde cellulose to dialcohol cellulose (DALC), 

commonly performed by using sodium borohydride as the reducing agent. DALC 

cellulose displays thermoplastic behavior and can therefore, unlike native cellulose, 

be melt-processed. As a result of this, DALC fibers have been used in applications 

like transparent packaging materials.27–30 For this thesis, DALC fibers with 
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different charge densities were prepared using sequential periodate oxidation and 

borohydride reduction steps, using the same reaction conditions as described 

earlier by Larsson et al.28 

2.2.4. Cationic modification of cellulose (Paper V) 

Positive charges can be introduced into cellulose by functionalizing with amines. 

An example of one such process is the addition of surface quaternary ammonium 

groups, which are charged over the entire pH scale. The reaction conditions are 

similar to those used for preparing cationic starch in the paper industry.31 This 

directly converts the cellulose hydroxyl groups to quaternary ammonium groups by 

reacting with glycidyl-trimethylammonium chloride (GTMAC) under highly 

alkaline conditions.32 A charge density of 300 µeq/g was prepared for this work. 

However, different charge densities of cationic quarternary ammonium groups can 

be obtained by changing the GTMAC:cellulose ratio. 

 

2.3. Electrically conductive materials  

With the advent of organic electronics, conjugated polymers and carbon-based 

materials became the focus of intense research due to their ability to be processed 

in aqueous solutions as well as their excellent electrical, electrochemical, and 

mechanical properties. This section aims to provide the reader with background 

information about these materials.  

2.3.1. Conducting polymers 

The first conducting polymers (CPs) were reported in 1977, with the synthesis and 

characterization of halogen-doped-polyacetylene.33,34 The development of CPs was 

awarded the Nobel prize in 2000. In CPs, alternating single and double bonds form 

a conjugated system between sp2-hybridized carbon atoms. The three sp2 orbitals 

form strong σ-bonds, and the fourth Pz orbital forms a π-bond between neighboring 

carbon atoms. These π-orbitals lead to the formation of bonding (π) and 

antibonding (π*) orbitals. As the number of combined orbitals increase they form 

bands and band gaps. The valence band (π) is defined as highest occupied 
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molecular orbital (HOMO) and conduction band (π*) is defined as lowest 

unoccupied molecular orbital (LUMO).35,36 

Pristine CPs have an unfilled conduction band, hence a low conductivity. The 

conductivity can be increased by chemical or electrochemical doping. Therefore, 

the conductivity range of pristine CPs span from insulators to semiconductors. 

Both electron accepting (p-type) and electron donating (n-type) doping can be used 

to make CPs conductive. A detailed explanation of charge transport in CPs is 

beyond the scope of the work and can be found elsewhere.37 Some early examples 

of highly conductive polymers are doped polyacetylene, polyaniline (PANI), and 

polypyrrole (PPy).35 However, the use of these polymers was limited because they 

suffered from instability in air, poor processability, opacity, and would degrade to 

form hazardous compounds on degradation (in the cases of PANI and PPy). In 

1988, researchers at Bayer (Jonas, Heywang, and Schmidtberg) synthesized the 

highly conductive and air stable polymer PEDOT (Figure 2a) by oxidative 

polymerization in the presence of PSS (Figure 2b). Soon after, the discovery of 

PEDOT:PSS, where PEDOT is polymerized in situ with PSS as a counterion, by 

researchers at Agfa, revolutionized the field of conductive polymers and organic 

electronics. Doped CPs have good electrochemical properties, are air stable and  

highly conductive. As such doped CPs have been used in various applications like 

sensors, displays, energy storage, energy harvesting and energy generation, to 

name but a few.38–41  

2.3.2. PEDOT:PSS 

After the invention of water-based PEDOT:PSS dispersions, the scientific interest 

in conducting polymers has grown rapidly. PEDOT:PSS is a water-dispersible form 

of PEDOT where PSS (which is not conductive) is used as a counterion in order to 

facilitate solvation, to  balance charges, and create polyelectrolyte complexes of 

PEDOT and PSS.42 The other commonly used counterion for PEDOT is tosylate 

(toluene-4 sulfonate), which behaves similarly to PSS but lowers the water 

dispersibility.43 PEDOT:PSS is a stable, p-doped conductor with excellent optical 

and electrochemical properties; which has led to it having great commercial 

success.38,44 The conductivity of PEDOT:PSS can range between 10-1 S/cm to 103 

S/cm. The conductivity is dependent on the π-π stacking of PEDOT chains and the 
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crystallinity of the polymer, which is determined by the synthesis method, level of 

doping, counterion type, and post-processing methods.45,46  

 

Figure 2 The chemical structures of (a) poly (3,4-ethylene dioxythiophene), PEDOT; and (b) 
poly(styrene sulfonate), PSS.  

PEDOT:PSS is a polyelectrolyte complex with a core-shell morphology, where a 

hydrophobic, conductive PEDOT core is surrounded by PSS.47 This structure limits 

the charge transport in pristine PEDOT:PSS films since the conducting PEDOT 

domains are separated by insulating PSS polymer chains. Therefore, several 

strategies have been developed to increase the charge transport by altering the 

stacking of PEDOT in PEDOT:PSS films.48–50 One such method is secondary doping 

with organic solvents, acids, salts, or ionic liquids.51–55 These dopants work by 

bringing PEDOT chains closer together and increasing the PEDOT crystallinity 

while removing excess PSS and PSS aggregates.  

In addition to electronic conductivity, CPs also allow ionic conduction. This 

combination of being ion and electron conductive broadens their applicability. Due 

to its high conductivity, ion conduction, and electrochemical stability, PEDOT:PSS 

is widely used to create pseudocapacitors, electrochromic displays, and 

electrochemical transistors.53,56      

2.4. Electrochemical energy storage 

There are many forms of energy storage, (e.g. kinetic, thermal, chemical, 

electrochemical, etc.). The energy storage devices that have revolutionized 

consumer electronics, green mobility, and continuous power supply are batteries 

and supercapacitors. These devices typically consist of two electrodes (made up of 

active materials like carbon, conducting polymers, and 2D materials) separated by 



 

10 
 

an electrolyte. Paper-based electrodes can alleviate several challenges currently 

faced in fabricating high-performance electrodes, described in Section 2.5.57  

The following section will explain the basics of supercapacitors and their 

characterization methods.  

2.4.1. Supercapacitors 

Capacitors are the fundamental energy-storage components in both analog and 

digital electronics. Although capacitors can be fabricated in different geometries, 

conventional parallel plate capacitors consist of two parallel conductors (typically 

metal plates) separated by an insulator with a high dielectric constant. The energy 

is stored in the electric field between two oppositely charged conductors. The ability 

to store energy in the form of charge is defined as a capacitance (C), which is the 

ratio of the amount of charge (Q) that can be stored at an applied voltage (V) as 

given in Eq. 1. 

C= Q/V = ɛA/d    (Eq. 1)  

where A is the area of the plates, d is the separation between them, and ɛ is the 

dielectric permittivity of the material between the plates. 

In supercapacitors, the dielectric between the two conductors is an electrolyte (ion 

conductor). Based on the charge storage mechanism, supercapacitors can be 

divided into electric double-layer capacitors (EDLC) and pseudocapacitors. In 

EDLC, the mobile ions in the electrolyte migrate to the charged metal plates when 

a potential is applied across them. This leads to the build-up of the electric double 

layer (EDL) of counterions at the electrode surface. The EDL consists of three 

layers: the inner Helmholtz plane (IHP) containing solvent molecules and 

counterions, the outer Helmholtz plane (OHP) with solvated ions, and the diffuse 

layer that extends out into the bulk electrolyte. The IHP is directly in contact with 

the electrode surface and only a few angstroms thick. Since the distance between 

two oppositely charged layers is so small, the capacitance of EDLCs is much higher 

than that of a conventional, solid dielectric, capacitors. Most commercial EDLCs 

use carbon as an electrode. 

Pseudocapacitors rely on electrochemical reactions (such as ion intercalation or 

redox reactions) to store chemical energy when a voltage is applied. Hence, the 

working principle of a pseudocapacitor is more like a battery. Both EDLC and 
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pseudocapacitors depend on the movement of ions throughout the electrode. CPs, 

such as PEDOT, PANI, or PPy, are more suited for pseudocapacitor fabrication, 

because of their mixed ion-electron conduction and ability to undergo redox 

reactions.58 There are also hybrid capacitors where both EDLC and 

pseudocapacitors principles are combined. These are fabricated with one carbon-

based electrode and one conductive polymer electrode, thereby combining two 

charge storage mechanisms, which has been shown to lead to higher capacitances.59   

2.4.2. Electrochemical characterization methods  

Electrochemistry studies the correlation between chemical reactions and electric 

currents. Electrochemical cells are used for electrochemical characterization, and 

consists of at least two electrodes separated by an electrolyte. Typically, new 

electrode materials are characterized in a three-electrode system. The three 

electrodes are: (1) The reference electrode (RE), this has a known and constant 

potential to which the potentials of other electrodes are compared. Some examples 

are Ag/AgCl and the standard hydrogen electrode (SHE); (2) The working electrode 

(WE), which is the electrode under investigation; (3) The counter electrode (CE), 

which is used to supply the counter charge to the WE. A platinum mesh or wire can 

be used as a RE due to its low reactivity in organic or aqueous electrolytes. A 

potentiostat, the equipment used to apply and monitor the potential change at the 

electrodes, is connected to the electrodes.  

 

Figure 3 A schematic illustration of typical (a) cyclic voltammetry plot, (b) galvanostatic 

charge-discharge plot, and (c) Nyquist plot for a pseudocapacitor. 

 

Cyclic Voltammetry: Cyclic voltammetry (CV) is a potential sweep method 

where the current change at the WE is monitored while the voltage is cycled at a 

constant scan rate (voltage/time). A voltammogram or CV curve gives information 
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about the electrochemical system and the nature of electrochemical reactions in the 

system (faradaic and non-faradaic). For example, a pseudocapacitor or EDLC 

shows a square voltammogram (Figure 3a) indicative of capacitive charging and no 

redox reaction. The capacitance of the system can be calculated from the CV curve 

as follows:  

I = C (dV/dt)        (Eq. 2) 

where I is the current at the WE, C is the capacitance, and dV/dt is the scan rate.  

Chronopotentiometery: Chronopotentiometery, or galvanostatic charge-

discharge (GCD), is the electrochemical method where the change in potential of 

the WE is monitored over time at a constant current. A typical GCD curve for a 

capacitive charge-discharge process (Figure 3b) exhibits a linear increase and 

decrease in potential during charge-discharge cycles. GCD measurements are often 

used to quantify the  capacity, energy and power density of a supercapacitor. In 

addition, the cycling stability can also be tested with this method. The capacitance 

quantification from GCD measurements is more accurate than those obtained by 

CV; as it is done at a constant current, which better emulates real-world devices. 

The capacitance is calculated from the slope of the V-t curve (dV/dt) using Eq.2.   

Electrochemical Impedance Spectroscopy (EIS): This method 

characterizes the system's impedance over a range of frequencies using an applied 

AC voltage. EIS is used to investigate the different physical and chemical processes 

in electrochemical cells at different timescales, which is why spectra are collected 

across a range of frequencies. The impedance data are conventionally analyzed by 

plotting in a “Nyquist plot”, i.e. plotting the real and imaginary parts of the 

impedance measured at different frequencies. The information for each physical 

and chemical process can be obtained by fitting the data to an equivalent circuit. A 

typical EIS spectrum for a supercapacitor is shown in Figure 3c. It consists of a 

semi-circle at high frequencies, and a vertical straight line at low frequencies. The 

semi-circle represents the internal resistance (electrolyte + charge transfer 

resistance), and the straight line can be related to the electrode's diffusion 

process.60 
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2.5. Cellulose-based conducting composites 

Cellulose is an abundant, versatile, sustainable and inexpensive material; used as a 

flexible substrate in paper based electronics.61 Although cellulose is naturally 

insulating, there is a growing interest in using cellulose in electronic devices, 

especially as electrodes in electrochemical energy storage devices and Medtech 

applications. There are several reasons for this: (i) it is mechanically flexible, light-

weight, and strong (especially CNFs); (ii) The tunable properties like porosity and 

pore-size distribution of cellulose-based materials provides good ion permeability 

and selectivity; this makes them suitable for many applications, such as separators 

in batteries or fuel cells; (iii) The surface hydroxyl groups of cellulose provide a 

route to chemical and/or physical modification, which makes cellulose suited to act 

as a binder in electrode materials; (iv) The dispersive nature of CNFs (it can 

disperse conductive materials that are not themselves easily dispersed in aqueous 

solutions), as well as its colloidal stability, can be used to create aqueous conductive 

inks; (v) The large surface area of cellulose is ideal for increasing material loading 

as well as the active area of electrodes; (vi) The biocompatibility, biodegradability 

and environmentally friendly nature of cellulose means that it can be used to make 

recyclable electrodes and makes it suited to in vivo bioelectronic applications; (vii) 

An established paper making industry already exists, making the scale up of 

manufacturing easy and negating many startup capital costs and should allow a 

faster time to market.57,62 Although there are many ways to make cellulose 

conductive, such as carbonization, this work is limited to the use of cellulose and 

conductive polymers/carbon composites.   

Conductive coatings on flexible substrates have a thickness limitation to avoid 

cracking during bending. The substrate is the major component of the device 

weight and has no active role in charge transport. This is especially problematic for 

electrodes in energy storage devices, where light-weight, 3D morphologies, and 

high active material loadings are crucial to improving performance.57 One solution 

is CNFs functionalized with conductive materials. CNFs can be used as templates 

that increase the mass-loading by interacting with conductive materials. The 3D 

structure of CNFs is retained when combined with conductive nanomaterials, this 

porous 3D network increases the active surface area of the electrodes, which is 
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better for charge and ion transfer. Likewise, the CNF adds structural support to the 

electrodes. The conductive materials most commonly used with cellulose are 

carbon (in the form of carbon nanotubes (CNTs), graphite, and carbon black) and 

conducting polymers due to their high electronic conductivity, redox activity, and 

ion-intercalation ability. 

2.5.1. CNF and conducting polymer composites 

CPs and cellulose composites can be prepared either by the in situ polymerization 

of a CP on cellulose or by blending.63 For PPy and PANI, in situ polymerization is 

often used to obtain free-standing electrodes, since they are insoluble and unstable 

in water.64–71 This method has been used to create uniform, highly conductive, 

redox-active coatings on cellulose fibers/fibrils. The excellent performance of these 

composites is attributed to the favorable interactions between surface functional 

groups of cellulose and the –NH or –N groups of PPy and PANI. It has also been 

shown that the type of pulp and the chemical nature of the cellulose (carboxymethyl 

cellulose (CMC) or CNFs) can affect the polymerization yield, mechanical 

properties, and conductivity of the CP/cellulose composites.72,73  

PEDOT:PSS and nanocellulose composites have been very popular for decades. 

Several fabrication methods have been developed for these composites, such as: 

layer-by-layer assembly of polyelectrolytes and PEDOT:PSS on wood-sourced 

fibers,74–76 mixing microfibrillated cellulose (MFC)77,78 or CNFs79–82 with 

PEDOT:PSS. The colloidal properties of nanocellulose also provide an added 

advantage when making PEDOT:PSS inks.82,83 Since nanocellulose is insulating, an 

excess PEDOT:PSS and additives are required to increase the conductivity of 

PEDOT:PSS composites.  

Most of the research into CNF/PEDOT:PSS composites is focused on 

characterizing the resultant material properties, rather than understanding them 

on a fundamental level. It is important to understand the molecular interactions 

within the material in order to tune the final material's properties.84 To the best of 

the author´s knowledge, there are only a few studies that focus on optimizing the 

interaction between cellulose and PEDOT:PSS. Montibon et al.77 studied the effect 

of pH and salt concentration on the interactions between PEDOT:PSS and MFC. 

The effect of different types of cellulose (CMC and CNFs) on the conductivity of 
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cellulose/PEDOT:PSS composites was also studied experimentally and 

computationally.81,85 It was found that anisotropic (i.e., high aspect ratio) CNFs 

provide a better charge transport in the composite nanopaper than, isotropic, CMC 

composites. 

Furthermore, van der Waals interactions, H-bonding, or hydrophobic interactions 

have repeatedly been used to describe the interactions between PEDOT:PSS and 

CNFs.79,80,86 This thesis elaborates on the interaction model between PEDOT:PSS 

and cellulose, and presents strategies to modify cellulose to improve its interaction 

with PEDOT:PSS.  

2.5.2. CNF and carbon composites 

Carbon materials such as graphite, carbon black, or activated carbon have been 

widely used as cheap, abundant and porous electrode materials. Different 1D and 

2D carbon materials such as CNTs and graphene have been used with CNF to form 

conductive composites. Carbon based materials are generally hydrophobic and 

require chemical treatments to be well-dispersed in water. It has been shown that 

CM-CNFs or TEMPO-oxidized CNFs can disperse CNTs and other carbon materials 

such as graphite or graphene without surfactants.87–89 The reason for this is the 

high dispersive energy of CNFs, as well as the electrostatic repulsion between 

negatively charged CNFs and carbon materials (which typically carry a net negative 

charge). Another reason is the entropic gain due to the release of water molecules 

when CNT adsorbs onto CNF, this process is loosely defined by many investigators 

as “hydrophobic interactions”. This favorable interaction has been used to prepare 

CNF-based carbon inks for different applications, such as energy storage and 

sensing.90–92   

2.5.3. Limitations of CNF-based conducting composites 

Although CNFs provide excellent colloidal stability, mechanical strength, and 

stability to otherwise brittle conductive materials, there are limitations to the wide-

scale applicability of these composite materials. A few of which are: 

(1) The preparation of CNFs is an energy and time intensive process, commonly 

requiring microfluidization (atleast for most protocols). This thesis demonstrate 

the use of modified cellulose fibers for preparation of conductive composites. 
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(2) Since most of the conducting materials (carbon or conducting polymers) have a 

negative surface potential, the weak interactions between negatively charged CNFs 

and conducting materials create issues with the retention of these materials in the 

final composite, especially if traditional paper-making techniques are used. The use 

of cationic cellulose fibers helped address this challenge, as demonstrated in this 

work.  

(3) Conducting materials, especially conducting polymers, are highly conductive 

but stiff and brittle. On the other hand, CNFs are non-conductive but provide 

excellent mechanical properties. Hence, there is a trade-off between desired 

conductivity and mechanical flexibility when changing the ratio of composite 

components. Therefore, it is essential to understand and tailor the interactions 

between these materials to obtain flexible, robust, and conductive composites. 

Different tools and methods were used to study these interactions and the 

knowledge created was used to tailor the properties of composites.  
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 Materials and Methods 

Below is the summary of materials, methods and characterization techniques used 

in this thesis. The methods are described in detail in the papers appended at the 

end of this thesis. 

3.1. Materials 

PEDOT:PSS (Clevios PH1000, Heraeus), CM-CNF (600 µeq/g, RISE Bioeconomy, 

Sweden), sulfite dissolving pulp (Aditya Birls Domsjö Fabriker AB, Sweden). 

Glycerol, sodium periodate, sodium borohydride, calcium chloride, sodium 

chlorite, sodium hypochlorite (14 vol%), dimethyl sulfoxide (DMSO), N-

methylmorpholine N-oxide (NMMO), sodium chloride, TEMPO, GTMAC, and 

other reagents were purchased from Sigma Aldrich and used without further 

purification. Polyvinyl amine (PVAm) was purchased from BASF Gmbh, Germany.  

Silica coated  QCM-D crystals were purchased from Q-sense AB, Sweden. Activated 

carbon (Norit A Supra, Acros Organics), cationic polyacrylamide (C-PAM, Kemira 

Fennopol K4230 T), carbon-black (CB, Thermo Scientific Alfa Aesar 039724.A1). 

3.2. Methods 

3.2.1. Preparation of TEMPO-oxidized cellulose 

The method developed by Saito et al.13 for TEMPO-mediated oxidation was 

followed to prepare TEMPO-oxidized cellulose fibers. Briefly, sulfite dissolving 

pulp was purified in acetate buffer (0.1M, pH 4.6) containing sodium chlorite (0.3 

wt%) at 60°C for 1h. Afterward, the purified fibers were suspended in a phosphate 

buffer (0.1 M, pH 6.8) at 60°C. Subsequently, sodium chlorite, TEMPO, and sodium 

chlorite were added, and the reaction continued for 140 min under continuous 

stirring. The fibers were washed afterward with deionized water, and the total 

charge of fibers was measured with conductometric titration (Titrino 702 SM) 

according to the method described by Katz et al.93 The average charge density 

(averaged over three repeated measurements) of 518 µeq/g was obtained. 
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3.2.2. Preparation of cellulose model surfaces for adsorption studies 

Cellulose model surfaces were prepared according to the method reported by 

Gunnars et al.6 TEMPO-oxidized cellulose fibers (0.25 g) were dissolved in NMMO 

(12.5 g) at 115 °C until the cellulose was dissolved. Next, DMSO (37.5 g) was 

dropwise added to the solution, and the temperature was increased to 125 °C. The 

dissolved cellulose solution was spin-coated on PVAm-adsorbed QCM crystals and 

regenerated by dipping the crystals in Milli-Q water for an hour. The crystals were 

dried with nitrogen, heated in the oven at 100 °C for 6h, and stored at room 

temperature before adsorption measurements.  

For adsorption studies with CM-CNF, the QCM crystals were cleaned and inserted 

in the QCM-D instrument. First, the baseline (with Milli-Q water) was measured 

for 2h. Subsequently, PVAm (0.1 g/L, pH 7.5), CM-CNF (0.05 g/L, pH 6), and 

PEDOT:PSS (0.5 g/L, pH 3.5) adsorption was performed with washing (Milli-Q 

water) in between. The solutions were adjusted to the same pH and ionic strength 

as the adsorption experiments performed.  

3.2.3. Preparation of Dialcohol-modified cellulose (DALC) 

DALC fibers were prepared according to the method developed by Larsson et al.28 

Beaten bleached softwood kraft fibers (fines removed) were suspended in Milli-Q 

water at a concentration of 15 g/L and oxidized to dialdehyde cellulose using 

sodium periodate (1.35 g/g of fiber); under dark conditions and at the room 

temperature. The reaction time was varied to achieve a different degree of 

modification (DM); 12h, 24h, and 31h for DM 15, DM 30, and DM 44, respectively. 

After the reaction, the fibers were washed thoroughly with Milli-Q water. The 

carbonyl content was determined using an earlier described method, where protons 

released from the reaction of hydroxylamine with aldehyde groups were titrated.29 

The subsequent reduction of dialdehyde to dialcohol groups was performed by re-

dispersing modified fibers in 0.01M phosphate buffer and performing the 

reduction reaction with sodium borohydride (0.4 g/g of fibers) for 3h. The reaction 

was stopped by removing the fibers from the reaction mixture and washing with 

Milli-Q water until the conductivity of the filtrate was <5 µS/cm. 
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3.2.4. Preparation of DALC/PEDOT:PSS inks for 3D-printing 

Conducting inks were prepared by mixing DALC fibers and PEDOT:PSS in a ratio 

of 4:1, 3:2, and 3:7; glycerol (5 vol%) was added to the inks and stirred continuously 

for 1h. Inks were left in the fume hood to evaporate water and increase the solids 

content for 3D printing. The inks were printed using an Inkredible bioprinter 

(Cellink, Sweden).  

3.2.5. Cationic modification of cellulose and PEDOT:PSS adsorption 

Cationic cellulose fibers were prepared from sulfite dissolving pulp using the 

following procedure. First, dissolving pulp fibers (400 g) were mixed with 4.78M 

NaOH and left for 10 min. Afterward, the isopropanol (612 g) and GTMAC (400 g) 

were added to the slurry, and the reaction was carried out at 65 °C for 6h in a hot 

water bath. To stop the reaction, the mixture was neutralized with 1M hydrochloric 

acid, filtered, and washed thoroughly with Milli-Q water. The charge density of the 

pulp, 250 ± 50 µeq/g, was measured with polyelectrolyte titration. In total, 2 Kg of 

fibers were prepared for four paper machine trials.  

To prepare PEDOT:PSS saturated cationic fibers, a fiber dispersion (2 g/L) was 

mixed with PEDOT:PSS (10 g/L, Orgacon ICP 1050, Agfa) and stirred for 30 min. 

The fibers were then filtered and washed to remove excess PEDOT:PSS.  

3.2.6. Fabrication of conductive paper on the paper machine 

The pilot production of paper was carried out on a 20 cm wide paper machine at 

Ahlström-Munksjö R&D center in Apprieu, France. Four different formulations, i) 

activated carbon, cationic pulp with PEDOT:PSS; ii) activated carbon, cationic pulp 

with PEDOT:PSS, CM-CNF; iii) activated carbon, cationic pulp with PEDOT:PSS, 

carbon black (CB) dispersed with CNF (10:1); iv) activated carbon, cationic pulp 

with PEDOT:PSS, CB dispersed with CM-CNF (10:1), CM-CNF; resulted into four 

different 10-meter paper rolls. The web speed was set to 1m/min, and the final 

drying of paper was performed in two steps- first drying between 138-180 °C and 

the second drying between 124-155 °C. The paper with a moisture content of 6% 

was collected into 10-meter webs winded on rolls. 
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3.3. Characterization Techniques 

3.3.1. Charge determination 

Conductometric titration: The total number of carboxyl groups on fibers were 

determined using conductometric titration (Metrohm 702SM Titrino titrator) 

according to SCAN-CM 65:02 standard.     

Polyelectrolyte titration: The surface charge of the fibers was determined with 

a Stabino polyelectrolyte titrator. For negative surface charge determination, 

poly(diallyldimethylammonium chloride) (PDADMAC) polyelectrolyte was used; 

for positive surface charges, poly (vinyl sulfone) (KPVS) polyelectrolyte was used. 

3.3.2. Quartz Crystal Microbalance with Dissipation (QCM-D) 

QCM-D measurements were performed with QCM-E4 (Q-Sense AB, Sweden). All 

the experiments were performed at 25 °C (unless otherwise mentioned) at a flow 

rate of 0.15 ml/min.  

The QCM-D crystals were coated with dissolved cellulose solution to prepare 

regenerated cellulose surfaces or used directly (in the case of in-situ adsorption of 

CM-CNF). The adsorption measurements were started after obtaining a stable 

baseline for at least 1 h. In the case of PEDOT:PSS adsorption on CM-CNF, the 

respective layers were adsorbed: firstly, the PVAm anchor layer was introduced; 

secondly, CM-CNF was introduced; thirdly, PEDOT:PSS was introduced into the 

QCM chamber. A washing step was performed after each layer. In regenerated 

cellulose films, the baseline was obtained, and PEDOT:PSS was introduced 

immediately after. The baseline was performed at the same temperature, pH, and 

ionic strength as that used in the adsorption measurements.  

3.3.3. Structural Characterization 

Dynamic Light Scattering (DLS): The particle size was measured using 

Zetasizer ZEN3600 (Malvern Instruments Ltd. UK) using disposable folded 

capillary cells. Zeta potential was measured using the same instrument by 

measuring the electrophoretic mobility of the particles. 

Scanning Electron Microscopy (SEM): The surface and cross-section 

morphology and elemental analysis of the samples were analyzed using a Hitachi 
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S-4800 field-emission scanning electron microscope (FE-SEM) equipped with an 

energy dispersive x-ray detector (EDS). Before imaging, samples were coated with 

Pt/Pd unless otherwise mentioned. The cross-section samples in Article III were 

prepared by the solvent exchange to ethanol and critical point drying.  

A focussed ion-beam SEM (FIB-SEM, Tescan GAIA3) equipped with an EDS 

detector was used to prepare and image the cross-section of individual DALC-

modified fibers. 

X-ray scattering: An Anton Paar SAXSpoint 2.0 system with Microsource X-ray 

source (Cu Kα radiation with a wavelength of 0.15418 nm) and a Dectris 2D CMOS 

Eiger R 1M detector was used for wide angle x-ray spectroscopy (WAXS). The 

measurements were performed under vacuum; for each sample, three frames (each 

of 20 min) were read from the detector. 

Atomic Force Microscopy (AFM): The samples were imaged using Multimode 

8 (Bruker, USA). All the imaging was done under ambient conditions using 

SCANASYST-AIR cantilevers (Bruker, USA) in scanasyst mode. The QCM-D 

crystals were imaged directly after adsorption. 

Colloidal probe AFM (CP-AFM) force measurements were performed using a 

MultiMode III (Veeco Instruments, USA) with picoforce extension. Tipless 

cantilevers (CSC37/NoAl Mikro-Masch, Germany) were mounted with spherical 

silicon dioxide probes (Duke Scientific, USA) and calibrated. In the case of CM-

CNF and PEDOT:PSS interactions, probes were coated with two bilayers of 

poly(allyl hydrochloride) (PAH) and CM-CNF via dip coating and thorough rinsing 

in between the layers. PEDOT:PSS surfaces were prepared on PAH-coated silica 

wafers within an AFM liquid cell. The force curves were measured at different pH 

by injecting the solutions at that pH and allowing the surfaces to equilibrate for 30 

min. Three measurements at five different locations were performed. The force 

curves were evaluated and averaged using AFM ForceIT software.  

For DALC and PEDOT:PSS interaction, the colloidal probe was coated with a 

bilayer of PAH and PEDOT:PSS. The fibers were adsorbed on PAH-coated silica 

wafers, and the measurements were performed under similar conditions as 

mentioned previously. 
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3.3.4. Rheology 

To measure the flow properties of inks, rheology measurements were performed 

using a DHR-2 rheometer (TA instruments, USA) with 25mm parallel-plate 

geometry at 25 °C. The samples were equilibrated for 10  min before analysis. The 

flow analysis was performed at a shear rate between 0.01 and 500 s-1, and the 

measurements were performed in triplets. 

3.3.5. Mechanical Testing 

The rectangles of dimensions 50 mm * 5mm were tested under tension mode using 

an Instron 5944 Tensile Tester equipped with a 500N load cell. The samples were 

strained at a strain rate of 0.5 mm/min, until fracture. Before testing, the samples 

were conditioned at 23 °C and 50% relative humidity (RH).  

3.3.6. Electrical and electrochemical characterization 

Electrical conductivity: The conductivity was measured using Keithley 2410 

source meter and a two-probe configuration. The samples were used as rectangles 

(20 mm* 5mm). The resistance was calculated from the slope of I-V curve. 

Conductivity was measured using the formula: ρ = L/(R*w*t); where ρ is the 

conductivity, L is the distance between the electrodes, w is the width, and t is the 

thickness of the sample.  

CV and GCD: Electrochemical measurements were performed using BioLogic 

VSP potentiostat. Three-electrode setup was used for CV measurements, where 

Ag/AgCl (BASi, 3M NaCl) was the reference electrode, platinum was the counter 

electrode, and a 3D-printed sample mounted on a platinum wire was used as a 

working electrode. The electrodes were dipped in an aqueous electrolyte (1M 

H2SO4) for CV measurements.  
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Figure 4 (A) Schematic of different parts of an assembled supercapacitor, (B) picture of the 

paper electrode, and (C) the assembled EDLC supercapacitor. 

  

Supercapacitor assembly: The supercapacitors were assembled from circular 

paper electrodes (5.5 cm) produced in a pilot paper machine, as shown in Figure 4. 

The circular separators (6.0, cleanroom wipes) and patches were prepared with a 

laser cutter; the final devices were mounted on carbon-printed collectors using 

carbon ink as glue. The separators were soaked in the ionic electrolyte and mounted 

on the electrodes. Finally, the device was assembled, laminated, sealed, and 

measured with CV. 
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 Results and Discussion 

This chapter of the thesis is divided into three sections. Firstly, the morphology of 

PEDOT:PSS complexes in solution is discussed based on both experimental 

analysis and computational modeling. Following this, the molecular interactions 

between cellulose and PEDOT:PSS and the factors that affect these interactions are 

discussed. The third and final section describes different chemical modifications 

that can be used to tailor the interactions between cellulose and PEDOT:PSS. In 

addition, the fabrication methods used to prepare cellulose and PEDOT:PSS 

composites are discussed, specifically how organic electronic devices can be 

prepared based on these composites. 

These highlighted results are naturally only a summary of the research results and 

a more detailed description can be found in the appended papers.  

4.1. PEDOT:PSS complexes in solution (Paper I) 

PEDOT:PSS is a polyelectrolyte complex dispersed in water, as described 

previously. Since most computational and experimental research focuses on 

PEDOT:PSS films, particle behavior in solution has remained largely unexplored. 

Using both experimental methods and molecular dynamics (MD) simulations, the 

particle size, zeta potential, charge density, and the effect of solution parameters, 

such as pH and ionic strength, on PEDOT:PSS morphology were studied. For this 

purpose, the PEDOT:PSS was filtered with a syringe filter to remove larger 

aggregates. 

4.1.1. Effect of pH and ionic strength on PEDOT:PSS  

The particle size and zeta potential of PEDOT:PSS particles were determined using 

dynamic light scattering (DLS) and electrophoretic mobility using the same 

instrument. The charge density of the particles was also measured by 

polyelectrolyte titration using cationic poly(diallyldimethylammonium chloride) 

(PDADMAC). The diluted PEDOT:PSS dispersion at the concentration of 0.5 g/L 

had a pH of 3.5. 
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Figure 5 The particle diameter of PEDOT:PSS complexes measured via DLS at different 

(a) pH and (b) ionic strengths (pH was kept constant at 3.5). Adapted from Paper I.94 

 

Particle size: The particle size distribution at pH 3.5 (Figure 5a) showed that 

most PEDOT:PSS particles were less than 20 nm in diameter. A small fraction of 

particles measured 30 nm in diameter or greater, with some larger aggregates 

present, however their concentration was low compared to the majority of the 

particles. Similar particle sizes (16-20 nm) have been reported in earlier studies, 

using a variety of spectroscopic techniques.95–97 Reducing the pH from 3.5 to 1.7 

resulted in a decreased particle size from 16 to 12 nm, respectively, due to the partial 

protonation of PSS at the lower pH. Increasing the pH from 3.5 to 7 did not 

significantly affect the particle size, however at pH 9, the particle size increased to 

19 nm. Similarly, an increase in ionic strength from 1mM to 50 mM showed an 

increase in particle size from 16 nm to 38 nm (Figure 5b).  

The trends in particle size were possibly due to the change in PSS chain morphology 

within the polyelectrolyte complex. Specifically, at pH 1.7, the PSS is partially 

protonated, decreasing the ionic interaction between PEDOT+ and PSS-. 

Additionally, the PEDOT+ counterions might be exchanged from PSS- to Cl-, leading 

to a smaller particle size. It should be additionally noted that lowering the pH also 

increases the solution's ionic strength, and thus reduces both intra- and inter-

particle interaction among PEDOT:PSS complexes. As a result, the particles have 

the potential to form larger aggregates. This is evident in Figure 5 where at pH 1.7 

the number of particles with a diameter of 30 nm slightly increases.  

While a similar mechanism can explain the change in particle size with increasing 

ionic strength (and at pH 9), increasing the ionic strength will also lead to 
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decreased expansion of PSS chains on the surface of the  PEDOT:PSS complexes, 

thereby reducing the particle size. Moreover, high pH and increased Na+ 

concentrations lowers the charge of PEDOT and induces de-doping,98,99 which can 

reduce the interaction between PEDOT and PSS and can cause destabilization in 

the system via association and aggregation of complexes. Overall the size of the 

PEDOT:PSS complexes is determined by the balance between inter- (macroscopic 

association between complexes) and intra-particle (PEDOT and PSS interaction, 

PSS chain expansion) interaction. Despite the variety of factors that impact the 

particle size of PEDOT:PSS complexes, no macroscopic aggregation was observed 

over a rather wide range of pH and ionic strengths, indicating good colloidal 

stability of the PEDOT:PSS complexes. 

Zeta potential and Charge density: The zeta potential of PEDOT:PSS 

complexes under various pH and ionic strengths is shown in Figure 6a and 6b, 

respectively. As expected, the zeta potential decreases while increasing both the pH 

from 3.5 to 9 and the ionic strength from 1 mM to 10 mM. Lowering the pH to 1.7 

additionally showed a decrease in zeta potential. As discussed previously, the PSS 

chain extension as well as the charge balance between PEDOT and PSS both affect 

the zeta potential. In contrast to 5 and 10 mM, a slight increase in zeta potential 

was observed at 50 mM. While the cause for this increase is unclear, it is possible 

that the overall interaction between the PSS and PEDOT chains decreases due to 

the higher ion concentration moving inside the complexes. This may lead to a 

change  in  the overall structure and thus the stoichiometry of the complexes, but 

more investigations are needed to explain this behaviour more thoroughly.   
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Figure 6  Zeta potential of PEDOT:PSS complexes measured at different (a) pH and (b) 

ionic strengths. (c) An image showing the morphology of the simulated PEDOT:PSS complex 

(blue color represents PEDOT and green color represents PSS chains) and (d) the simulated 

zeta potential values of PEDOT:PSS complex at different ionic strengths and pH. Adapted 

from Paper I.94 

 

4.1.2. Computational microscopy of PEDOT:PSS  

The particle size and zeta potential of PEDOT:PSS complexes in water were 

simulated using MD simulations and compared with the experimental data. The 

simulation details can be found in the appended paper (Paper I). Briefly, a 

PEDOT:PSS complex was modeled as a PEDOT core surrounded by the PSS shell, 

where the PSS chains were also found to penetrate the PEDOT core (Figure 6c). In 

addition to the PSS distribution, different ions, such as Na+ and Cl-, were also 

simulated at pH 1.5 and 3.5. The zeta potential at different pH and ionic strength 

was calculated based on simulated particle morphology. The particle diameter was 

estimated to be 25 nm at pH 3.5 and 18 nm at pH 1.5. At pH 1.5, PSS chains 

exhibited less expansions from the surface of the polyelectrolyte complex, and the 
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ion distribution showed a lower concentration of Na+ inside the PEDOT:PSS, due 

to the partial protonation of PSS chains. As a result, a more compact structure was 

observed at pH 1.5 compared to pH 3.5. The zeta potential also decreased with 

increasing pH and ionic strength (Figure 6d). Qualitatively both the particle size 

and zeta potential from experimental and computational results show good 

agreement. As a result, MD simulations provide useful insight into the structure 

and the ion distribution of PEDOT:PSS complexes which otherwise would be 

difficult, if not impossible, to observe experimentally. 

4.2. Interaction between PEDOT:PSS and cellulose 
(Paper II) 

Materials made solely from PEDOT:PSS are conductive but brittle. In this respect, 

cellulose fibers and nanofibrils can provide a 3D network for preparing PEDOT:PSS 

composites with complex geometries and good mechanical properties. An essential 

aspect of cellulose/PEDOT:PSS composites is understanding the molecular 

interactions between the two components in dispersion or the wet state. Developing 

a thorough understanding of these interactions is crucial for the bottom-up design 

of conducting and functional materials. Hence, this section is dedicated to 

understanding the fundamental aspects of the interaction between PEDOT:PSS 

and cellulose. 

4.2.1. Adsorption of PEDOT:PSS onto cellulose and factors affecting 
the interactions 

The adsorption of PEDOT:PSS onto cellulose was investigated using quartz crystal 

microbalance with dissipation (QCM-D). QCM-D monitors the sensor's resonance 

frequency change upon the adsorption of material, including solvent molecules 

associated with that material. This change in frequency can be translated to the 

adsorbed mass using the Sauerbrey equation100:  

m = C(Δf/n)                                                                                                  (Eq. 3) 

where m is the adsorbed mass, C is the Sauerbrey coefficient, Δf is the frequency 

change, and n is the overtone. The energy dissipation, related to the rigidity of the 

adsorbed layer, can also be evaluated via dissipation measurements.  
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Figure 7 QCM-D measurements of  PEDOT:PSS adsorption on CM-CNF and, TEMPO-

oxidized regenerated cellulose surface at pH 3.5 showing (a) frequency and (b) dissipation. 

AFM images of the QCM model surfaces after PEDOT:PSS adsorption on (c) CM-CNF  and 

(d) regenerated cellulose. Adapted from Paper II.101 

 

QCM-D results from adsorption measurements of PEDOT:PSS on regenerated 

cellulose films (TEMPO-oxidized fibers dissolved in NMMO/DMSO and 

regenerated in water) and CM-CNF are shown in Figure 7a. PEDOT:PSS was found 

to adsorb to both regenerated cellulose and CM-CNF, as indicated by the decrease 

in frequency upon injection of PEDOT:PSS.  This adsorption demonstrates an 

attractive interaction between the anionically charged PEDOT:PSS and the anionic 

cellulose surfaces. The kinetics of adsorption differed for the two substrates, with 

spontaneous and rapid adsorption occurring for CM-CNF, and a slower adsorption 

process occurring at the regenerated cellulose surface. Moreover, the adsorbed 

layers were found to be rigid for both CM-CNF and regenerated cellulose, as 

indicated by the relatively small and rapid change in dissipation (Figure 7b). AFM 

images of the films following adsorption showed that the PEDOT:PSS particles had 
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a pearl-necklace-like morphology on the CM-CNF surface (Figure 7c), whereas no 

such structures could be observed on regenerated cellulose surfaces (Figure 7d). 

Table 1 presents how different solution parameters, such as temperature, pH, ionic 

strength, and CM-CNF counterion, affect the adsorption of PEDOT:PSS onto CM-

CNF surfaces. For all the solution parameters, detailed QCM curves can be found 

in Paper II. The factors responsible for these changes and their effects on 

adsorption can be understood as follows:  

 

Table 1: Factors affecting the adsorption and the corresponding amount of PEDOT:PSS 

adsorbed onto CM-CNF (the total mass also includes the amount of water adsorbed). 

Adapted from Paper II.101 
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i) Temperature: Increased adsorption with increasing temperature indicates 

that the adsorption of PEDOT:PSS onto CM-CNF is an entropy-driven process.102 

This process can be understood as a balance between the entropy loss of 

PEDOT:PSS following adsorption and the entropy gain from the release of 

structured water from the cellulose surface (Figure 8a). The QCM results 

demonstrate that the entropic gain due to the release of water is dominant, and 

thus PEDOT:PSS adsorbs to the cellulose surface.  

 

Figure 8 (a) A schematic image showing the release of water molecules upon adsorption 

of PEDOT:PSS on cellulose; (b) Adhesion between CM-CNF coated colloidal probe and the 

PEDOT:PSS surfaces as calculated as an integral of the force-displacement curves from the 

AFM colloidal probe measurements. Adapted from Paper II.101 

 

ii) pH: Table 1 shows that significantly more PEDOT:PSS adsorbs to CM-CNF 

surfaces at lower pH. The pKa of carboxyl groups is ~4, and thus a significant 

amount of the CM-CNF  surface charge groups are deprotonated, resulting in a 

negatively charged surface at pH > 4.103 At pH 3.5, protonation of carboxyl groups 

lowers the repulsive interactions between the negatively charged PEDOT:PSS and 

the CM-CNFs and therefore, more adsorption occurs. Similar results have been 

shown in the case of PEDOT:PSS adsorption onto microcrystalline cellulose 

(MCC).77,78 Additionally, colloidal probe-atomic force microscopy (CP-AFM) 

measurements show a higher adhesion between a CM-CNF coated colloidal probe 

and a PEDOT:PSS substrate as the pH decreases from pH 8 to pH 2, further 

supporting the adsorption data from the QCM-D measurements (Figure 8b). 
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iii) Ionic strength: Increasing the ionic strength (at pH 3.5 and 25 ºC) from 0 

mM NaCl to 50 mM NaCl increased PEDOT:PSS adsorption (Table 1). This is 

potentially due to screened charges between CNF and PEDOT:PSS, as well between 

the adsorbed PEDOT:PSS complexes on the surface. Screening decreases the 

repulsive interactions which work against the entropic driving forces of adsorption. 

AFM images of the QCM surfaces following adsorption at high ionic strength 

additionally show that PEDOT:PSS adsorbed as larger aggregates  as compared to 

the low ionic strengths (Figure 9a, 9b). While Paper I demonstrated that the 

particle size of PEDOT:PSS did not change significantly in dispersion upon 

increasing the ionic strength the larger aggregates observed via AFM are suggested 

to be due to a surface induced association of PEDOT:PSS complexes at the CNF 

surface and potentially the formation more aggregated structures following drying. 

 

Figure 9 AFM images showing PEDOT:PSS particles adsorbed on CM-CNF at an ionic 

strength corresponding to (a) 10mM NaCl, (b) 50mM NaCl, and (c) the adsorption in the 

presence of Ca2+ (instead of Na+) as a counterion. Adapted from Paper II.101 

 

iv) Counterions: Exchanging the monovalent Na+ to divalent Ca2+ increased 

PEDOT:PSS adsorption to CM-CNF surfaces (Table 1, Figure 9c). The higher 

entropic gain from the release of counterions in presence of multivalent ions 

potentially can explain the increased PEDOT:PSS adsorption. Moreover, 

multivalent ions can act as a bridge between the two surfaces, inducing an attractive 

interaction.104,105 Counterintuitively, a further increase in valency in the form of 

Fe3+ did not significantly increase adsorption compared to Na+. While the specific 

mechanism is unclear the behaviour potentially could be due to the chelating 

properties iron, which can induce cross-linking within the CNF network,106 
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resulting in a reduced surface area and stronger self-association of CNFs that limits 

PEDOT:PSS adsorption.  

To summarize, low pH, high ionic strength, and multivalent ions can increase the 

adsorption of PEDOT:PSS onto anionic CM-CNF surfaces. Moreover, the release of 

water molecules from the CNF surface is the dominant interaction which leads to 

adsorption of anionic PEDOT:PSS to anionic CM-CNF.  

4.3. Cellulose modification for fiber-based conductive 
composites (Paper III, IV, V) 

Despite the interaction between CNF and PEDOT:PSS, cellulose is an insulating 

material and thus hampers the conductivity of PEDOT:PSS. As a result, large 

amounts of PEDOT:PSS are required in cellulose composites to achieve desired 

properties. Additionally, when paper-making techniques are used to produce 

conductive composites, retention of PEDOT:PSS and CNF is a significant challenge. 

Therefore, chemical modification of cellulose is a potential route to tailor 

interactions and address the challenges of making conductive composites more 

scalable and efficient. This section describes two such chemical modifications for 

the preparation of conductive cellulose composites. Specifically, (i) dialcohol-

modified cellulose (DALC) fibers and (ii) cationic cellulose fibers. In addition, two 

scale-up strategies, 3D printing and pilot paper machine production, are discussed 

for the production of biopotential monitoring electrodes and energy storage papers, 

respectively. 

4.3.1. Dialcohol-modified cellulose (DALC) fiber-based conductive 
composites (Paper III, IV) 

PEDOT:PSS is a high-performing, but expensive material. Therefore, it is natural 

to strive for good performance while reducing the amount of conductive material. 

Previous research has utilized nanocellulose to make mechanically-robust and 

printable conductive composites, however, nanocellulose is itself an energy and 

cost-intensive material. In comparison DALC fibers can be produced in an energy 

efficient way and have structures that resemble polyols like glycerol, sorbitol, etc., 

that are used to increase the conductivity of PEDOT:PSS. Moreover the open-chain 

structure high density of hydroxyl result in fibres which have been shown to be 



 

34 
 

considerably more flexible and ductile than to non-modified fibers.28  Thus DALC 

fibers are an attractive material from the production of conductive composites with 

PEDOT:PSS via printing.  

 
Figure 10 (a) Schematic summary of the components within the conducting ink and the 3D-
printing process. Rheology analysis of 3D printable ink showing (b) viscosity as a function of 
shear rate, (c) storage modulus (solid lines) and loss modulus (dashed lines) as a function of 
oscillation stress, (d) viscosity (at a shear rate of 0.1 s-1) and yield stress, as a function of a 
solids content of the conducting ink with DALC/PEDOT:PSS of 3:2 ratio. Adapted from Paper 
III. 

 

3D-printable inks of DALC fibers and PEDOT:PSS  

DALC fibers and PEDOT:PSS were mixed at different dry weight ratios, 4:1, 3:2, 

and 3:7, respectively, to form conductive inks. All inks were produced using DALC 

fibres with a degree of modification of 44% (percentage of modified glucan chains 

within the fiber) and the addition of 5 vol% glycerol. Samples were printed using 

an extrusion-based 3D-bioprinter (Figure 10a), dried in an oven at 60°C, and 

characterized. The rheological characterization of inks at different solids content 

demonstrates that all inks have the proper shear thinning behavior that is required 

for printing (Figure 10b, 10c, 10d). Samples printed in different 3D shapes (Figure 

11a), indicates the formation of a cross-linked network within and across each layer. 

The electrical conductivity of the 3D printed samples increased from 10 S/cm to 30 

S/cm, when increasing the PEDOT:PSS content from 20 to 40% (4:1 to 3:2), from 
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which saturation occurs at 70% (3:7) PEDOT:PSS (Figure 11b). Samples 

demonstrated good conductivity in both water and PBS buffer, and remained 

conductive even after storing them for 90 days (Figure 11c). 

 
Figure 11 (a) Optical micrographs of 3D and 2D printed patterns in the shape of a 20-layered 
hollow cube, a hollow cylinder, a 5-layered serpentine pattern, and a 5-layered mesh 
structure, respectively. Electrical conductivity of (b) 3D-printed films as a function of 
DALC/PEDOT:PSS weight ratio, and (c) 3D-printed films soaked in water or PBS (1x) buffer 
as a function of the number of days of soaking. (d) Tensile stress-strain curves for dry 
composites, (e) Modulus and elongation at break, evaluated in tension, as a function 
DALC/PEDOT:PSS ratio, (f) Relative resistance change in a printed DALC/PEDOT:PSS (3:2) 
film under strain, evaluated in tension, (g) A printed serpentine pattern and film wrapped 
around a glass rod with a radius of 3 mm. Adapted from Paper III. 

 

The mechanical characterization of the printed samples indicates that a strong and 

strainable network has been formed within the composite. A elastic modulus of 48 

MPa and strain-at-break of 45% at a DALC/PEDOT:PSS ratio of 3:2 (Figure 11d, 

11e)  shows that DALC fibers act as a plasticizing agent for the PEDOT:PSS complex, 

similar to other hydroxyl groups containing compounds.107 While DALC fibers 

allow for flexibility, they additionally provide stiffness when compared to 
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PEDOT:PSS/glycerol films, which were reported to have a modulus of 20 MPa.107 

Ouyang et al.107,108 showed that compounds with hydroxyl groups could lower the 

interchain interaction between PSS chains and help increase the strainability of 

PEDOT:PSS films. Since DALC fibers have a flexible, ring-opened glucan chain 

structure and a high concentration of hydroxyls, a similar mechanism could occur 

within DALC/PEDOT:PSS composites. Furthermore, the low relative resistance 

change upon stretching (Figure 11f) and the maintained conductivity (glowing 

LED-light) after bending (Figure 11g) demonstrates that an excellent interface is 

formed between PEDOT:PSS and DALC fibers. 

 

Figure 12 Electrochemical measurements: (a) schematic 3-electrode setup consisting of 

reference electrode (RE- Ag/AgCl), counter electrode (CE- Pt electrode) and working 

electrode (WE- 3D-printed sample mounted on Pt wire). (b) Cyclic voltammetry curves at 

different scan rates. (c) Galvanostatic charge-discharge curves at different current densities. 

(d) Electrochemical impedance spectroscopy spectra for 3D-printed samples, before (blue 

curve) and after (pink curve) 10 000 charge-discharge cycles. The inset shows the 

magnification of high frequency region of the impedance spectra. (e) Specific capacitance 

(F/g) and areal capacitance (mF/cm2) as a function of current density. (f) Normalized specific 

capacitance as a function of the number of charge-discharge cycles. Adapted from Paper III. 

 

In addition to the electrical properties, printed composites displayed excellent 

electrochemical performance, as characterized by a 3-electrode set-up (Figure 12a). 

The quasi-rectangular shaped CV curves (Figure 12b) and the linear charge-
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discharge curves (Figure 12c) of the printed electrodes indicate an electric double 

layer capacitive behavior.58 The printed electrodes exhibited a high specific 

capacitance of 211 F/g (normalized to PEDOT mass), and areal capacitance of 200 

F/cm2 at 1 A/g (at a PEDOT:PSS content of 40%) (Figure 12e), compared to the 

theoretical capacitance of 210F/g for PEDOT.109 Furthermore, the improvement in 

capacitance after 10000 charge-discharge cycles and the disappearance of a semi-

circle in EIS spectra (Figure 12d, 12f) demonstrate a low internal resistance in the 

composites before cycling. This resistance was even lower after cycling. Overall, 

DALC/PEDOT:PSS composites form a robust, flexible, and conductive network, 

despite having a relatively low PEDOT:PSS content.  

 

Factors affecting composites' properties  

The degree of modification (DM) of the DALC fibers and the addition of glycerol 

was found to significantly affect the properties of DALC/PEDOT:PSS composites 

(Figure 13a). Since the inks with a DALC/PEDOT:PSS ratio of 3:2 showed the 

highest conductivity, all the further analyses were performed at the same 

composition. DALC/PEDOT:PSS/glycerol samples prepared with different DMs 

showed an increase in conductivity with increasing DM (Figure 13a, blue curves). 

Increasing DM results in a higher concentration of primary alcohol groups, which 

have been shown to increase the conductivity and plasticization of PEDOT:PSS 

chains. 29,30,108  
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Figure 13 (a) Electrical conductivity before and after washing in water for 

PEDOT:PSS/glycerol, DALC/PEDOT:PSS, and DALC/PEDOT:PSS/glycerol composite films 

prepared with fibers modified to different degrees of modification; (b) Photographs 

demonstrating the wet stability of DALC/PEDOT:PSS/glycerol composites after 90 days of 

storage in water; (c) UV-visible spectra of the filtrate collected after washing the films; (d) 

Contact angle of water against PEDOT:PSS/glycerol and DALC44/PEDOT:PSS/glycerol 

films, before and after washing. Adapted from Paper IV.  

 

The difference in conductivity of the DALC44/PEDOT:PSS samples with and 

without glycerol (Figure 13a) indicates that glycerol is essential not only for wet 

stability (Figure 13b), but also for good conductivity. Specifically, conductivity 

increased 10x from 3 S/cm for DALC44/PEDOT:PSS to 30 S/cm in 

DALC44/PEDOT:PSS/glycerol. In comparison, the addition of only glycerol to 

PEDOT:PSS did not result in a higher conductivity, indicating the combination of 

DALC fibers and glycerol was essential for good electrical performance (and 

durability in water).   
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Mechanism for conductivity enhancement 

Conductivity enhancement in PEDOT:PSS has been attributed to the separation 

and removal of PSS, and the restructuring of PEDOT chains by secondary 

dopants.52,54 A two-fold increase in conductivity after washing (Figure 13a, orange 

curves), a high intensity signal at 225 nm (for PSS) in UV-visible spectra (Figure 

13c) of the washing solution, and a significant increase in contact angle in washed 

films (Figure 13d) strongly indicate the removal of PSS110 and enrichment of the 

surface with hydrophobic PEDOT within DALC/PEDOT:PSS/glycerol composites 

upon washing with water.111,112  

 

Figure 14 WAXS spectra of (a) as-prepared and (b) after washing for PEDOT:PSS, 

PEDOT:PSS/glycerol, DALC44/PEDOT:PSS, and DALC/PEDOT:PSS/glycerol films 

prepared with fibers modified to different degrees of dialcohol modification. Adapted from 

Paper IV. 

 

WAXS spectra of the as-prepared and washed films (Figure 14a, 14b) suggests 

different PEDOT and PSS packing within the composite materials due to the 

addition of both the DALC fibers and glycerol. The critical peaks for PEDOT (0.3 Å-
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1 and 1.8 Å-1) and PSS (1.25 Å-1) packing were masked by an intense peak at 1.4 Å-1 

and 1.6 Å-1 in the DALC/PEDOT:PSS composites (Figure 14a). The peak at 1.4 Å-1 is 

presumably an overlapping peak between DALC fibers and a shifted peak of PSS 

(1.25 Å-1 to 1.4 Å-1), indicating a close packing of PSS on DALC fibers. This shift also 

suggests a closer packing of PEDOT:PSS particles in DALC/PEDOT:PSS/glycerol 

composites. After washing, the intensity of the peak at 1.4 Å-1 reduced significantly 

(Figure 14b). Simultaneously, two peaks corresponding to PEDOT appeared, one at 

0.3 Å-1 and another at 1.8 Å-1 (Figure 14b). However, DALC/PEDOT:PSS 

composites without any glycerol did not display such a peak shift, suggesting that 

glycerol is needed (in addition to DALC fibers) for better PEDOT and PSS packing. 

3D printable inks with different DALC/PEDOT:PSS ratios also showed similar 

behavior before and after washing (see Paper III for more details). 

 

Figure 15 (a) XPS spectra, and (b) TGA curves, for PEDOT:PSS, PEDOT:PSS/glycerol, 

DALC44/PEDOT:PSS, and DALC/PEDOT:PSS/glycerol films prepared with fibers modified 

to different degrees of dialcohol modification. Adapted from Paper IV. 
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X-ray photoelectron spectroscopy (XPS) of washed DALC/PEDOT:PSS/glycerol 

composites (Figure 15a) indicate that the concentration of PSS (binding energies 

above 166 eV)113 decreased with increasing DM of the DALC fibers. This suggests 

that the PEDOT concentration was increased (Figure 15a, binding energies below 

166 eV)113 and possibly reached the same as in the pure PEDOT:PSS films. Thus, 

further supporting that increased conductivity is due to PSS removal and PEDOT 

enrichment and organization, similar to other reported secondary dopants.114  

The plasticizing effect of hydroxyl containing compounds on PSS interchain 

interaction has been shown to weaken the PEDOT and PSS interaction.51,115 

Thermal gravimetric analysis (TGA) of DALC/PEDOT:PSS and 

DALC/PEDOT:PSS/glycerol composites also showed this plasticizing effect (Figure 

15b). DALC/PEDOT:PSS films exhibited similar thermal weight loss behavior as 

PEDOT:PSS/glycerol films. DALC/PEDOT:PSS/glycerol composites were less 

thermally stable. This indeed supports the suggested plasticization of PEDOT:PSS 

by DALC fibers and glycerol.116,117  
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Figure 16 (a) SEM image showing the morphology of DALC44 fibers after the adsorption 

of PEDOT:PSS with marked points for the EDX spectra (data shown in Table 2); (b) a FIB-

SEM image showing the freshly revealed cross-section of a single DALC44 fiber with 

adsorbed PEDOT:PSS (EDX intensities shown in Table 2); (c) radius-normalized colloidal 

probe force measurements as a function of separation (the inset shows the image of a DALC 

fiber without any PEDOT:PSS and the cantilever with PEDOT:PSS coated probe) and (d) 

peak adhesion, between a PEDOT:PSS-coated probe and a DALC44 fiber surface in pH 2 

water, with and without glycerol. Adapted from Paper IV. 

 

Interactions between DALC fibers, PEDOT:PSS and glycerol 

DALC fibers act as a secondary dopant to PEDOT:PSS, but a deeper understanding 

of the molecular interaction is needed in order to control the structure and 

properties of these composites. PEDOT:PSS adsorbs spontaneously to DALC fibers 

(on the fiber surface as well as inside the fiber wall) when the two are mixed. 

Following PEDOT:PSS adsorption, DALC fibers were studied via scanning electron 
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microscopy (SEM) and energy dispersive x-ray spectroscopy (EDS). Both the 

surface of the fibers (Figure 16a) and the cross-section, revealed by focussed ion-

beam SEM (FIB-SEM) (Figure 16b) were studied. Investigating the morphology, 

individual PEDOT:PSS complexes could not be distinguished despite the fibers 

having a blue appearance and being conductive. In fact following PEDOT:PSS 

adsorption the fibers were sufficiently conductive as they did not require Pt/Pd 

coating to prevent specimen charging during imaging. Chemical analysis via EDS 

showed the presence of sulfur both on the fiber surface and throughout the cross-

section (Table 2), confirming PEDOT:PSS adsorption.  

The interaction between PEDOT:PSS and DALC fibers was not significantly 

affected by the presence of glycerol. This evidenced by the fact that the adhesion 

between a PEDOT:PSS coated colloidal probe and DALC fibers remained relatively 

unchanged following the addition of glycerol to the cell. (Figure 16c, 16d). Since 

DALC fibers are highly hydrated118 and have an abundance of primary alcohol 

groups, entropic interactions (similar to PEDOT:PSS adsorption on CM-CNFs) are 

a potential driving force for the adsorption of PEDOT:PSS. Moreover, dipole-dipole 

interactions between the polar surface of DALC fibers and PEDOT:PSS could play 

a role in the apparent irreversible nature of the adsorption. 

Table 2: Elements detected by EDX at different locations in SEM image (Figure 16a, 16b). 

Adapted from Paper IV. 
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Figure 17 A schematic representation of the morphological model proposed to understand 

the effect of DALC fibers on the restructuring of the PEDOT:PSS showing (a) DALC fibers, 

(b) the random orientation of PEDOT:PSS particles adsorbed on DALC fibrils constituting the 

fiber-wall of DALC fibers, (c) segregation of PSS and stacking of PEDOT when glycerol was 

added to DALC/PEDOT:PSS inks, and (d) PEDOT enrichment on the surface after washing 

away excess PSS and glycerol from the DALC/PEDOT:PSS/glycerol composites. Adapted 

from Paper IV. 

 

Based on the variety of characterization methodologies used, the interaction 

between DALC fibers, PEDOT:PSS, and glycerol can be summarized as follows. 

Upon mixing, PEDOT:PSS  spontaneously adsorbs onto the nanofibrils that 

constitute the DALC fiber wall (Figure 17a). In the presence of glycerol, a portion 

of the PSS is removed and the PEDOT restructures into an extended conformation 

on the DALC fibers (Figure 17b). During drying a local increase in ionic strength 

and glycerol concentration further weakens the interactions between PEDOT and 

PSS leading to enrichment of PSS which can be washed away in water (Figure 17c). 

Simultaneously, the increased concentration of PEDOT makes the material more 

conductive and the surface more hydrophobic (Figure 17d). To conclude, DALC 

fibers induce a supramolecular structuring of PEDOT in DALC/PEDOT:PSS 

composites and glycerol strengthens interaction further by facilitating removal of 

PSS. 
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Figure 18 (a) A photograph and schematic drawing of a twisted supercapacitor consisting 

of 3D printed DALC/PEDOT:PSS fibers coated with gel electrolyte, and galvanostatic 

charge/discharge curves showing ten charge-discharge cycles, of the twisted supercapacitor 

device. (b) 3-lead ECG measurement signals (inset showing the measurement setup) 

detected using DALC/PEDOT:PSS electrode (orange) and a commercial gel electrode (blue). 

(c) EMG traces recorded while opening and closing a fist. Adapted from Paper III. 

 

Applications of DALC/PEDOT:PSS composites 

Printable, soft, stretchable and conductive biocomposites have numerous 

applications, particularly in bioelectronics.53,119 The excellent flow properties of 

DALC/PEDOT:PSS inks aided in extruding long, conducting filaments. To 

synthesize a symmetric supercapacitor two of these filaments were soaked in a gel 
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electrolyte of polyvinyl alcohol and sulfuric acid (PVA/H2SO4) and twisted together 

after drying (Figure 18a). This device showed a high specific capacitance of 123 F/g 

at a current density of 3A/g, which could be used in wearable energy storage 

devices. Biopotential monitoring is yet another application for conducting polymer 

electrodes.120 To demonstrate the potential of DALC/PEDOT:PSS composites in 

these applications printed electrodes were produced for biomonitoring. The 

printed electrodes showed very low impedance (few ohms), compared to other 

commercial electrodes (in kiloohms) in EC-12 tests (a standardized test used for 

disposable electrocardiography (ECG) electrodes). Furthermore, real-time ECG 

signals from the heartbeat and electromyography (EMG) signals (muscle potential) 

from opening and closing the fist were measured using the printed 

DALC/PEDOT:PSS/glycerol electrodes (Figure 18b, 18c). The versatility of 

DALC/PEDOT:PSS electrodes in combination with their high conductivity (even at 

low conducting polymer content) make them excellent candidates for bio-based 

electrodes in wearable and flexible electronics. 

4.3.2. Conductive composites from cationic cellulose fibers (Paper V) 

The challenges associated with the scalable production of anionic CNF-based 

conductive composites have been described in detail earlier (Section 2.5). However, 

by using cationic cellulose fibers, some of these challenges, such as retention of the 

active electrode materials in the nm-µm particle size range, can be overcome. Since 

the majority of the carbon materials and conductive polymers used for energy 

storage have a negative surface potential, cationic cellulose fibers can improve the 

adsorption and retention of these active materials during paper production via 

charge-mediated interactions. For this purpose, cationic fibers were prepared by 

grafting quaternary trimethyl ammonium groups onto the surface of cellulose 

fibers under highly alkaline conditions. The charge density used in this work was 

measured to be 300 µeq/g. 
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Figure 19 (a) A schematic description of the material concept and the papermaking 

process, and (b) The chemistry used for the paper machine trials with the cationization of pulp 

fibers with glycidyl trimethylammonium chloride and subsequent PEDOT:PSS adsorption. 

Adapted from Paper V.121  

 

An earlier reported study showed good performance of printed composite 

supercapacitors using anionic CNFs, PEDOT:PSS, activated carbon (AC), and 

carbon black (CB).82 Here in the pilot paper production of an energy storage paper, 

a similar material combination was used, except in the place of anionic CNFs 

cationic cellulose fibers were used. Since PEDOT:PSS carries a negative charge, it 

adsorbed spontaneously and was retained onto the cationic fibers even after 

washing (Figure 19). The total amount of adsorbed PEDOT:PSS was measured 

using retention measurements and was found to be 0.75-1.5 wt%. To further 

improve retention of the other active components, such as AC, 0.2 wt% cationic 

polyacrylamide (CPAM) was used as a retention agent in the trials. In the 



 

48 
 

laboratory trials performed before the pilot trials, the addition of both PEDOT:PSS 

and AC showed the best electrochemical and electrical properties and thus were 

used in the pilot trials. Four separate 10-meter rolls of energy storage paper were 

prepared at the grammage of 100 g/m2 with the composition summarized in Table 

3. 

 

Table 3. Experimental matrix for the pilot trial, with dry wt% ratios given for the formulations 

i, ii, iii and iv with the components cationic cellulose pulp with PEDOT:PSS (CP:PP), activated 

carbon (AC), carboxymethylated cellulose nanofibrils (CM-CNFs) and carbon-black 

dispersed by CNFs (CB:CNF). Adapted from Paper V.121 

 

All the papers showed conductivities between 1-10 S/cm. Earlier studies by 

Belaineh et al. have proposed that 10 wt% PEDOT:PSS is the minimum 

concentration required to create a conductive network between AC particles in the 

printed supercapacitors.82 However, the irreversible adsorption of PEDOT:PSS 

onto the cationic fibers significantly reduced  this threshold (1 wt% vs. 10 wt%), as 

shown by the detected conductivity values.  
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Figure 20 Effect of different additives on the paper electrode properties. The mechanical 

properties evaluated as tensile strength index (A), tensile stiffness index (B), the in-plane 

conductivity (i, ii, iii, iv refer to specific formulations that can be found in Table 3) (C), and the 

specific capacitance per mass unit AC (D). Adapted from Paper V.121 

 

CNFs were added in the pilot trials to improve the mechanical properties of the 

papers. Upon the addition of CNFs both the tensile stiffness and tensile strength 

increased, but the electrical conductivity decreased (Figure 20a, 20b, 20c). SEM, 

and TGA showed that a more aggregated fiber network was created following the 

addition of CNF, which unfortunately also resulted in the loss of AC, and thereby 

decreasing the conductivity (for further details, please refer to Paper V). However, 

adding CB:CNF increased the electrical conductivity, since CB is a conductive filler, 

in addition to PEDOT:PSS.82 The specific capacitance of the paper (with CNFs) 

normalized to the mass of AC was 60 F/g and was increased to 67 F/g when CB:CNF 

was added (Figure 20d), implying the increased accessibility of charge storage sites. 

Thus, the addition of CNFs did not affect the electrochemical performance but 

adding CB:CNF increased the capacitance.  
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Figure 21 Characteristics of the EDLC device. (A) Discharge at different discharge currents 

and (B) cyclic voltammetry at different scan rates. Adapted from Paper V.121 

 

To demonstrate the use of paper electrodes in energy storage devices, an EDLC 

(electrical double-layer capacitor) supercapacitor was assembled (Figure 4). CV 

and linear discharge curves (Figure 21) showed a characteristic behavior of an 

EDLC supercapacitor. The measured specific capacitance of 73 F/g at the discharge 

current of 10mA/g was comparable to commercial carbon-based supercapacitors 

(100 F/g). However, further improvements are needed to increase the retention of 

active components and mechanical properties of the formed paper electrodes. Yet, 

cationic fibers can significantly improve the retention of active materials for scale-

up production and potentially compete with commercial supercapacitor electrodes.
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 Summary and Conclusions 

The aim of the work presented in this thesis has been to improve the fundamental 

understanding of cellulose and conducting polymer composites, and to investigate 

different factors that affect the final properties of such composites. 

The following conclusions can be drawn from the research described in this thesis:  

1. The particle size and charge density of PEDOT:PSS complexes vary with solution 

parameters such as pH and ionic strength. In addition, MD simulations have shown 

that PEDOT:PSS has a core-shell morphology where PSS chains form a shell 

around the PEDOT core, and a few PSS chains can penetrate into the PEDOT rich 

core. 

2. There is an entropic interaction between PEDOT:PSS and TEMPO- or CM-CNF, 

which drives the adsorption of the PEDOT:PSS to the cellulose based materials. 

This interaction can be controlled by different solution parameters such as pH, 

ionic strength and counterion type; to tailor the adsorption of PEDOT:PSS on 

cellulose.  

3. Dialcohol modified cellulose fibers can act as a secondary dopant for 

PEDOT:PSS. Highly conductive, stretchable and flexible electrodes can be 

prepared by 3D-printing while, simultaneously, lowering the amount of 

PEDOT:PSS required by using fibers instead of nanocellulose. Also, 

supramolecular structuring of PEDOT and the simultaneous removal of PSS from 

the DALC/PEDOT:PSS/glycerol composites were found to be the major 

contributing factor behind the increased conductivity of these composites. 

4. Cationic cellulose fibers can help retain CPs and conductive carbons, and may 

help lower the percolation threshold of the composites. The fabrication of energy 

storage paper, using cationic fibers on a pilot scale paper machine, demonstrates 

the capability of these fibers to facilitate scalable production.  

In summary, this thesis addresses some of the challenges involved in the 

preparation of cellulose-based PEDOT:PSS composites — from understanding 

molecular interactions, to modification and scale-up.
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 Future Outlook 

Conductive materials are required for applications such as energy storage, consumer 

electronics, or MedTech sensors. Cellulose based composite materials have the potential to 

meet this demand. However, in order to develop electrodes from cellulose composites, there 

is still the need for more fundamental research, new composite material and fabrication route 

development. This thesis takes an incremental step towards understanding the structure-

property relationship between cellulose and conductive materials. 

In the future, it is essential to delve deeper into the interaction between anionic polymers, 

conducting materials, and cellulose; using computational tools to accelerate the development 

of new composite materials.  

The mechanism of PSS separation and removal in DALC/PEDOT:PSS composites should be 

studied further, both practically and through simulation. Additionally, different chemically-

modified cellulose and PEDOT:PSS composites should be characterized in a similar fashion.  

Lignocellulosic fibers with different chemical modifications have not been studied extensively 

in combination with conducting materials, with the focus instead being on nanocellulose. 

However, these fibers can provide further insights into the 3D structuring of conductive 

materials. The emphasis should be placed on selecting the best chemical modification of the 

fibers to improve the retention of the conductive components in the composites.  

Different production methods for fiber-based devices should be explored. For example, the 

expertise and infrastructure available in the paper industry can be harnessed to accelerate the 

scale-up of cellulose based conducting electrodes, especially for energy storage applications. 

This will provide alternative revenue streams for the paper industry, especially those in the 

sector specializing in the small scale production of high value products. In addition, more 

extrusion-based printing techniques can be explored in order to fabricate fiber-based devices 

by roll-to-roll processing. 

Although PEDOT:PSS has been studied in this work, the concepts developed can be extended 

to other electrically and ionically conducting materials, for example, conductive carbons, 2D 

materials, and ionic polymers. The findings can also be extrapolated to other applications, 

such as: fuel cells, redox flow batteries, actuators, and sensors.  
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