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Abstract 
 
The thesis describes an investigation into the interaction between the conducting 

polymer and cellulosic materials, and the preparation of electroconductive paper. The 

adsorption behavior of the conducting polymer onto cellulosic materials was 

characterized. Poly(3,4-ethylenedioxythiophene) doped with poly(4-styrene sulfonate) 

(PEDOT:PSS) was used as conducting polymer because of its attractive properties in 

terms of conductivity, water solubility, and environmental stability. The model 

substrate used for adsorption was microcrystalline cellulose (MCC). Various pH levels 

and salt concentrations were explored to completely understand the adsorption 

behavior of PEDOT:PSS. The variation in surface charge characteristics when the pH 

and salt concentration were changed was monitored by polyelectrolyte titration and 

zeta potential measurement. The adsorption isotherm showed a broad molecular 

distribution of the conducting polymer and considerable interaction between the 

polymer and MCC. As the pH of the solution was increased, the adsorbed amount 

decreased. With varying salt concentrations, the adsorption passed through a 

maximum. The extent of deposition of PEDOT:PSS on the surface of cellulosic fibers 

was investigated using X-ray Photoelectron Spectroscopy (XPS) with a commercial 

base paper as substrate. XPS analysis of dip-coated paper samples showed PEDOT 

enrichment on the surface. The degree of washing the dip-coated paper with acidic 

water did not significantly affect the PEDOT enrichment on the surface. 

 

A base paper was coated with PEDOT:PSS blends to produce electroconductive 

papers. The bulk conductivities (σdc) of the coated papers were measured using a four-

probe technique and impedance spectroscopy. One-side and two-side coating gave 

comparable conductivity levels. Various organic solvents added to the PEDOT:PSS 

dispersion at different concentrations showed various effects on the bulk conductivity 

of the coated paper. Blends containing sorbitol and isopropanol did not enhance the 

bulk conductivity of the coated paper, and at high concentrations these organic 

solvents lowered the conductivity. Paper samples coated with a PEDOT:PSS blend 

containing N-methylpyrrolidinone (NMP) and dimethyl sulfoxide (DMSO) exhibited a 

higher conductivity than when coated with pure PEDOT:PSS, due to conformational 

changes and their plasticizing effect. The effect of calendering was investigated and 

only the sample subjected to 174 kN/m line load after coating showed significant 

conductivity enhancement. The addition of TiO2 pigment lowered the bulk 

conductivity of the paper. Contact angle measurements were made to monitor the 

effect of coating the paper with PEDOT:PSS blends on the hydrophilicity of the 

paper samples. The amount of PEDOT:PSS deposited in the fiber network was 

determined using total sulfur analysis. Thus, this study makes use of conventional 

paper surface treatment as method for achieving bulk conductivity of paper in the 

semi-conductor range without significantly decreasing the paper strength. 
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Objectives 
 
The general aim of the project is to produce and characterize ionic /electronic 

conductive paper suitable as substrate for electronic device propagation such as 

electrochromic device, and would itself provide connection to power supply. 

Thus, it is important that the paper will possess bulk/volume conductivity. 

There are two papers included in this thesis work: 

 

The purpose of the work reported in Paper I was to understand the interaction 

between a conducting polymer PEDOT:PSS and cellulosic materials, using 

MCC as a model surface for adsorption. It is important to understand the 

adsorption behavior of PEDOT:PSS at various pH levels and salt 

concentrations. XPS analysis was performed on dip-coated paper samples to 

characterize the adsorption of PEDOT:PSS on paper and to determine the 

behavior of PEDOT and PSS on the surface of the paper. 

 

Paper II deals with the preparation and characterization of conductive paper 

sheets. This paper attempts to understand the effects of conductivity enhancers 

and of calendering the paper. A four-probe technique was used to measure the 

bulk conductivity of the coated paper, and impedance spectroscopy was used to 

measure the base paper conductivity. The amount of PEDOT:PSS and solvent 

deposited in the paper was indirectly determined by determining the total sulfur 

content.   



 iv 

Symbols and Abbreviations 
 
 
Abbreviations 
 
IHL   - inner Helmholtz layer 
OHP  - outer Helmholtz layer 
PEDOT:PSS   - poly(3,4-ethylenedioxythiophene)/poly(4-styrene  sulfonate) 
XPS  -  X-ray Photoelectron spectroscopy 
AU  -  absorbance unit 
 
Symbols 
 
χ -  solvency parameter 
χs - adsorption energy parameter 
χsc - critical adsorption energy parameter 
χeff - effective chemical interaction 
A -  measured absorbance 
I0 - intensity of the incident light at a given wavelength 
I - intensity of transmitted light 
q - specific charge quantity (eq/g) 
V - volume of the titrant (L) 
c - titrant concentration (eq/L) 
w - solid content of the active substance (g) 
σ0 - surface charge density 
σi - charge density at the IHP 
σd - charge density in the diffuse layer 
ψ0 - electric potential at the surface 
ψi -  electric potential at the IHP 
ψd - electric potential in Stern plane 
ζ -  zeta potential 
εrs  - relative permittivity of the dispersion medium  
ε0  - permittivity of vacuum (F/m or C² N-1 m-2) 
η  - dynamic viscosity (Pa s)  
E  - applied electric field (V/m) 
ve - electrophoretic velocity (m/s) 
ue - electrophoretic mobility () 
h - Planck’s constant (6.626068 × 10-34 m2 kg / s) 
υ - light frequency (1/s) 
Eb -  binding energy (J) 
Ek -  kinetic energy (J) 
φ - work function of spectrometer (J) 
σ (ω) - bulk conductivity as a function of frequency (S/cm) 
σdc - direct current bulk conductivity 
σac(ω) - alternating current bulk conductivity as a function of frequency 
α - degree of dissociation 
µ - charge carrier mobility 
e - elementary charge (1.602176487 x 10 -19 C)
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1 Introduction 
 

1.1 Developments in Flexible Electronics 
 
The discovery of highly conductive doped polyacetylene in 1977 opened the way to 

a new generation of polymers, i.e. conducting polymers (Chiang et al 1977). 

Extensive research and development of the semiconducting and conducting 

properties of a large family of conjugated polymers have been reported since then. 

This great effort resulted in the birth of a new field known as organic electronics or 

polymer electronics. This field is an alternative to the traditional field of electronics 

which is based on inorganic conductors and semiconductors such as copper and 

silicon.  

 

Organics electronics offers many advantages over traditional electronics. One of the 

advantages is flexibility, since a conducting polymer can be deposited on any 

suitable rigid or flexible surfaces. Another advantage of organic electronics is their 

cheap production. The major drawback of a conducting polymer is its lack of 

stability in its conducting state (Popovic et al 1999). With further research, the 

stability problem might be solved. The common method of depositing a conducting 

polymer on surfaces is by spin-coating (Jönsson et al 2002; Nguyen et al 2004; 

Kemerink et al 2004), although there are other methods at which it can be deposited 

such as casting (Heeger et al 1997), layer-by-layer coating (Ito et al 2004; Wang et al 

2005), rod coating (Denneulin, 2008), and printing (Ballarin et al 2004; Nelson 

2007).  

 

The term flexible electronics is used when a conducting polymer is deposited on a 

flexible substrate. The most common flexible substrate used is plastic. However, 

new research interests are focused on other flexible substrates such as textiles and 

papers. 
 
1.2 Paper as Flexible Substrate for Electronic Device 
 

Much earlier work had reported the development of a surface-conductive paper 

with a surface resistivity of 30 Ω/sq using 72% graphite (Casey 1961), and a variety 

of patents emerged for producing conductive papers using chemical impregnations 

such as poly(diallyldimethylammonium chloride) (Mosher 1968) which are mainly 

used for antistatic applications. Nowadays, paper is becoming a suitable flexible 

substrate for conducting polymer. Paper offers many advantages in terms of cheap 

production, renewable raw materials and a porous structure useful for electrical 

purposes. Paper can be a versatile electronic substrate. For surface-conductive 

sheets, a conducting polymer can be deposited on the surface of a pigment-coated 
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paper which prevents further penetration of the polymer deep into the fiber 

network. On the other hand, the bulk of the paper can be made electronically 

conductive by deposition of material either before the forming process or after the 

base paper has been formed. Research on conducting material deposition before the 

forming process has been reported where a layer-by-layer method has been 

employed (Agarwal et al 2006; Lvov et al 2006; Qian et al 2006; Wistrand et al 2007; 

and Gerhardt et al 2008). In this work, however, the conducting polymer has been 

deposited after forming the base paper sheet. Both methods could be used for an 

electronic architecture or design, depending on the application it may serve. 
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2 Background 
 

2.1 Conjugated Polymers 

Conjugated polymers are sp2 hybridized polymers. The π-conjugated polymer 

consists of a regular alternating system of single (C-C) and double (C=C) bonds 

which leads to a lower band gap energy, Eg in the delocalized π-system (Salaneck et 

al 1996). Figure 1 shows one of the first conducting polymers, trans-polyacetylene, 

which was accidentally discovered in the mid 1970s (Shirakawa et al 1974). 

Conductivity in the simplest semiconducting and metallic organic polymer, 

polyacetylene, is partially based on sp2 hybridized linear carbon chains. The three in-

plane sigma-orbitals of the sp2 hybridized carbons create the “backbone”; two of 

them being bonded to the neighboring carbons and the third sigma-orbital being 

bonded to a hydrogen atom. The fourth electron resides in the pz orbital. This one-

electron picture of the pz electron being decoupled from the backbone sigma-

orbitals gives these polymers special electrical properties. Traditional polymers such 

as polyethylenes are electrical insulators because all of the valence electrons are 

bound in sp3 hybridized covalent bonds which means that there are no mobile 

electrons to participate in electronic transport. 
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Figure 1. Resonant structures of trans-polyacetylene. 

Electronically, conducting polymers are extensively conjugated molecules that 

possess a spatially delocalized band-like electronic structure (Skotheim 1986; 

Wilbourn 1988). These bands stem from the splitting of interacting molecular 

orbitals of the constituent monomer units in a manner reminiscent of the band 

structure of solid-state semiconductors, as shown in Figure 2. The band gap is 



 4 

defined by the energy difference between the Lowest Unoccupied Molecular Orbital 

(LUMO) and the Highest Occupied Molecular Orbital (HOMO). The main 

difference of conjugated and non-conjugated polymers is the presence of the 

extended π-electron systems in the former (Springborg et al 2001).  

 

 

 

 

 

Figure 2. Band structure in an electronically conducting polymer. 

The conductivity, σ, of a conjugated polymer is proportional to the number of 

charge carriers, n and their mobility, µ. Since the band gap of a conjugated polymers 

is normally large, n is very small under ambient conditions. Consequently, 

conjugated polymers are insulators in their neutral state and no intrinsically 

conducting organic polymer is known at this time. A polymer can be made 

conductive by oxidation (p-doping) and/or, less frequently, by reduction (n-doping) 

of the polymer by either chemical or electrochemical means, to generate mobile 

charge carriers. Classic conductive polymers are typically derivatives of 

polyacetylene, polyaniline, or polypyrrole.  One of the most widely used conducting 

polymer is poly(3,4-ethylenedioxythiophene) doped with polystyrene sulfonate or 

PEDOT:PSS (see Figure 3). This polymer exhibits many attractive properties in 

terms of ease of processing, high conductivity, and environmental stability 

(Groenendaal et al 2000; Xing et al, 1997).  

 

 

 

Figure 3. The structure of PEDOT:PSS. 
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2.2 Cellulose Fiber Network 

 

Paper is produced from fibrous raw materials such as wood and annual non-wood 

plants. It is a layered fibrous network structure and its properties are highly 

dependent upon the nature of this network (Roberts 1996). Paper can be handmade 

or produced in large paper mills. The oldest method of papermaking was invented 

in China way back in the 2nd century BC (Paulapuro and Gullichsen 2000). The 

fibers lie predominantly in the plane of the sheet and are broadly parallel to each 

other in the z-direction. The areal mass distribution is dependent on the distribution 

of the fibers in the x-y plane. The point of contact between fibers forms a strong 

bond once the fibers have been dried. This bond is due to hydrogen bond between 

the polysaccharides in the fiber networks. Some properties, e.g. mechanical, depend 

on the bonding between fibers and not merely on the nature of the fiber 

distribution. The bonding of fibers and the fiber strength are influenced by the 

pulping and bleaching and by the fiber preparation conditions employed prior to 

sheet formation. A cross section of a typical paper is shown in Figure 4. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. A cross section image of paper showing individual fibers. 

 

Paper is a porous material and the penetration of liquids into the paper is a very 

important material property for many product types. The penetration of liquids is 

influence by the sheet structure, the surface energy of the component fibers and the 

porosity. The sheets structure can be controlled by the selection and refining of the 

pulp. The rate of penetration can be retarded by a low-energy, hydrophobic surface 

at the fiber-water interface. This can be achieved using a process called “sizing” 

(Roberts 1996). If the fibers in the paper are made hydrophobic by sizing, but the 

sheet has an open structure and there has been no surface treatment to cover the 

sized fiber, the paper will show a high contact angle (see discussion on contact angle 

in a later section). 

Lumen Fiber wall 
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2.3 Polyelectrolyte Adsorption on Cellulosic Material 

 

The adsorption of uncharged polymeric substance onto a surface is governed 

primarily by the adsorption energy parameter, χs and the solvency parameter χ 

(Fleer et al 1993; Wågberg 2000). For charged polymers such as polyelectrolytes, 

electrostatic interactions should also be considered. Thus, the factors to consider for 

polyelectrolyte adsorption include χ, χs, the monomeric charge (qm), and surface 

charge density (σ0). The monomeric charge is given by the equation 

    

eqm α±=      (1) 

where α is the degree of dissociation and e is the elementary charge. 

 

A schematic representation of how these parameters affect the adsorption of 

polyelectrolytes onto the surface is shown in Figure 5 (Fleer et al 1993). At low salt 

concentrations, weak adsorption is found on an uncharged surface (curve 1) while 

depletion occurs on polyelectrolytes having the same charge as the surface and 

charge compensation occurs when the polyelectrolyte has a charge opposite to that 

of the surface. At relatively high salt concentrations, the electrostatic interactions are 

screened so that the chemical interactions χ and χs predominate. No adsorption 

occurs if the adsorption energy, χs is less than the critical value,  χsc (curve 3), a 

certain adsorption occurs if χs > χsc provided χ is not too high (curves 1, 2,4 and 5), 

and a very high adsorption may be observed if the solvent is very poor for the 

screened polyelectrolyte (curve 4”). The molecular weight of the polymer also 

affects the adsorption behavior. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Schematic overview of polyelectrolyte adsorption showing the excess adsorbed amount in 

monolayers, θex plotted as a function of the salt concentration, cs for various segmental charges qm, 

surface charge density σ0, bond length l and the chemical parameters χ and χs. The letters a-e refer 

to situations depicted in Figure 6 (Fleer et al 1993). 

θ
ex 
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Curve 1 depicts polyelectrolyte adsorption on an uncharged surface while curve 3 is 

typical for pure electrosorption where the polymer has a charge opposite to that of 

the surface and there is no chemical affinity between the two (χs = 0). Curve 2 

refers to the adsorption behavior of a polyelectrolyte on a surface of the same 

charge. Both the effective chemical interaction parameter, χeff and the effective 

adsorption energy parameter χseff (including the electrostatic interaction between the 

segments and surface) are affected by the salt concentration. At a relatively low salt 

concentration (cs), the repulsion between the polymer segments and the surface is 

so strong that χseff < χsc resulting in depletion (see dotted line). As the salt 

concentration increases, adsorption occurs because χseff ≈ χsc. With a further 

increase in the salt concentration, the behavior is the same as for a polyelectrolyte 

on uncharged surface (curve 1). However, the adsorption decreases if there is ion 

competition which displaces the polyelectrolytes (curve 2’’ and 4’’). For pure charge 

compensation the sum of the surface charge (σ0l2 per site) and the polyelectrolyte 

charge (qmθa ≈ qmθex per site) is zero, so that θex ≈  σ0l2/qm. The effect of pH of the 

solution may be accounted for in the value of the surface charge density σ0 and the 

degree of dissociation α. Figure 6 depicts the adsorption behavior of 

polyelectrolytes on surfaces under different salt conditions. The polyelectrolyte is 

assumed to be positively charged and the surface charged is fixed. At low salt 

concentration (left hand side), the adsorption is dominated by the electrostatics. In 

case of a positive surface (diagram c), there is no adsorption while for a negative 

surface there is charge compensation: high adsorption if α is low (diagram a) and 

less if α is high (diagram b). For high cs and non-zero χs (diagram d); in the upper 

figure α is low (curve 5), in the lower one α is high (curve 4); the adsorbed amounts 

are the same because the charges are screened by counterions. Diagrams e show the 

situation for pure electrosortion (top) and for the same charge signs (bottom) at 

intermediate salt concentration. These diagrams refer to points on curves 3, and 4, 

respectively in Figure 5. The driving force of the former is electrostatics while in the 

latter it is chemical (i.e. due to χs), with the repulsion between segments and surface 

as an opposing force. 
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Figure 6. Pictorial representation of polyelectrolytes at a surface under various conditions of surface 

charge density, polymer charge density, and the ionic strength (Fleer et al 1993). 

 

2.4 Some Measurement Techniques Used in this Study 

 

The following techniques have been used in this study to characterize the 

adsorption of polyelectrolyte on the surface and the properties of the coated paper:  

 

2.4.1 Spectrophotometry 

 

Spectrophotometry is a technique used to quantify the amounts of substance 

present in solution by measuring the intensity of transmitted light. The main device 

used is the spectrophotometer that can measure the intensity of light as a function 

of wavelength. Figure 7 shows a schematic diagram of how light passes through the 

sample to the detector. 
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Figure 7. Diagram of a single-beam UV/vis spectrophotometer (Skoog et al, 2007). 

 

This method makes use of the Beer-Lambert law to measure the concentration of 

the absorbing species: 

  LcI
IA ⋅⋅=






−= ε

0
10log    (2) 

where A is the measured absorbance, I0 is the intensity of the incident light at a 

given wavelength, I is the intensity of the transmitted light, L is the path length 

through the sample, and c is the concentration of the absorbing species. For each 

species and wavelength, ε is a constant known as the molar absorptivity or 

extinction coefficient. This constant is a fundamental molecular property in a given 

solvent, at a particular temperature and pressure, and has units of 1 / (M�cm) or 

often AU / (M�cm) . The absorbance and extinction coefficent ε are sometimes 

defined in terms of natural logarithms instead of base-10 logarithms. The Beer-

Lambert Law is useful for characterizing many compounds that exhibit a direct 

relationship between the absorbance and concentration but it does not hold as a 

universal relationship for all substances since a second order polynomial 

relationship between absorption and concentration is sometimes encountered for 

very large, complex molecules such as organic dyes (e.g. Xylenol Orange or Neutral 

Red) (Skoog et al 2007). It is important to note whether the absorbance and 

concentration have a linear relationship. Mostly, nonlinearity occurs at higher 

concentration of the compound where a calibration curve is required to show the 

relationship between the absorbance and the concentration. 

  

2.4.2 Polyelectrolyte Titration 

 

Polyelectrolyte titration is often used to measure fiber charge. This method was first 

developed by Terayama in 1952. The concentration of cationic polyelectrolyte was 

determined by titration with an anionic polyelectrolyte in the presence of a cationic 

sample 

detector 
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indicator. Polyelectrolyte titration is essentially independent of the molar mass 

(Horn, 1978). This technique is normally based on 1:1 adsorption stoichiometry of 

the interacting species. A simple and widely used instrument is the particle charge 

detector which uses the streaming current to identify the point of zero charge. An 

oppositely charged polyelectrolyte of known charge density is used as titrant and the 

titration process ends as soon as the point of zero charge is reached. The volume of 

titrant consumed (in mL) is converted to specific charge quantity using the equation:  

 

   
w

cV
q

⋅=     (3) 

 

where q is the specific charge quantity (eq/g), V is the consumed titrant volume (L), 

c is the titrant concentration (eq/L), and w is solids of the sample or its active 

substance (g) (Mütek PCD, 2000). 

  

2.4.3 Zeta Potential Measurement 

  

Zeta potential is one of the main factors that influence inter-particle interactions. 

Particles in solution or dispersion normally acquire surface charges by ionization of 

surface groups or adsorption of charged species. These surface charges modify the 

distribution of the surrounding ions, resulting in a layer around the particle that is 

different from that in the bulk solution. If the particle moves, under Brownian 

motion, for example, this layer moves together with the particle. The zeta potential 

is the potential at the point where this layer moves past the bulk solution. This is 

usually called the slipping plane. Figure 8 shows the schematic representation of a 

positively charged interface showing the charges and potentials. The spatial 

distribution of ions around a charged surface has traditionally been termed as 

electrical double layer (EDL) although it is often more complex than just two layers. 

The uncharged region between the surface and the locus of hydrated counterions is 

called Stern layer whereas ions beyond it form the diffuse layer or Gouy layer. The 

Stern layer is divided into an inner Helmholtz layer (IHL) and an outer Helmholtz 

layer (OHL). Some ion types, i.e. those possessing a chemical affinity for the surface 

in addition to purely Coulombic interactions, are specifically adsorbed on the 

surface whereas other ion types interact with the surface charge only through 

electrostatic forces. The IHP is the locus of the former ions, and the OHP 

determines the beginning of the diffuse layer, which is the generic part of the EDL 

(Delgado et al 2005). 
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Figure 8. Schematic representation of the charges and potentials on a positively charged interface. 

The region between the surface and the IHP is free of charge. The slip plane or shear plane is 

located at x = dek. The potential at the slip plane is the electrokinetic or zeta-potential, ζ; the 

electrokinetic charge density is σek (Delgado et al 2005). 

 

Repulsions or attractions of these particles occur depending on the zeta potential 

value and the stability of dispersion depends on the zeta potential. A high absolute 

value of the zeta potential, i.e. > +30 mV or > -30 mV, implies that the solution or 

dispersion normally resists aggregation. Zeta potential is normally measured using 

micro-electrophoresis. If an electric field is applied across the dispersion, charged 

particles within the dispersion with a zeta potential will migrate toward the electrode 

of opposite charge with a velocity proportional to the magnitude of the zeta 

potential, as shown in Figure 9. 

 

 

 

 

 

.  

Figure 9. Schematic picture of charge migration when an electric potential is applied.  

 

The particle velocity is measured using laser Doppler anemometry. The frequency 

shift or phase shift of an incident laser beam caused by these moving particles is 

measured as the particle velocity, which is converted into electrophoretic mobility, 

and this mobility is in turn converted to the zeta potential by application of the 

Smoluchowski or Hückel theories. Smoluchowski’ theory is valid for any shape of a 

particle or pores inside a solid for as long the radius of curvature a largely exceeds 
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- 
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the Debye length κ-1 (κa>>1). These theories are approximations useful for most 

applications (Delgado et. al 2005). The expression for the electrophoretic velocity, 

ve is   

   E
η

ζεε 0rs
ev =     (4) 

where εrs is the relative permittivity of the dispersion medium, ε0 is the permittivity 

of vacuum, η is the dynamic viscosity of the dispersant, and E is the applied electric 

field. It is the velocity of the particle with respect to a medium at rest and is similar 

to the Smoluchowski equation for the electro-osmotic slip velocity having only the 

opposite sign. 

 

The electrophoretic mobility, ue which is known as the Helmholtz-Smoluchowski 

(HS) equations is expressed as  

   
η

ζεε 0rs
eu =     (5) 

For κa < 1, the Hückel-Onsager equation applies, 

η
ζεε 0

3

2 rs
eu =     (6) 

while for transition range between low and high κa , Henry’s formula can be applied 

if the zeta potential is presumed to be low (<50 mV). For nonconducting sphere, 

Henry’s equation is 

( )afu rs
e κ

η
ζεε

1
0

3

2=    (7) 

 

where function f1 varies smoothly from 1.0 (low κa ) to 1.5 (κa approaches infinity) 

  

2.4.4 X-ray Photoelectron Spectroscopy 

X-ray Photoelectron Spectroscopy (XPS) is used to determine the quantitative 

elemental composition and the chemistry of compounds on the surface. It is also 

known as Electron Spectroscopy for Chemical Analysis (ESCA). It is a surface 

analysis technique with a sampling volume that extends from the surface to a depth 

of approximately 10 nm. XPS is an elemental analysis technique that is unique in 

providing chemical state information of the detected elements. It is possible to 

discriminate between the same atoms bonded to other atoms, e.g. sulfur from 

thiophene and sulfur from sulfonic acid. The process starts by irradiating a sample 

with monochromatic X-rays, Al Kα (1486.6 eV) or Mg Kα (1253.6 eV), with energy 

hυ, and this leads to the emission of photoelectrons whose energies are characteristic 

of the elements within the sampled volume (Hüfner, 2003). The incident photon 
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with energy hυ ionizes an electronic shell and an electron which was bound to the 

solid with energy Eb is ejected into the vacuum with kinetic energy Ek. By 

conservation of energy, 

   φυ −−= bk EhE    (8) 

where Ek is the kinetic energy of the electrons, h is Planck’s constant, υ is the 

velocity of light, andφ  is the work function of the spectrometer. These ejected 

electrons move towards the electron collection lens and proceed to electron energy 

analyzer where their kinetic energies are measured. These electrons are counted in 

the electron detector which then produce a characteristic spectrum of elements 

present in the sample. Figure 10 shows the schematic picture of the whole process. 

Most XPS analysis requires ultra-high vacuum (UHV) conditions which imply that 

volatile samples cannot be detected. 

 

Figure 10. Basic components of monochromatic XPS system. 

2.4.5 Impedance Spectroscopy 

 

The conductivity ranges of different materials are shown in Figure 11. Conjugated 

polymers can reach up to the metallic conductivity level. The conductivity of base 

paper is normally in the range of > 10-12 S/cm depending on the filler used. 

Impedance spectroscopy is widely used in measuring the conductivity of materials. 

It measures the dielectric property of materials as a function of frequency. 
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Figure 11. Conductivities of different materials (Ajayaghosh 2004). 

 

The data can be translated to resistance and conductivity taking into consideration 

the geometry of the sample. The total frequency-dependent conductivity consists of 

a frequency-independent behavior in the low frequency region and a  sub-linear 

response at higher frequencies. It is expressed as 

 

  ( ) ( )ωσσωσ acdc +=     (9) 

 

where σdc is the DC electrical conductivity, and σac(ω) is the AC frequency-

dependent conductivity. The DC conductivity of the coated samples can thus be 

derived from the impedance spectroscopy data as the low-frequency plateau of the 

real part of the alternating current conductivities as shown in Figure 12 (Heitjans et 

al 2005; Meikap et al 2005). The interpretation of the spectrum at higher frequency 

is rather difficult. It is also important to make sure that contact resistance and 

current spreading are minimized in the measurement of rough samples such as 

paper. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. Conductivity as a function of frequency. 
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2.4.6 Four-Probe Technique 

 

The four-probe technique is widely used to measure both the surface and the 

volume or bulk resistivity of a material.  The four-point probe technique was 

originally developed to measure the earth’s resistivity (Wenner 1916). Nowadays the 

technique has become popular in the semiconductor industry. Figure 13 shows a 

schematic picture of the four-probe technique used in this study. The two outer 

electrodes are the current electrodes while two inner electrodes are the voltage 

electrodes. The technique is useful in evaluating both the surface and bulk 

conductivities of moderately conducting sheets according to ASTM 4496-04. In the 

case of rough sheets such as conductive paper, this technique is useful to minimize 

the contact resistance and current spreading. The technique allows the application 

of a force to compress the material but it has been reported that the force applied as 

well as the applied voltage affect the conductivity of the sheets (Borch et al 2002; 

Josefowicz et al 1982). Thus, these parameters should be carefully considered in the 

measurement. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. Schematic picture of four-probe assembly: (a) bottom view and (b) front view. 

 

2.4.7 Contact Angle Measurements 

The contact angle is the angle at which a liquid/vapor interface of a liquid drop 

meets the solid surface. It is specific for any given system and is determined by the 

interactions across the three interfaces. Figure 14 shows the contact angle of a small 

liquid droplet resting on a flat horizontal solid surface.  

V 
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Figure 14. Contact angle of a liquid sample. 

The Young equation describes the equilibrium of a liquid on a solid 

SLSVLV γγθγ −=cos     (10) 

where γ is the interfacial free energy (surface tension), the subscripts SV, SL and LV 

refer to the solid-vapor, solid-liquid and liquid-vapor interfaces, respectively, and θ 

is the contact angle. When a drop of liquid is placed on a solid material, the drop 

spreads until the interfacial forces are balanced. The contact angle is related to the 

thermodynamic quantities through the Young equation. The free energy associated 

with spreading of a liquid over a surface is given by the expression 

12
12

2
2

1
1

dA
A

G
dA

A

G
dA

A

G
dG

∂
∂+

∂
∂+

∂
∂=   (11) 

where  
i

i A

G
anddAdAdA

∂
∂==−= γ1212   (12) 

The coefficient, 2AG ∂∂− , gives the free energy change for the spreading of liquid 2 

over surface 1. The spreading coefficient, S2/1, for the spreading of liquid 2 over 

material 1 is given by the expression  

12211/2 γγγ −−=S     (13) 

If S2/1 is positive, then the free energy change is negative and the spreading is 

spontaneous. Spreading is controlled by the surface chemistry of the materials 

(Conners and Banerjee 1995). If the forces of adhesion between the solid and the 

liquid are greater than the forces of cohesion of the liquid, the liquid will spread and 

will perfectly wet the surface spontaneously. If the forces reach an intermediate 

balance determine by the surface tensions, then the liquid will form a definite 

contact angle (Roberts 1996). Contact angle is also dependent on both the surface 

roughness and porosity. Paper is a porous substrate and has a rough surface. 

γLV 

γSL γSV 

θ 

solid 

liquid 

vapor 
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Modification of the Young equation for rough surface was first proposed by 

Wenzel (Wenzel 1936; Good 1951) 

( )SLSVLV r γγθγ −=cos    (14) 

where r is the roughness ratio which is a measure of how surface roughness affects 

a homogenous surface. The roughness ratio is the ratio of actual area of the 

interface to the apparent area of the geometrical surface. It is important to note that 

the Young equation assumes a perfectly flat surface, whereas in many cases surface 

roughness and impurities cause a deviation in the equilibrium contact angle from 

the contact angle predicted by this equation. Contact angle is measured using a 

contact angle goniometer. Modern instruments include the static/dynamic sessile 

drop method, the dynamic Wilhelmy method, the single-fiber Wilhelmy method, 

and powder contact angle methods. Contact angle is used to assess the 

hydrophobicity of the solid surface using water as the liquid. Lastly, the contact 

angle is not limited to a liquid/vapor interface; it is equally applicable to the 

interface between two liquids or two vapors. 

2.4.8 Raman Spectroscopy 

Raman spectroscopy is a powerful technique for studying vibrational, rotational, and 

other low-frequency modes in a system (Gardiner 1989). It relies on inelastic 

scattering, or Raman scattering, of monochromatic light, usually from a laser in the 

visible, near infrared, or near ultraviolet range. The laser light interacts with 

phonons or other excitations in the system and the energy of the laser photons is 

then shifted up or down. The shift in energy gives information about the phonon 

modes in the system. This technique was discovered by C.V. Raman in 1928 using 

sunlight as the light source. Figure 15 shows the schematic diagram of the energy 

states involved in a Raman signal. Typically, a sample is illuminated with a laser 

beam. Light from the illuminated spot is collected with a lens and passed through a 

monochromator. Wavelengths close to the laser line, due to elastic Rayleigh 

scattering, are filtered out while the rest of the collected light is dispersed onto a 

detector. The scattered radiation, observed at 90° to the incident beam is of three 

types: Rayleigh, Stokes, and anti-Stokes. The Rayleigh-scattered radiation is more 

intense than either of the two types. In the quantum mechanical analysis of the 

Raman effect, radiation is considered as stream of photons scattered by collision 

between them and the molecules of the sample. Most of the collisions are elastic, i.e. 

no net transfer of energy occurs; a few collisions are inelastic. The vibrational 

energy of a bond is added to or subtracted from the energy of the incident photon, 

changing its frequency. The energy of the molecule can assume any of the infinite 
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number of virtual states between the ground state and excited electronic energy 

levels since the molecule is not generally excited into its first excited electronic 

energy level. For anti-Stokes behavior to occur the molecule must already be in an 

excited vibrational energy level and the probability of this occurrence can be 

estimated by assuming a Boltzman distribution. The polarisability of the molecule 

must change during the course of vibration in order for a particular vibrational 

mode to appear in the Raman spectrum (Mendham et al 2000). Raman spectroscopy 

has been used to study the properties of paper coatings (Tripp et al 2002) and 

conducting polymers (Duvail et al 2002, Ouyang et al 2004/2005, de Kok et al  

2004, Furukawa et al 2005, Garreau et al 1999). 

 

 

 

 

 

 

Figure 15. Energy level diagram showing the states involved in a Raman signal. The line thickness 

is roughly proportional to the signal strength from the different transitions. 
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2.5 Applications of Conductive Paper 

 

This study involves the modification of paper from an insulative to a conductive 

material by the deposition of conducting material blends. Bulk conductive paper can 

be used as a substrate for electrochromic device propagation where the 

electrochromic polymer is deposited on one side (functionality side) while the other 

side served as the power side. This type of construction may be useful in producing 

wall papers that change color (see Figure 16) or in other applications that need a 

variation in color depending on the voltage level. The latter may be useful in the 

packaging industry where the quality of the product inside may be assessed without 

opening the packaging. Some other applications include sensors, paper batteries, 

antennas, interactive magazines and newspapers, and other possible applications in 

the electronic industry.  

 

 

 

 

 

 

 

 

 

 

Figure 16. Schematic picture of wall paper that changes color. 
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3 Experimental 
 

3.1 Materials 

 

The conducting polymer, poly(3,4-ethylenedioxythiophene)/poly(4-styrene 

sulfonate) (PEDOT:PSS) both Baytron P (1:2.5) and Baytron P Al 4083 (1:6) were 

obtained from H.C. Starck Gmbh, Germany.  Microcrystalline cellulose (MCC) 

having a 20 µm average particle size was purchased from SigmaCell®. The MCC 

underwent pretreatment to remove residual hemicelluloses (Hamilton and Quimby 

1957; van de Steeg 1992). The measured specific areas based on BET (Brunauer, 

Emmett, and Teller) analysis for the pretreated and untreated MCC samples were 

3.04 m2/g and 1.90 m2/g, respectively. Zeta potential measurements were made on 

MCC suspension and PEDOT:PSS dispersions at various salt concentrations using 

Malvern DTS (UK) while polyelectrolyte titration was performed on MCC 

suspension and PEDOT:PSS dispersion at various pH using Mütek PCD-03 pH 

(Germany). Poly(dimethyldiallyl-ammonium chloride) (polyDADMAC) and sodium 

polyethylene sulfate (PES-Na) purchased from PTE AB (Sweden)  were used as 

titrants with average molecular weights of 107,000 and 21,800 g/mol, respectively. 

Analytical grades of NaOH, HCl and NaCl were used in this study. Unless 

otherwise specified, milli-Q water (18.2 MOhms) was used in the entire experiment.  

 

Analytical grades of sorbitol, dimethyl sulfoxide (DMSO), N-methylpyrrolidone 

(NMP), and isopropanol were added to the polymer dispersion as conductivity 

enhancers. Bleached yellow base papers (150 g/m2) were provided by Munksjö 

Paper, Sweden. This type of base paper is normally use for electrical insulations. 

The thicknesses of the base and coated paper were measured using the STFI 

Thickness Tester M201 (Sweden). Tensile strength was measured using an Instron 

441 (USA) according to ISO 1924-2. 

 

3.2 Adsorption of Conducting Polymer 

 

The adsorption equilibrium was investigated using a UV-Vis spectrophotometric 

method (indirect method). The amount of PEDOT:PSS adsorbed onto 

microcrystalline cellulose was inferred from the decrease in the absorbance of 

PEDOT:PSS solution after interaction with MCC. Filtration was performed to 

separate the MCC from the solution. Based on preliminary investigations, there was 

no specifically defined value for the maximum wavelength for PEDOT:PSS 

solution from 200 nm to 1100 nm in UV/Vis Spectrometer Lambda 14 (Perkin 

Elmer, USA). However, there were shoulder values from around 700 nm to 1100 
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nm of which a slight maximum value at 930 nm was observed. Thus, succeeding 

measurements were performed at 930 nm. An equilibrium time of 27 hours was 

obtained for the adsorption of polymer onto MCC.  

 

Different concentrations of PEDOT:PSS  (50, 100, 150, 200, 250,… ppm) were 

prepared. The pH of each solution was adjusted to 3.0 by adding 0.1 M HCl. A 0.05 

g of pretreated MCC powder was added to each 15-ml tube containing 

PEDOT:PSS and agitation was maintained during the whole equilibration period. 

To determine the effect of pH, solutions of the same PEDOT:PSS concentration at 

various pH were prepared. To determine the effect of salt concentrations, solutions 

of different salt concentrations were prepared at the same PEDOT:PSS 

concentration. 

 

3.3 XPS Analysis 

 

Pieces of the commercial base papers with dimensions 5.0 cm x 6.0 cm were dipped 

into the PEDOT:PSS dispersion at room temperature for 10 minutes. These dip-

coated papers were immersed in well-stirred milli-Q water at pH = 2.0 for 5 

minutes and then placed on top of a blotter and dried at 50% RH and 23 ºC inside 

the climate chamber for 24 hours. Dried samples including the uncoated base paper 

(control) were studied by X-ray Photoemission Spectroscopy. XPS provides 

quantitative chemical information relating to the outermost 10 nm of the surface of 

the paper sample. Samples (about 1.0 mm2) were studied using a monochromatic Al 

x-ray source and XPS spectra were recorded using a Kratos AXIS Ultra DLD x-ray 

photoelectron spectrometer (Kratos Anaytical, Manchester, UK). Most of the signal 

comes from an area of 700 µm x 300 µm. Wide spectra were run to detect elements 

present in the surface layer. The relative surface compositions were obtained from 

the detailed spectra run for each element using a linear baseline correction. The 

relative sensitivity factors used for Na(1s), O(1s), N(1s), Ca(2p), C(1s), and S(2p) 

were 1.685, 0.780, 0.477, 1.833, 0.278, and 0.668, respectively. Detailed sulfur 

spectra and high-resolution carbon spectra were curve-fitted, to show the chemical 

shifts signals for sulfur and carbon corresponding to different functional groups. A 

neutralizing filament providing low energy electrons was used for the base paper 

sample (insulating) and for sample 2 (i.e. the sample with the lowest amount of 

polymer) to minimize charging of the surface. Two trials were run for each set up. 

The analysis was performed at the Institute of Surface Chemistry (YKI), Stockholm, 

Sweden. 
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3.4 Surface Treatment of Base Paper 

 

The commercial base paper was placed on top of a blotter and coated using an RK 

Control Coater (UK) with different blends of PEDOT:PSS. A wire-wounded rod 

with 0.08 mm wire diameter was used to ensure deeper deposition of PEDOT:PSS 

blends into the paper. Both sides of the paper were coated unless otherwise 

specified. The coated paper sample and the blotter were dried for 5 minutes using 

the STFI Infra-Red (IR) dryer (Sweden) at about 110 °C. Dried samples were stored 

in climate room where the temperature is 23 °C and 50% relative humidity (RH). 

Calendering at different pressures (12, 50 and 100 bar) was done using DT Lab 

Calender Machine (Sweden) with roll 1 (polymer) diameter of 0.25 m and roll 2 

(stainless steel) diameter of 0.20 m at 23 °C and 50% RH. Nip loads correspond to 

21, 87 and 174 kN/m. 

 

3.5 Conductivity Measurements 

 

All samples were pre-conditioned inside a climate chamber (CTS, Sweden) at 23 °C 

and 28% RH for 48 hours prior to the measurement of conductivity. Impedance 

spectroscopy was performed using a Broadband Dielectric Spectrometer 

(Novocontrol Gmbh, Germany) inside the clean laboratory with a temperature of 

21 ± 1 °C and relative humidity of 45 ± 5 %. The paper sample was sandwiched 

between two circular gold plate electrodes with a diameter of 20 mm and the 

assembly was inserted into the sample cell. A known voltage (0.1 V) of known 

frequency was applied through the sample giving rise to a current (I) with the same 

frequency along the z-direction. The scanning frequency was from 0.1 Hz to 10 

MHz. Generally, there was a phase shift between the voltage and current. The bulk 

electrical conductivity of the sample at specific frequency was determined by 

evaluating the ratio of voltage to current, and is given by the formula 

 








=
V

I

A

t
ZDσ      (15) 

 

where t is the thickness of the sample, A is the cross-section area of the electrodes,  

V is the voltage applied (V) and I is the corresponding current (A).  A four-probe 

measurement was made according to ASTM D4496-04 inside the climate room at 

23 °C and 50% RH, in the case of moderately conductive sheets. The coated paper 

samples were cut into 10 cm x 15 cm pieces and placed inside the measurement 

chamber. The two outer electrodes are the current electrodes connected to a 

multimeter (Keithley 2000, USA) while the inner two are potential electrodes 

connected to a multimeter (Keithley 2000, USA). A bias of 200 V was applied to the 
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sample. The voltage and current across the sample were read after an exposure time 

of 30 s of exposure time.  The direct current bulk conductivity, σDC was calculated 

using the equation  

 








=
V

I

t

c
DCσ      (16) 

 

where c is the ratio of the distance between the potential electrodes to the width of 

the paper, t is the thickness of the paper (cm), I is the current that passes through 

the sample (A), and V is the voltage across the potential electrodes (V). 

 

3.6 Contact Angle Measurement 

 

Contact angle measurement was performed on both sides of the paper using FTÅ 

200 (USA). Deionized water was used as liquid. The droplet size was about 10 µl. 

All the measurements were carried at 23 °C and 50% RH. The obtained angle is the 

apparent contact angle as a function of time since absorption effect is not corrected.  

 

3.7 Raman Spectroscopy 

 

Raman spectroscopy was performed using RamanStation™ 400 Dispersive Raman 

Spectroscopy (Perkin Elmer, USA). A piece of the coated paper was cut to 

dimensions of 5 cm x 5 cm and put on the sample holder. An excitation wavelength 

of 785 nm and 25% laser power were used. 

 

3.8 Total Sulfur Content 

 

The amount of PEDOT:PSS deposited on the paper samples was determined using 

Schöniger Burning according to SCAN-CM5799. Samples were burned in an 

oxygen atmosphere inside a heavy-walled flask containing hydrogen peroxide 

(H2O2) producing sulfate. The signal was analyzed using ion chromatography. The 

coated samples were analyzed at Stora Enso, Karlstad, Sweden. 
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4 Results and Discussion 

 

4.1 Adsorption Characteristics 

  

Figure 17 shows the adsorption isotherms of PEDOT:PSS on pretreated and 

untreated MCC. The maximum adsorptive capacity of pretreated MCC is higher 

than that of the untreated sample, due to an increase in the available surface area 

after pretreatment of the MCC. The increase in available surface is due to the 

removal of residual hemicelluloses attached to the crystalline structure upon 

exposure to NaOH and subsequently HCl. At a lower equilibrium concentration, 

the amounts of PEDOT:PSS adsorbed onto the two samples were similar, but the 

difference in adsorbed amount increased as the equilibrium concentration increased. 

This is a common observation for adsorption onto two substrates with different 

surface areas. As the bulk concentration of PEDOT:PSS increased, the curve 

reached a plateau at an equilibrium concentration of PEDOT:PSS in solution of 

about 250 ppm for the untreated compared to 400 ppm for the pretreated sample. 

The difference in adsorbed amount is apparent at higher bulk concentrations. The 

shape of the isotherm for both samples indicates a high affinity type of adsorption 

indicating a broad molecular distribution of the adsorbate, i.e. a conducting 

polymer. Similar shapes have been reported for polyelectrolyte adsorption (Parfitt 

and Rochester 1983; Fleer et al 1993).  
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Figure 17. Adsorption isotherm of PEDOT:PSS onto pretreated and 

untreated MCC at pH 3 and 23 °C. 
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PEDOT:PSS which has negatively charged PSS ions surrounding the PEDOT is 

considered to be a polyanion. Polyelectrolyte adsorption is a complex phenomenon 

due to the electrostatics of the polymer-adsorbent interaction. Polyelectrolytes in 

general are adsorbed onto oppositely charged adsorbents. However, it is also 

possible for adsorption to occur onto substrates carrying the same charge as the 

polyelectrolyte, provided that the non-electrostatic contribution to the adsorption 

energy is higher than the repulsive electrostatic potential (Parfitt and Rochester 

1983). Polyacrylic acid is reported to be adsorbed onto silica at pH < 7. At pH > 7, 

adsorption does not occur because both adsorbent and polyelectrolyte become too 

negatively charged to allow adsorption (Jopien 1978).  

 

0

500

1000

1500

2000

2500

3000

0 2 4 6 8 10 12
pH

A
m

ou
nt

 P
E

D
O

T
:P

S
S

 A
ds

or
be

d 
( 

µ
g/

g)

batch 1

batch 2

     
    (a) 

-70

-60

-50

-40

-30

-20

-10

0

0 2 4 6 8 10 12

pH

sp
ec

ifi
c 

 c
h

ar
g

e 
q

u
an

tit
y 

o
f M

C
C

 (
eq

/g
) 

-4000

-3500

-3000

-2500

-2000

-1500

-1000

-500

0

sp
. 

ch
ar

g
e 

q
u

an
tit

yo
f P

E
D

O
T

:P
S

S
 (

eq
/g

) 
  

 

MCC

PEDOT:PSS

 
     (b) 

Figure 18.  Effect of pH on (a) the PEDOT:PSS adsorption onto MCC, and (b) surface charge 

of PEDOT:PSS and MCC at 23 °C. 
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The adsorption of PEDOT:PSS onto pretreated samples at different pH values is 

shown in Figure 18a. Batches 1 and 2 denote two different PEDOT:PSS storage 

times. Higher adsorption is observed at pH 2 while almost no adsorption is 

observed at pH 10. Increasing the pH of the solution favors the deprotonation of 

carboxylic acid in the MCC structure, and thus renders the surface charge of the 

MCC particles more negative. When the surface of the MCC becomes negatively 

charged, strong repulsive forces develop between the cellulosic surface and the 

PEDOT:PSS, hindering the adsorption process. Figure 18b shows the specific 

surface charge quantity of both PEDOT:PSS dispersion and MCC suspension as a 

function of pH determined using polyelectrolyte titration. As the pH increases, the 

surface of MCC becomes more negatively charged. The deprotonation of PSSH to 

PSS- ions surrounding the PEDOT may also contribute to the negative charge of 

PEDOT:PSS as the pH increases. However, the charge variation of PEDOT:PSS 

between pH 4 and pH 10 is very small because sulfonic acid is a strong acid having 

a pKa of about 2. Thus, the observed decrease in the amount adsorbed with 

increasing pH may be attributed to the increasing negative charges of both 

PEDOT:PSS and MCC, resulting in an increase in the repulsive forces.  

 

The ionic strength also influences polyelectrolyte adsorption. Adsorption is 

governed primarily by two mechanisms: electrostatic and non-electrostatic 

attractions. Previous studies reported the screening-reduced and screening-

enhanced adsorption of polymers (van de Steeg 1992; Wågberg and Ödberg 1989). 

Figure 19a shows the amount adsorbed as a function of salt concentration for two 

batches of PEDOT:PSS with different storage times. Both batches showed a curve 

passing through a maximum value. The amount of PEDOT:PSS adsorbed increased 

with increasing salt concentration. This is a case of screening-enhanced adsorption, 

where the salt ions in the solution screen the repulsive forces and thus favor 

adsorption.  

 

The salt concentration also affects the size of the double layer of the suspended 

particles which acts as a resistance to the movement of PEDOT:PSS across the 

interface. Increasing the salt concentration decreases the size of the double layer and 

the adsorption barrier dramatically increases as the salt concentration decreases 

(Cohen et al 1997).  
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Figure 19. Effect of salt concentration on the (a) adsorption of PEDOT:PSS onto pretreated 

MCC and (b) zeta potential of PEDOT:PSS dispersion and MCC suspension at 23 °C:  

 

Another possible phenomenon is shrinkage of the polyelectrolyte as the salt 

concentration increases. Shrunken polymers can penetrate into the pores of the 

MCC and this increases the adsorption. However, when the salt concentration 

increases, a maximum value is encountered and the adsorbed amount decreases. At 

relatively high salt concentrations, screening-reduced adsorption occurs where these 

ions possibly build up a layer on the surface and thus reduce the diffusion of 

polyelectrolyte into the surface. Competitive adsorption of these ions onto the 
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surface of MCC could also occur “knocking off” the polyelectrolyte and decreasing 

the adsorption site for the polyelectrolyte.  The character of the curve shows the 

existence of a short-range non-electrostatic attraction between polyelectrolyte and 

surface with both screening–enhanced and screening-reduced adsorption regimes 

(van de Steeg 1992). Varying the salt concentration affects the specific charge of the 

suspension as shown in the variation of zeta potential in Figure 19b.  

 

4.2 XPS Analysis 

 

PEDOT:PSS is a polyelectrolyte consisting of water-insoluble positively-charged 

PEDOT surrounded by negatively-charged PSS. XPS analysis has been used to 

determine the chemical composition of the PEDOT:PSS adsorbed on the cellulosic 

substrate. In a study of the chemical state of spin-coated PEDOT:PSS thin film on 

a silicon substrate, the predominance of PSS on the surface has been reported 

(Greczynski et al 2001). In the present study, two types of PEDOT:PSS were used 

with PEDOT:PSS bulk weight ratios of 1:2.5 and 1:6. The pH of the washing water 

was maintained at 2.0 because the observed removal of PEDOT:PSS at higher pH 

values could affect the XPS analysis. Table 1 shows the values calculated from 

detailed C(1s) spectra of five samples with curve fittings translated into atomic 

carbon percentages on the surface. Samples 1, 3, and 4 have a bulk PEDOT:PSS 

ratio of 1:2.5, sample 2 has a bulk PEDOT:PSS ratio of 1:6, and sample 5 is the 

reference surface of the base paper with no coating. Sample 1 with a bulk ratio of 

1:2.5 PEDOT to PSS had a higher amount adsorbed on the surface than sample 2 

(1:6 ratio), which indicates that higher PSS doping leads to less adsorption on the 

cellulosic surface. A higher PSS level means more PSS- ions surrounding the 

PEDOT, and this makes the surface charge more negative and leads to higher 

repulsive forces. The functional groups identified in the C(1s) spectra give no 

further information on the distribution of PEDOT and PSS on the surface because 

both the cellulosic fiber and the polymer contain these functional carbon groups. 

Interestingly, the fiber contains no traceable amount of sulfur and the S(2p) 

spectrum also discriminates between sulfur from PEDOT and sulfur from PSS. 
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Table 1. Total amount of carbon (in atomic %) divided into the different carbon peaks:  unoxidised 

carbon (C1) and carbons with one to three bonds to oxygen, or possibly to nitrogen or sulfur (C2-

C4) for five paper samples.   

 
Sample 
 

C tot C 1 

285.0 eV 

C2 

286.7-8 eV 

C 3 

288.1-2 eV 

C 4 

289.3-4 eV 

1 65.2 32.1 26.5 5.5 1.1 
2 61.9 14.8 35.3 10.5 1.3 
3 64.4 24.0 31.4 8.2 0.8 
4 65.3 27.6 30.2 6.5 1.0 
5 base paper 61.0 11.2 39.4 9.9 0.5 

   
  C1: C-C, C=C, C-H  between C1 and C2-carbon:  C-N and C-S functional groups  
  C2: C-O, C-O-C    
  C3: O-C-O, C=O, N-C-O, N-C=O  
  C4: O-C=O, N-C(=O)-N 

 
Figure 20 shows the S(2p) core-level XPS spectra of all the samples where the 

interpretations are based on previous studies (Greczynski et al 2001; de Kok et al 

2004; Xing et al 1997). Coated samples exhibit two peaks in the S(2p) spectra at 

168-169 eV and 164-165 eV which correspond to sulfur signals of the oxidized 

form of sulfonate (in PSS) and in thiophene (in PEDOT), respectively. The S(2p) 

spectrum in PSS consists of spin-split doublet, S(2p1/2) and S(2p3/2) of 1.2 eV 

energy splitting and a relative intensity ratio of about 1:2, in agreement with 

previously reported studies (Greczynski et al 2001; de Kok et al 2004). The 

calculated atomic sulfur ratios of PEDOT:PSS for samples 1, 3 and 4 with 

PEDOT:PSS = 1:2.5 are 1:1.67, 1:1.65, and 1:1.55, respectively. This corresponds to 

a 13%, 14%, and 19% decrease in PSS on the surface. Sample 2 with PEDOT:PSS 

=1:6 has a measured atomic ratio of 1:3 on the surface which corresponds to a 35% 

decrease in PSS, i.e. there is a PEDOT enrichment on the surface of the dip-coated 

paper. The atomic sulfur ratios of samples 1, 3 and 4 having different degrees of 

washing showed that the PEDOT:PSS ratio on the surface is not affected by 

washing.  Investigations on thin spin-coated films of PEDOT:PSS using XPS 

analysis reported that PSS was enriched on the surface of the film (Greczynski et al 

2001; de Kok et al 2004; Xing et al 1997) whereas the XPS results on dip-coated 

samples with a cellulosic substrate suggest PEDOT enrichment. This suggests that 

the adsorbed PEDOT:PSS on cellulosic fiber exhibits a behavior different from that 

on other substrates, e.g. silicon, ITO substrates. 
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Figure 20. S(2p)  core level spectra of five samples: (1) no washing (1:2.5 PEDOT:PSS ratio), 

(2) no washing (1:6 ratio), (3) three washings (1:2.5 ratio), (4) one washing (1:2.5 ratio) and (5) 

reference (base paper). 

 

Table 2. Relative surface composition of different atoms in atomic % in five paper samples. 

 
Sample 

 
C O N S Na Ca 

1 65.2 28.6 1.0 4.2 0.9 0.2 

2 61.9 35.7 0.7 1.6 0.2 - 

3 64.4 31.6 1.1 2.8 - (0.1) 

4 65.3 30.1 1.0 3.3 0.2 (0.1) 

5 61.0 39.0 - - - (0.1) 
 
Note: (1) no washing (1:2.5 PEDOT:PSS ratio), (2) no washing (1:6 ratio), (3) three  washings 
(1:2.5 ratio), (4) one washing (1:2.5 ratio) and (5) reference (base paper). 

 
 

Table 2 shows the relative surface composition of different atoms. It is clear that 

the amount of sulfur on the surface of sample 1 is greater than that on sample 2. 
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The sulfur atomic percentage confirms the inference from the C (1s) spectra that 

more PEDOT:PSS was adsorbed on the surface at a ratio of 1:2.5 than at a ratio of 

1:6. The presence of some Na on the coated paper samples implies that small 

amounts of PSS-Na may be present. However, sample 3 (3x washing) contains 

undetectable traces of this chemical species. Bulk PEDOT:PSS contains trace 

amounts of Na (de Kok et al 2004).  

 

4.3 Conductivity of Coated Paper Samples 

  

All measurements of the bulk conductivity of surface-treated paper samples are 

based on ASTM 4496-04. This method is widely used for the measurement of both 

surface and bulk conductivities of moderately conductive sheets. This is also a 

suitable method for measuring the conductivity of rough surfaces such as paper 

where the effect of contact resistance and current spreading are minimized. 

However, the conductivity of the base paper sample was measured using impedance 

spectroscopy because ASTM 4496-04 is applicable only for moderately conductive 

sheets and not for highly resistive sheets such as paper. The measured conductivity 

of the base paper was of the order of 10-12 S/cm which is a typical value for paper 

resistivity.  Figure 21 shows the bulk conductivity of paper samples treated with 

PEDOT:PSS and various organic solvents.  PEDOT:PSS dispersion was used as the 

main conductive material because it is water-soluble and easy to handle. Various 

organic solvents are used to increase the conductivity of paper samples coated with 

PEDOT:PSS. The organics solvent is added to the PEDOT:PSS dispersion in 3, 5 

and 7 wt % and the solution is mixed thoroughly before depositing it onto the base 

paper. After one-side coating with pure PEDOT:PSS, the bulk conductivity of the 

base paper significantly increased from 1 x 10-12 S/cm to 1.5 x 10-3 S/cm. This 

implies that surface treatment of base paper with PEDOT:PSS dispersion onto the 

paper achieves a much higher conductivity than the treatment of pulp fibers prior to 

forming, as reported by some studies (Agarwal et al 2006; Lvov et al 2006; Wistrand 

et al 2007; Gerhardt et al 2008). Coating on the base paper offers a practical 

approach to achieving paper with high bulk conductivity.  
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Figure 21. Bulk conductivity of paper coated with various blends of PEDOT:PSS. All samples 

were coated on both sides except where otherwise indicated. 

 

Subsequently, coating the paper on the second side leads to only a small increase in 

bulk conductivity. The reason for this small increase is probably because there are 

only a few PEDOT networks along the bulk of the paper that are added when both 

sides of the paper are coated instead of only one side. Figure 22a shows that after 

one-side coating the PEDOT:PSS dispersion penetrates to the other side of the 

paper. After coating the other side (see Figure 22b), the few remaining vacancies 

were filled up, increasing the conductivity slightly more. 

 

  

a)       (b) 

Figure 22. Paper samples coated with pure PEDOT:PSS dispersion: (a) one-side coating and (b) 

two-side coating. 

 

The effect on the conductivity of adding various organic solvents to the 

PEDOT:PSS dispersion is shown in Figure 21. Paper samples coated with blends 

containing NMP exhibited the highest conductivity followed by the blend with 

Front Back Front Back 
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DMSO. As the concentration of NMP in the bulk liquid increased, the conductivity 

of the coated paper also increased while the DMSO blends exhibited a maximum 

value at 5 wt % in the bulk. On the other hand, blends containing sorbitol and 

isopropanol showed no enhancement of the conductivity and increasing their 

content decreased the conductivity. The mechanism by which organic solvents 

affect the conductivity of PEDOT:PSS film has been debated by researchers in the 

field of organic electronics. To the authors’ knowledge, there are four reported 

mechanisms of conductivity enhancement which included a plasticizing effect 

(Ghosh et al 2001; Pettersson et al 2002), a screening effect (Lee et al 2003; Joo et al 

2002), a possible washing out of the PSS- ions (Jönsson et al 2003), and a 

conformational change (Ouyang et al 2004; Ouyang et al 2005). The plasticizing 

effect means that secondary dopants such as high boiling polyalcohols serve as 

plasticizers which facilitate the reorientation of the PEDOT:PSS chains at high 

temperature forming better connections of the conducting PEDOT chains (Ghosh 

et al 2001; Pettersson et al 2002). The screening effect suggests a reduction in the 

Coulombic interaction between positively charged PEDOT and negatively charged 

PSS dopant by residual polar solvents with a high dielectric constant (Lee et al 2003; 

Joo et al 2002). PSS- chains could possibly be washed out from the surface of the 

PEDOT:PSS film during the film-forming process so that a thin film with a high 

concentration of PEDOT is formed on the surface of the film (Jönsson et al 2003). 

Lastly, PEDOT molecule may undergo a chemical structure transformation due to a 

conformational change from the benzoid to a quinoid resonant structure which has 

a higher charge-carrier mobility (Ouyang et al 2004; Ouyang et al 2005). Organic 

solvents with two or more polar groups may induce a conformational change. The 

driving force for this conformational change is the formation of a hydrogen bond of 

one polar group to sulfonate or sufonic acid groups while another polar group is 

very close to the PEDOT chain which leads to an interaction between the dipole of 

this polar group and the dipole moment or the positive charge on the PEDOT. The 

increase in the charge-carrier mobility due to the interaction of the secondary 

dopant and PEDOT:PSS should be the reason for enhanced conductivity regardless 

of the mechanism of the conducting polymer-organic solvent interaction (Ouyang 

et al 2004; Ouyang et al 2005). However, how these two species interact, especially 

in the heterogeneous system is still unclear. The determination of the mechanism of 

conduction and conductivity enhancement of PEDOT:PSS deposited in the fiber 

networks is a challenging task.  Figure 23 shows a schematic image of the cross-

section of the paper containing PEDOT:PSS molecules, showing the complexity of 

the fiber networks.  
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           (a)        (b) 

Figure 23. Schematic cross-section of paper a) one-side and b) two-side coated with PEDOT (dark 

blue) doped with PSS (light blue).  

 

Among the four mechanisms, the conductivity enhancement is probably due to a 

better connectivity of PEDOT grains along the fiber networks accomplished by the 

plasticizing effect of organic solvents or a possible washing out of PSS- chains from 

the PEDOT. The coated sample containing NMP exhibits the greatest 

enhancement of conductivity, as shown in Figure 21. NMP is known for its high 

solvent power which, when used in a coating, allows more homogeneity and higher 

coverage of coating on the surface after curing at high temperature. This may imply 

that NMP leads to a better connectivity of PEDOT molecules along the fiber 

network and thus an increase in bulk conductivity of the paper samples. 

Conformational changes of the PEDOT molecules may also occur as a result of the 

interaction between PEDOT:PSS and the organic solvents, i.e. NMP and DMSO, 

transforming the benzoid to a quinoid structure. Coil and linear or expanded coil 

conformations are possible for PEDOT (Ouyang et al 2004). Figure 24 shows the 

dominant PEDOT peak in Raman spectrum. There is an observed shift of Raman 

peak in the presence of NMP in the coated paper. Also, a shoulder peak is observed 

in the case of the pure PEDOT:PSS which implies that both benzoid and quinoid 

resonant structures are present according to a previous interpretation (Ouyang et al 

2004).  

1300 1350 1400 1450 1500 1550 1600

Raman shift, cm
-1

pure PEDOT:PSS

NMP+PEDOT:PSS

 
Figure 24. Effect of the presence of NMP in the PEDOT:PSS coated paper on  the Raman 

spectra at excitation wavelength of 785 nm. 
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The presence of NMP may transform the benzoid structure to its quinoid structure 

which has a higher charge carrier mobility (see Figure 25). This phenomenon has 

also been observed in PEDOT:PSS film with ethylene glycol as a conductivity 

enhancer (Ouyang et al 2005).  

 

 

 

 

 

(a) (b) 

Figure 25.  (a) benzoid and (b) quinoid structures of a unit of PEDOT. 

 

The shift of the peak is related to the transformation of the benzoid to quinoid 

resonant structures, according to previous studies on PEDOT:PSS films. This 

transformation leads to a conductivity enhancement of the coated paper. The 

screening effect is the least perceived mechanism in this system because the 

dielectric constants of the solvents do not correlate with the observed conductivity. 

NMP has a lower dielectric constant than DMSO and sorbitol, but the paper with 

NMP added exhibits the highest conductivity. Charge screening by organic solvents 

on the electrostatic interaction between PEDOT and PSS may not be significant 

due to the presence of charged functional groups within the non- homogeneous 

cellulosic network. Washing out of PSS- chains may happen with or without the 

solvent because of the presence of space charges and permanent polar groups in the 

network that may interact with PSS. A number of theoretical studies dealing with 

the behavior of hydroxyl groups in cellulose upon the presence of plasticizer or 

water have been reported (Bucci et al 1966; Gross 1975; Nedetzka et al 1970), but 

no mechanisms of the interaction of cellulosic material and conducting polymer 

have been reported. Previous investigations on the deposition of conducting 

polymer onto single fibers discussed mostly the methods rather than the 

mechanisms involved (Agarwal et al 2006; Lvov et al 2006; Wistrand et al 2007). In 

the present study, a plasticizing effect and a conformational change of the PEDOT 

chains are possible mechanisms for conductivity enhancement by NMP and DMSO 

on coated paper which sorbitol and isopropanol do not exhibit.  

 

Another factor that may affect the conductivity of coated paper is calendering. In 

paper papermaking process, the purpose of calendering is to adjust the thickness 

and modify the surface characteristics, i.e. gloss, smoothness, density, brightness 

and opacity (Herbert 2006). Earlier investigations have claimed that calendering 

improves the conductivity of the paper (Casey 1961). In Figure 26, only calendaring 

O O

SS

OO
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the coated paper with a line load of 174 kN/m increased the conductivity. In the 

other cases, the conductivity was comparable to that of the uncalendered samples. 

Applying a pressure in the rolling nips reduces the paper thickness considerably, and 

this decreases the distance between the PEDOT chains within the paper network.  
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Figure 26. Bulk conductivity of paper calendered before and after coating. All samples were coated 

on both sides except where otherwise indicated. 

 

Since calendering the coated paper  at 21 and 87 kN/m does not have a significant 

effect on the conductivity, it is possible that the coated paper returns to its original 

thickness after calendering or that the collapsed fibers hinder the pathways for 

electron transfer. All one-side coatings (no calendering or calendering before 

coating) exhibit similar conductivity behavior. The fact that calendaring the paper 

before coating does not have a significant effect is probably because the paper 

returns to it original orientation during the subsequent coating. The PEDOT:PSS 

dispersion consists mostly of water (Kirchmer et al 2005) which disrupts the fiber 

bonds. In Figure 27, it appears that calendering the paper before one-side coating 

reduces PEDOT:PSS penetration as is evident in the color variation in the image of 

the reverse side. However, the bulk conductivities of the two samples are similar, 

which implies that the distribution of PEDOT molecules in the bulk fiber network 

rather than on the surface influences the bulk conductivity of coated paper. 
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 (a)       (b) 

Figure 27. Front and rear side images of coated paper samples (a) after a calendering before one 

side coating and (b) after one side coating. 

 

Pigments are widely used in paper production. The base paper used in this study 

contains trace amounts of titanium dioxide (TiO2). In this investigation, two types 

of TiO2 pigments were used: rutile and anatase.  Both the rutile and anatase forms 

of TiO2 films are used for various optical, electrical, photocatalytic, photovoltaic, 

and biosensor applications (Nagliati  et al 2006; Es-Souni et al 2008). Anatase TiO2 

has a round shape whereas the rutile has a rod-like shape. Titanium dioxide is a 

semiconductor metal oxide with a bandgap of about 3.1-3.2 eV.  The most 

important function of titanium dioxide in coating, however, is that is provides 

whiteness and opacity to the finished paper. Materials with TiO2 have a high 

resistance to discolorization under UV radiation. Figure 28 shows the effect of 

adding 1 wt% TiO2 powder to the PEDOT:PSS dispersion. The addition of 

pigment lowers the conductivity because it provides an additional barrier to the 

hopping of electrons along the bulk of the coated paper. The coated paper with 

rutile TiO2 exhibits a lower conductivity than that with anatase because the rutile 

powder is bulky, and bulky pigments tends to increase the distance between the 

PEDOT chains within the fiber network. Increasing the number of these distances 

that are greater than the tunneling distance for electrons lowers the hopping rate 

and decreases the bulk conductivity. This result can be a positive indication that the 

presence of TiO2 pigment does greatly lower the conductivity of the coated paper. 

Front Back Front Back 
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Figure 28. Bulk conductivity of paper coated with PEDOT:PSS blends containing TiO2 powder. 

 

4.4 Contact Angle Measurement 

 

The wetting and hydrophobicity of the paper surface after different treatments can 

be investigated by measuring the contact angle. In principle, a liquid wets the 

surface of the paper only if its surface tension is lower than that of the paper. Figure 

29 shows the contact angle as a function of time for both sides of all the paper 

samples.  
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Figure 29. Apparent contact angle of water on base paper and samples coated with pure 

PEDOT:PSS as a function of time. 
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Both sides of the base paper were hydrophilic which means that water is easily 

absorbed. Samples coated with pure PEDOT:PSS on both sides were hydrophobic 

on both sides, whereas single-side coated samples were hydrophobic on the coated 

side. This hydrophobicity was not stable over time, since the contact angle 

decreased. Coating the base paper with pure PEDOT:PSS thus converted the 

hydrophilic to hydrophobic surface. Previous studies of contact angles on 

PEDOT:PSS film deposited on an indium tin oxide (ITO) substrate reported a 

contact angle decrease from 85º (ITO surface) to 20º (PEDOT:PSS film) (Wang et 

al 2005). In the present investigation, the opposite happened, i.e. the contact angle 

increased from ~12º to ~87º as shown in Figure 29. Since paper is a rough and 

porous material, contact angle measurements are sometimes difficult to interpret. 

Both surface roughness and hydrophobicity affect the contact angle. It may be that 

an increase in the PEDOT to PSS ratio on the surface makes the surface more 

hydrophobic, since the PEDOT molecule is immiscible with water. A study of the 

adsorption of multilayer of weak polyelectrolytes reported that hydrophobic 

surfaces are created by converting the outermost layer polyelectrolytes into 

uncharged molecules (Rubner et al 1998). The present results suggest that the 

hydrophobicity in the coated sample in the present case was due to an increase in 

water-insoluble PEDOT on the surface of the paper, as was also shown by X-ray 

Photoelectron Spectroscopy (XPS) analysis on PEDOT:PSS dip-coated paper. The 

increase in the proportion of water-insoluble PEDOT on the surface of the coated 

paper may make the surface hydrophobic. Micro-roughness and macro-roughness 

may also affect the contact angle measurements, but this has not been quantified in 

this study. Calendering the base paper before coating had no significant effect on 

the contact angle. 

 

The effect of solvents on the contact angle of the coated samples is shown in Figure 

30. All the coated samples exhibit similar decreasing behavior of contact angle with 

time at 3 wt% (back) organic solvent blends. Also paper coated with a PEDOT:PSS 

blend containing 7 wt% NMP exhibited a decreasing contact angle with time. This 

blend exhibited the highest conductivity (see Figure 21). The rest of the coated 

papers tend to behave in a manner similar to that of the pure PEDOT:PSS 

dispersion. The XPS results for coated paper suggest that for paper coated with 

pure PEDOT:PSS has more PEDOT molecules on the surface, which then 

consistent on the observed contact angle behavior of paper samples coated with 

pure PEDOT:PSS. However, for paper containing NMP the contact angle 

decreased through time. Since the fiber network is a porous network, coating with 

NMP may give a better coverage of the fibers with PEDOT:PSS in the bulk 
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structure and not only on the surface of the coated paper. This is probably the 

reason for the observed behavior of the dynamic contact angle in the case of the 

NMP blend, and is related to the conductivity enhancement. 
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     (c)           (d) 

Figure 30. Apparent contact angles as a function of time for water on paper samples 

coated with PEDOT:PSS blends containing various organic solvents: (a) sorbitol, (b) 

DMSO, (c) NMP, and (d) isopropanol 

 

The contact angle of water on paper samples that were calendered either before or 

after coating is shown in Figure 31. There was no difference in the contact angle 

behavior between the calendered sample before coating and the uncalendered 

samples. However, the coated paper calendered at 174 kN/m did behave differently 

from the rest of the samples. It exhibited the lowest contact angle among the 

calendered samples which implies that the surface is more hydrophilic. This coated 

sample also exhibited a higher conductivity than that of the other samples 

calendered either before or after coating (see Figure 26).  
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Figure 31. Apparent contact angles as a function of time for water on coated paper samples 

calendered (a) before and (b) after coating. 

 

The PEDOT molecules in the fiber network may be redistributed under the higher 

line load and thus enhance the conductivity. The contact angle of water on the 

paper coated with PEDOT:PSS mixed with TiO2 pigments is shown in Figure 32. It 

can be seen that the surface that has rutile pigment exhibits decreasing contact angle 
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with time whereas the surface coated with anatase exhibits hydrophobicity similar to 

that of the pure PEDOT:PSS coating. This can be explained by the fact that the 

contact angle is also dependent on surface roughness. It was also observed that the 

PEDOT:PSS that contained 1 wt% rutile TiO2 penetrated less to the other side of 

the coated paper than the blend that contained 1 wt% anatase.  
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Figure 32. Apparent contact angle as a function of time for water on paper coated with 

PEDOT:PSS mixed with TiO2 pigments 

 

4.5 Total Sulfur Content 

 

The amount of the conducting polymer deposited in the fiber network may have a 

direct effect on the conductivity of the coated paper. The variation in the amount of 

PEDOT:PSS deposited in the fiber network was indirectly determined from the 

total sulfur content of the coated paper samples. PEDOT:PSS molecules contain 

sulfur whereas the base paper exhibited no detectable sulfur. Other additives added 

contained no sulfur except for the blend containing DMSO. Table 3 shows the total 

sulfur in the paper samples coated with various blends of PEDOT:PSS and organic 

solvents. The observed differences in sulfur content between one-side and two-side 

coated paper with pure PEDOT:PSS suggest that the higher conductivity of the 

two-side coating is due to a higher amount PEDOT:PSS deposited in the network. 

The coated paper sample containing NMP shows an almost constant amount of 

PEDOT:PSS even though the concentration of NMP was increased from 3 wt% to 

7 wt%.  
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Table 3. Total sulfur content of paper samples coated with various PEDOT:PSS blends 

 
         Sulfur Content (g/kg)* 
Component  3 w% 5 w% 7 w% 
DMSO 4.3 8.0 6.4 
NMP 2.0 2.0 2.2 
isopropanol 2.2 2.1   2.0** 
pure PEDOT:PSS        1 wt % TiO2 
    one side coating 2.1 rutile 1.8 
    two side coating 2.5     anatase 2.1 

 
*   - results are given as dry substance 
** - results have high scatter, highest 2.7 and lowest 1.4 for four replicates 
All the rest have a scatter of less than 6% from the mean value 

 
Interestingly, the observed conductivity of the sheets increased as the NMP 

concentration increased. This observation supports the earlier claim that the 

enhancement of conductivity by NMP is probably due to a better connectivity of 

the PEDOT molecules within the fiber network due to either a plasticizing effect or 

a conformational change of the PEDOT molecules. The coated paper containing an 

isopropanol blend exhibited an almost constant amount of PEDOT:PSS. However, 

the isopropanol molecule failed to facilitate better connectivity of the PEDOT 

molecules and this led to a lower conductivity. This behavior may also be true for 

the blend containing sorbitol. The total sulfur content of the DMSO can however 

be used to estimate the residual amount of solvents in the coated paper. Assuming 

that the average sulfur left on the paper attributed to PEDOT:PSS is 2.3 g/kg of 

paper, the estimated residual amount of DMSO (solvent) is between 4.87 and 13.89 

g/kg.  
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4.6 Tensile Strength 

 

Table 4 shows the tensile strength for all the paper samples. All the coated samples 

exhibited a higher MD (machine direction) tensile strength than the reference base 

paper. The tensile strength of paper normally decreases when it is wetted and 

redried again because of the disruption of the inter-fiber bonding.  

 

Table 4. MD tensile strength of all paper samples. 
          

Sample 
Tensile 
Strength  Sample 

Tensile 
Strength 

  kN/m     kN/m 

base paper 8.026 ± 0.001  PEDOT:PSS  
sorbitol   one-side coating 9.190 ± 0.003 

3% 9.010 ± 0.003  two-side coating 8.977 ± 0.002 
5% 8.543 ± 0.002  Calendering  
7% 8.363 ± 0.004  Before coating  

DMSO       21 kN/m 8.957 ± 0.003 
3% 8.943 ± 0.003      84 kN/m 9.307 ± 0.003 
5% 8.627 ± 0.004    174 kN/m 9.050 ± 0.002 
7% 8.186 ± 0.003  After coating  

NMP       21 kN/m 9.210 ± 0.003 
3% 8.670 ± 0.003      84 kN/m 9.203 ± 0.002 
5% 8.413 ± 0.004    174 kN/m 9.203 ± 0.003 

7% 8.296 ± 0.002  
Calendering 
before   

isopropanol   one-side coating 8.920 ± 0.003 
3% 8.966 ± 0.003  Pigments (TiO2)  
5% 8.910 ± 0.002      1% rutile 8.966 ± 0.003 
7% 8.986 ± 0.004       1% anatase 9.043 ± 0.002 
All samples are coated on both sides except where otherwise indicated. 

 
However, all the papers coated with PEDOT:PSS blends exhibited a slightly higher 

tensile strength. Some studies have reported a slight increase in tensile strength after 

treatment with conductive polymer (Agarwal et al 2006; Lvov et al 2006; Wistrand 

et al 2007), but some conductive paper sheets suffer a decrease in tensile strength 

(Qian et al 2006; Ryu et al 2006; Casey et al 1961). In the present study, it is possible 

that the PEDOT:PSS acts as an adhesive between fibers, thereby increasing the 

fiber-fiber bond strength. PEDOT:PSS molecules may also form a supported 

network of their own that leads to a strength increase. This is a good indication that 

the deposition of conducting polymer blends increases the paper strength and not 

the opposite. Furthermore, the addition of organic solvents and pigments to 

PEDOT:PSS does not affect the tensile strength of the coated paper. 
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5 Conclusion 

 

The adsorption of PEDOT:PSS on cellulosic fibers was studied using adsorption 

isotherms and XPS analysis. The adsorption isotherms for both pretreated and 

untreated MCC samples were found to be of the high affinity type with a broad 

molecular distribution of the conducting polymer. Adsorption at different pHs and 

different salt concentrations showed a variation in the adsorbed amount. As the pH 

of the solution increased, the adsorbed amount decreased due to the higher negative 

charges on both polymer and MCC. Higher repulsive forces exist at higher pH, and 

this limits the adsorption of PEDOT:PSS. The adsorption at different salt 

concentrations revealed the presence of both screening-enhanced and screening-

reduced adsorption. The behavior is typical for adsorption which is based mainly on 

nonionic adsorption. The C(1s) spectrum revealed that more PEDOT:PSS is 

adsorbed on the surface with a 1:2.5  than with a 1:6 ratio. The calculated atomic 

sulfur ratio in the S (2p) spectra of the coated samples showed that the PEDOT to 

PSS ratio is higher on the surface than in the bulk dispersion. Also, more 

PEDOT:PSS detected on the surface was of sample coated with  PEDOT:PSS at a  

1:2.5 ratio than at a 1:6 ratio, based on the sulfur and carbon atomic percentages. 

The degree of washing did not significantly affect the PEDOT enrichment on the 

surface.  

 

It is demonstrated that coating of various PEDOT:PSS blends on base paper was 

an effective way of producing paper with an electroconductivity of the order of 10-3 

S/cm. One-side coating sufficient to give a high bulk conductivity. The effect of 

organic solvents on the conductivity was investigated. Sorbitol and isopropanol did 

not enhance the conductivity. The blend containing NMP exhibited the highest 

conductivity enhancement followed by the DMSO blend. Four mechanisms of 

conduction enhancement by organic solvents have been discussed, including a 

plasticizing effect, a screening effect, a washing-out of PSS- ions, and a 

conformational change of PEDOT molecule in the fiber network. The amount of 

PEDOT:PSS deposited in the fiber network, according to a by total sulfur analysis 

of paper samples, suggested that the reason for the enhanced conductivity with the 

NMP blend is due to a better connectivity of PEDOT molecules along the bulk of 

the paper. A conformational change was also considered to be a possible reason for 

the conductivity enhancement. Calendering the paper had no significant effect on 

the conductivity except in the case of the coated sample that was subjected to a line 

load of 174 kN/m line load. Contact angle measurements were useful for 

monitoring the surface of the coated paper. Most of the samples became 

hydrophobic after treatment, except for the coated paper with NMP and the 174 
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kN/m-calendered coated paper. The tensile strength of all the coated samples was 

slightly higher than that of the base paper, which was a good indication that a 

surface treatment with a conductive polymer blends did not alter the tensile strength 

of the paper. The presence of organic solvents in the PEDOT:PSS dispersion and 

of TiO2 pigments did not significantly affect the tensile strength of the coated paper 

samples. 
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6 Future Work 
 

A study on the distribution of the conducting polymer along the bulk of the fiber is 

another interesting aspect to venture in this project. Raman spectroscopy and XPS 

analysis can be used to map the chemical distribution. Some issues on the 

mechanism of conductivity enhancement by organic solvents such as 

conformational change in PEDOT molecules should also be investigated using 

these tools to further elucidate the interaction between conducting polymer and 

cellulosic fiber as well as organic solvents. Impedance spectroscopy shall be applied 

in conductivity measurements using the necessary precautions to minimize the 

contact resistance and current spreading. Since paper is anisotropic, the bulk 

conductivity may also be directional. 

 

Ionic conductivity shall be explored by deposition of various ionic liquids onto the 

paper. A suitable method for evaluating the ionic conductivity of porous solid 

media such as paper shall be conceptualized and applied. Various parameters such 

as raw materials, temperature, humidity, and stability over time will be investigated. 

 

Corona treatment will be applied to the of base paper surface before the deposition 

of conducting materials. Conductive patterning on the paper will be interesting 

especially on the actual device propagation using flexography. Electrochromic 

polymers will be deposited on the surface of the paper, and the result will be 

characterized. 
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The preparation of electroconductive paper suited as substrate for flexible 
electronics is the main idea of this study. The thesis consists of two parts: Paper 
1 deals on the interaction of conducting polymer and cellulosic materials, and 
Paper 2 is the preparation of electroconductive paper by coating blends of 
conducting polymer and organic solvents. Paper 1, investigates the adsorption 
behavior of conducting polymer poly(3,4-ehtylenedioxythiophene) doped with 
poly(styrene sulfonate) (PEDOT:PSS) onto microcrystalline cellulose (MCC) 
at various pH levels and salt concentrations. It is important to understand 
how the conducting polymer interacts with the cellulosic material and how 
PEDOT and PSS are distributed in the paper surface, hence X-ray Photoelectron 
spectroscopy (XPS) analysis of the dip-coated paper sample was performed.

To reach the goal of producing electroconductive paper, commercial base 
paper is coated with blends of PEDOT:PSS and organic solvents as presented 
in Paper 2. Various organic solvents such as N-methylpyrrolidone (NMP), 
dimethyl sulfoxide (DMSO), sorbitol and isopropanol were used as conductivity 
enhancer while calendering was performed at various line loads to increase the 
conductivity. Addition of anatase and rutile TiO2 (1 wt%) into the PEDOT:PSS 
dispersion showed a slight decrease in the bulk conductivity of coated paper. 
Comparison of coated samples with anatase and rutile TiO2 (not included 
in Paper 2 but presented in this thesis) revealed that the coated paper with 
anatase has higher conductivity than that with rutile TiO2 because the latter 
is a bulky pigment which may lower the hopping rate of electrons. Contact 
angle measurement was performed to monitor the hydrophobicity of the 
paper samples while Raman spectroscopy was used to study the vibrational 
property of the coated paper containing pure PEDOT:PSS and PEDOT:PSS-
NMP (highest conductivity enhancement) in order to investigate the reason 
behind conductivity enhancement by organic solvent. The surface treatment 
method employed in this study did not significantly affect the tensile strength 
(machine direction) of paper.
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