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Abstract 

Cellulose nanofibrils (CNFs), which are commonly produced from lignocellulosic biomass, have 

received increasing attention in recent years due to their unique properties, such as high specific 

surface area (up to 600 m2/g), high elastic modulus (29-36 GPa), high thermal stability (being 

stable against temperatures up to 200-300 °C), as well as renewability and biodegradability. These 

unique properties make CNFs as promising building blocks for the manufacture of many 

sustainable nanomaterials. However, sustainable and low-cost production of CNFs is still 

challenging, which limits their large-scale applications.  

As a kind of agro-industrial wastes, paper mill sludge (PMS) has posed serious environmental and 

economic challenges for disposal due to the more stringent regulations and diminishing land 

availability recently. Instead of the traditional landfill or burning treatment strategies, PMS, 

usually with negative cost, could be used as a cheap and sustainable feedstock for producing CNFs. 

Thus, the main objectives of this research are to valorize PMS into value-added CNFs through a 

sustainable approach and to develop multifunctional nanocomposites based on the PMS-derived 

CNFs. 

In the first project (Chapter 2), a sustainable approach was demonstrated to efficiently convert 

PMS to CNFs by formic acid (FA) hydrolysis pretreatment and the followed microfluidization. It 

was found that the mild FA hydrolysis (at 95 ºC for 3-6 h) pretreatment could hydrolyze most of 

hemicellulose, swell and break down the cellulose fibers, and the collected cellulosic solid residue 

with a high yield (over 75%) could be further converted to CNFs with relatively low-intensity 

microfluidization (only two passes). Notably, more than 90% FA in the collected supernatant can 
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be recovered through a simple vacuum distillation process. Moreover, cellulose nanopaper (CNP) 

was prepared from the CNFs suspension via a simple vacuum filtration approach. The obtained 

CNP exhibited good mechanical properties with the maximum tensile strength and toughness of 

106.4 MPa and 6.62 MJ/m3, respectively. 

In light of the advantages of superior mechanical properties, high thermal stability, low thermal 

expansion coefficient, tunable optical properties, etc., CNP has been considered as a promising 

material with great application potential in diverse fields. However, the hydrophilic nature of CNP 

significantly limits its practical application. In the second project (Chapter 3), a facile and 

sustainable approach was demonstrated to functionalize the CNP obtained in Chapter 2 by 

impregnation of chitosan (CS) and the followed halogenation. The mechanical strength of the 

functionalized CNP was improved at both dry and wet conditions, especially the wet tensile 

strength was increased by 512.6%. Meanwhile, both the transparency and barrier properties were 

significantly enhanced. Importantly, part of the amino groups on CS can be transformed into N-

halamines during the halogenation process, which endowed the chlorinated CNP/CS with excellent 

antibacterial performance against both S. aureus and E. coli. The functionalized CNP with water 

resistance, high transparency, excellent antibacterial and barrier properties shows great application 

potential in the field of advanced packaging materials. 

Polypyrrole (PPy) with hydrophobic and conductive nature has been investigated as a promising 

conducting polymer with numerous potential applications. In order to further improve the water 

resistance of the PMS-derived CNP and introduce new features to expand its potential applications, 

in the third project (Chapter 4), PPy was further introduced into the CNP/CS through a facile in 

situ polymerization process. Results indicate that the obtained CNP/CS/PPy showed excellent 
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water resistance with the wet tensile strength up to 80 MPa, which doubled the value of CNP/CS 

and was more than 10 times higher than that of the pure CNP. Intriguingly, the functionalized 

CNP/CS/PPy exhibited a high conductivity of 6.5 S cm-1 and good antibacterial activity towards 

S. aureus and E. coli. In addition, the EMI shielding application of the CNP/CS/PPy was further 

examined which showed a high shielding performance around 18 dB. Considering the 

multifunctional properties, the CNP/CS/PPy may find applications in a variety of high-tech fields 

such as medical packaging, electronic packaging, EMI shielding, and so forth. 

As another promising conducting polymer, PEDOT:PSS has been widely used as the electrode 

materials for supercapacitors. However, processing PEDOT:PSS bulk films with good flexibility 

and mechanical stability is still challenging. In the fourth project (Chapter 5), we investigated the 

feasibility of using the PMS-derived CNFs as building blocks for the fabrication of PEDOT:PSS 

based flexible electrodes. Instead of using the costly commercial PEDOT:PSS, we developed a 

facile and low-cost strategy for the fabrication of mechanically strong and conductive 

PEDOT:PSS/CNF nanopaper (denoted as PEDOT:PSS/CNP). Firstly, well-dispersed 

PEDOT:PSS/CNF aqueous suspension was prepared through an in situ polymerization process, in 

which the CNFs were coated with conductive PEDOT:PSS. Afterwards, flexible 

PEDOT:PSS/CNP was fabricated from the PEDOT:PSS/CNF suspension by a vacuum filtration 

approach and the followed DMSO treatment. Results indicated that the as-prepared 

PEDOT:PSS/CNP showed high tensile strength (70 MPa) and electrical conductivity (66.67 

S/cm), which can be directly used as the electrodes for  flexible supercapacitors. It was found that 

the assembled supercapacitor exhibited high areal specific capacitance of 888.7 mF cm-2, high 

areal energy density of 30.86 μWh cm-2, and remarkable cycling stability (95.8% capacitance 
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retention after 10,000 charge/discharge cycles), which was among the best electrical performance 

reported for PEDOT:PSS based supercapacitors.  

In summary, this research established sustainable and economically feasible approaches to valorize 

the PMS into CNFs and their functional nanocomposites. To the best of our knowledge, this work 

is among the very few pioneering studies that explore the sustainable production of CNFs from 

agro-industrial wastes. Also, the findings in the development and application of the CNFs based 

nanocomposites will provide many sustainable alternatives for the traditional packaging materials, 

EMI shielding materials, and energy storage electrode materials. It is expected that this research 

will contribute to the revival of the pulp and paper industry in the United States by enabling various 

biomass-derived products on the market in the near future. 
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Chapter 1 Introduction  

1.1 Lignocellulosic biomass and chemical composition  

In recent years, along with the increasing concerns about environmental issues, fossil fuel 

depletion, and global warming, lignocellulosic biomass, the most abundant  sustainable carbon 

source on the planet, has been considered as alternative sources to fossil  resources because of their 

large amount of stock and renewability.1 The world production of lignocellulosic biomass is 

estimated more than 200 billion tons a year.2 As shown in Fig. 1-1, the lignocellulosic biomass 

(e.g. wood, bagasse, grass and agricultural wastes) mainly contains three constituents (cellulose, 

hemicellulose and lignin) with different mass ratio. Table 1-1 summarizes the main composition 

of different lignocellulosic biomass. 

 

Figure 1-1. Various lignocellulosic biomass and the main constituents.  
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1.1.1 Cellulose  

Cellulose is the major skeletal component with a proportion of 30-50% of dry weight in 

lignocellulosic biomass and it is the most abundant natural polymer on earth. The global annual 

production of cellulose is estimated at 150 billion tons.3, 4 Especially in some special plant species 

such as cotton, hemp, and jute, the cellulose content is significantly high with the percentage of 

60-95%.5 Since Anselme Payen first discovered and isolated cellulose in 1838, extensive efforts 

have been  made  to the biosynthetic process, physical and chemical properties, as well as the 

structural characteristics of cellulose, which have greatly promoted the development of related 

disciplines.6 In recent years, modern technologies such as information technology, biotechnology 

and nanotechnology have contributed to the rapid development of our society in all different fields, 

and future technologies are expected to concern more about the development of a greener and more 

sustainable society.7 As a kind of  renewable and sustainable materials, cellulose has attracted a 

great deal of attention from a wide variety of fields recently.8 The fascination of cellulose is a 

result of its specific structure, which will be described in more detail in sections 3. 

1.1.2 Hemicellulose  

Hemicellulose is a group of heteropolysaccharides present in the plant cell walls. Generally, they 

constitute 15-35% of cell walls and mainly locate in the primary and secondary cell walls of 

various plants.9 As the second most abundant polysaccharide in nature, an estimated annual 

production of hemicelluloses in nature is in the range of 60-70 billion tons.10, 11 Depending on the 

plant species, hemicellulose is made up of various sugars include pentoses (D-xylose, L-

arabinose), hexoses (D-glucose, D-galactose, D-mannose) and sugar acids such as D-glucuronic 

and D-galacturonic acids.12, 13 In general, the main chain of hemicelluloses can consist of only one 
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sugar unit like xylan (homopolymers), or two or more sugar units, i.e., heteropolymers such as 

glucomannans, and some of the units (e.g. 4-O-methylglucuronic acid, galactose) are usually 

served as the side groups of a backbone of hemicellulose.5 Thus, hemicellulose normally consists 

of 50-3000 sugar units and has a branched, random and amorphous structure with little strength, 

and it can be easily hydrolyzed by dilute acid or base and various of hemicellulase enzymes.14 

Therefore, the hydrolysis of hemicelluloses for sugars production has been extensively 

investigated to valorize hemicellulose. These sugars have already commercial applications or are 

potential intermediates for synthesis of pharmaceuticals and health-promoting agents.15 In addition, 

the hemicellulosic sugars could be further converted to fuel ethanol and other high value-added 

chemicals (e.g. xylitol, lactic acid, furfural, levulinic acid) by bioconversion and chemical 

transformation.16 

1.1.3 Lignin  

Lignin is the generic term for a large group of aromatic polymers which is made up of 

predominantly C-O-C and C-C linkages.17 More specifically, lignin is formed by radical coupling 

reactions of three main monolignols namely p-coumaryl (4-hydroxycinnamyl), coniferyl (4-

hydroxy-3-methoxycinnamyl) and sinapyl (4-hydroxy-3,5-dimethoxycinnamyl) alcohols.18 

Correspondingly, these monolignols are widely called as hydroxyl-phenyl lignin (H-lignin), 

guaiacyl lignin (G-lignin) and syringyl lignin (S-lignin), respectively.5 Lignin is the second most 

abundant organic polymers in nature after cellulose, constituting 30% of non-fossil organic 

carbon.19 The lignin content in wood species ranges from 20-40% while aquatic and herbaceous 

angiosperms as well as many monocotyledons content less lignin.20 Lignin mainly locates in the 

secondary cell walls as an embedding material for the cellulosic polymers, and it is also the major 
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polymer in the middle lamellae between adjacent cell walls.21 Importantly, lignin provides the 

hydrophobic surface that allows plants to transport water to heights over 100 m and contributes to 

the mechanical strength that can support trees weighing more than 2,000 tons.22 Moreover, its 

unique physical and chemical properties provide a barrier against the invasion of pests and 

pathogens.23 However, lignin is the major barrier for the efficient extraction of cellulose fibers in 

the pulp and paper industry and is the main hurdle to saccharification for production of liquid 

biofuel in the bioenergy industry.24, 25 Thus, lignin is usually generated as a waste product from 

the paper and biofuel production. The worldwide production of lignin is approximately 100 million 

tons per year and 50-70% of the production comes from pulp and paper industry.26 Traditionally, 

lignin is considered as low-value waste product and burned for process heat because its inherent 

heterogeneity and recalcitrance.27 With the intensive studies of lignocellulosic biorefinery in recent 

years, various promising approaches have been developed to valorize lignin to produce high-value 

products such as carbon fiber, multifunctional hydrocarbons, syngas and various platform 

chemicals (e.g. aromatic aldehydes, vanillic acid, syringic acid).28-30 

1.1.4 Extractives and ash  

In addition to cellulose, hemicellulose and lignin, lignocellulosic biomass contains a small portion 

of other constituents such as extractives and ash. Extractives are nonstructured components of 

biomass, including fats, fatty acids, fatty alcohols, phenolics, waxes, proteins, essential oils, pectins, 

rosin and other organic compounds, which can be extracted by solvents (e.g. water, ethanol, 

acetone, and toluene).31 Note that each of these extractives has specific functions for the plant. The 

content and properties of the extractives vary from biomass to biomass, and even vary between 

different parts of the same plant.32 The ash in lignocellulosic biomass typically comprises of 



5 

 

calcium, potassium, magnesium, manganese, sodium oxides, and less amount of other oxides of 

iron, aluminum, etc.33 

Table 1-1. The main composition of lignocellulosic biomass.5, 34 

 

1.2 Wood category and its hierarchical structure 

Wood is a mixture of dead and living cells of many different cell types, and the cell wall as the 

supportive framework is the main component of wood cell.35 Wood can be broadly classified into 

Feedstock Cellulose (%) Hemicellulose (%) Lignin (%) 

Hardwood 43-47 25-35 16-24 

Softwood 40-44 25-29 25-31 

Bagasse 42-45 25-28 14-21 

Coir 32-43 10-20 43-49 

Cotton 95 2 1 

Flax 63-71 12-21 2-3 

Hemp 70 22 6 

Jute 71 14 13 

Sisal 73 14 11 

Rice straw 32-47 19-27 5-24 

Wheat straw 35-45 20-30 8-15 

Corn stover 21-37 22-31 14-20 

Switchgrass 35-40 25-30 15-20 



6 

 

two categories: hardwoods (e.g. birch, aspen, eucalyptus and oak) and softwoods (e.g. pine, spruce, 

cedar, and redwood). The distinction between these two types mainly comes from the way that the 

tree reproduces: Hardwoods are scientifically known as angiosperms, which are flowering plants 

that produce seeds with enclosures; softwoods are known as gymnosperms, which are also called 

coniferous trees, producing seeds without enclosures.36 In general, hardwoods are denser than 

softwoods since they grow slowly, but with a few exceptions: balsa tree is classed as hardwood 

but is softer than most of softwoods, yew tree is classed as softwood but is denser than most of 

hardwoods. Softwoods are famous for faster growing and around 80% of all timber used in the 

world comes from softwoods.37  

1.2.1 Wood cell structure  

From a microstructural point of view, cellular structures of softwoods differ in appearance from 

that of hardwoods. As shown in Fig. 1-2a, hardwoods contain three main types of cells: fibers 

(50%), vessels (30%) and parenchyma (20%).38 Among them, fiber cells provide structural support 

and have a honeycomb-like structure. Vessels appear much larger in diameter and shorter than 

fibers and they are used for the transport of fluids and nutrients. Parenchyma normally appears as 

box-like cells within the rays and longer tubular cells associated with the vessels.39 In addition, a 

small number of tracheids with much thinner cell walls than fibers may be found, but they may be 

completely missing in some hardwood species. As shown in Fig. 1-2b, softwoods consist mainly 

of longitudinal tracheids (90-95 %) and a small number of parenchyma and ray cells (5-10 %), in 

which the tracheids with roughly honeycomb-like structure make up the bulk of the cells.37 In 

addition, some softwoods (e.g. white pine) may have resin canals lined with epithelial cells, and 

most of softwoods lack of fibers or vessel elements. Among all the above cells in both hardwoods 
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and softwoods, fibers and tracheids are the best cells for papermaking, and other cells cause mainly 

problems. Thus, softwoods are the best feedstocks and widely used in the pulp and paper industry. 

Generally, the cellulose fibers can be produced in two different pulping approaches: mechanical 

pulping and chemical pulping. In mechanical pulping process, the fibers are softened and separated 

from each other using mechanical grinding or refining at elevated temperature.40 Since there is 

almost no loss of material in mechanical pulping, the mechanical pulp usually has a high yield up 

to 90% based on the wood. However, the mechanical process is highly energy intensive and the 

resulting fiber and paper usually show inferior strength.41 Chemical pulping on the other hand 

gives the pulp of lower yield (40-50%) but with better mechanical strength. There are two main 

purposes in chemical pulping process: i) chemicals attack on the lignin in the middle lamella in 

order to separate the individual fibers; ii) removing lignin from the cell wall to make the fibers 

sufficiently flexible for higher paper strength.42 Delignification of wood during chemical pulping 

is carried out by two main types of processes: sulfate (kraft) process and sulfite process, and the 

kraft pulping is the most popular and predominant pulping method so far. Normally, about 90% of 

lignin can be removed in kraft pulping.41 The residual lignin can be further removed by bleaching 

process, resulting in the bleached pulp with less than 0.1% lignin.43 
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Figure 1-2. The cells that make up hardwood (a) and softwood (b), respectively, adapted from 

http://workshopcompanion.com. 

1.2.2 Cell wall structure  

As shown in the top-right inset in Fig. 1-3, the cell wall is comprised of multilayers include primary 

cell wall, secondary cell wall and middle lamella, in which the secondary cell wall could be further 

divided into three layers namely S1, S2, and S3.44 The primary cell wall is very thin which contains 

randomly oriented cellulose microfibrils surrounded by a lignin-rich materials include lignin, 

pectic substances, and hemicelluloses.45 Surrounding the primary cell wall is a thin lignin-rich 

layer (0.5 to 1.5 μm) named the middle lamella, which functions as the cellular glue to provide 

compressive strength to the plant tissue and stiffness to the cell wall.46 The secondary cell wall 

layers are the most important for the wood cell in terms of mechanical strength. Among these 

layers, S1 layer is the thinnest layer, being only 0.1 to 0.35 μm thick, which is considered as an 

intermediate between the primary cell wall and the S2 and S3 layers. The cellulose microfibrils 
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angle with regard to the cell axis in the S1 layer is in the range of 60° to 80°. The S2 layer is the 

thickest layer (1-10 μm) in the secondary cell wall, which contributes to 75% to 85% of the total 

cell wall thickness and contains majority of the total cellulose. The cellulose microfibrils angle in 

this layer is 5° to 30° relative to the cell axis. Note that the cellulose microfibrils angle in the S2 

layer can significantly influence the physical and mechanical properties of the cell and even stem 

wood as a whole. With regard to the cell axis, an increase in the cellulose microfibrils angle will 

result in a decrease in the stiffness and longitudinal modulus of elasticity of the wood. The S3 layer 

is relatively thin, being 0.5 to 1.1 μm thick, and the cellulose microfibrils angle is 60° to 90° 

relative to the cell axis.47  

1.2.3 Spatial arrangement of cellulose, hemicellulose and lignin  

The center-right inset in Fig. 1-3 illustrates a spatial arrangement of cellulose microfibrils, 

hemicellulose and lignin in the cell wall. The arrangement of these components allows cellulose 

microfibrils to be embedded in hemicellulose-lignin network, much as steel bars are embedded in 

concrete to form reinforced concrete.11 Among them, cellulose microfibrils serve as the reinforcing 

steel bars, hemicellulose-lignin matrices act as the concrete.48 Hemicellulose is thought to bind 

non-covalently to the cellulose microfibrils and covalently cross-link with lignin, forming a 

complex network of bonds that provides structural strength.49 It has been suggested that 

hemicellulose could also act as an amorphous matrix material which holds the stiff cellulose 

microfibrils in place.50 Lignin acts as a waterproof mechanical reinforcement element, which is 

covalently linked to hemicellulose. For decades, lignin has been considered as the glue that binds 

cellulose microfibrils with hemicellulose.51 However, one recent study suggested that lignin and 

cellulose are spaced and joined by hemicellulose (e.g. xylan).52 It is reported that in contrast to 
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cellulose, the substitution with some hydrophobic groups such as acetyl and methyl groups could 

enhance the affinity of hemicellulose to lignin.50 Although several attempts to describe the specific 

locations of the different cell wall components and their mutual interactions have been made, the 

detailed structure of the lignin-carbohydrate complexes surrounding the cellulose microfibrils in 

the plant cell wall is still not well understood.53  

 

Figure 1-3. Schematic illustration of the hierarchical structure of wood, from macroscopic to 

molecular scale. Wood cell image is adapted from ref 10. The cell wall comprised of multilayers is 

adapted from ref 54. Spatial arrangement of cellulose, hemicellulose and lignin in the cell wall of 

lignocellulosic biomass is adapted from ref 55. Hierarchical structure of cellulose fiber is adapted 

from ref 56.  
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1.3 Structure of cellulose 

1.3.1 Molecular structure  

From a definition point of view, cellulose is a linear chain of ringed glucose molecules with a flat 

ribbon-like conformation.57 As shown in the molecular structure represented in the right-bottom 

inset of Fig. 1-3, the repeated unit is comprised of two anhydroglucose rings linked together 

through an oxygen covalently bonded to the C1 of one glucose ring and the C4 of the adjoining 

ring (1→4 linkage) namely β-1,4-glycosidic bond.58 The degree of polymerization (DP) of 

cellulose is defined by the number of repeated unit, and the DP is in the range of 10,000 to 15,000 

depending on the cellulose source material.59 The hydroxyl groups of β-1,4-glucan cellulose are 

placed at positions C2 (secondary), C3 (equatorial) and C6 (primary), and the  CH2OH side group 

is arranged in a trans-gauche position relative to the O5-C5 and C4-C5 bonds.6 These abundant 

hydroxyl groups have high ability to form strong intrachain and interchain hydrogen bonds which 

are conductive to the physical properties of cellulose. As a consequence, multiple cellulose chains 

form elementary fibrils of 1.5-3.5 nm in diameter. These elementary fibrils further aggregate into 

larger microfibrils with the diameter of 5-10 nm and several microns in length. Finally, the 

microfibrils and their bundles (typically 10-20 nm across)60 along with hemicellulose and lignin 

form the secondary cell wall.  
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Figure 1-4. (a) Schematic configuration of the unit cells for cellulose Iα (dashed line) and Iβ (solid 

line).57 (b) Illustration of a cellulose elementary fibril sheet which contains an arrangement of 

cellulose chains interconnected by hydrogen bonds (left) and one cellulose chain contains three D-

glucose repeated units with hydrogen bonds. (c) Illustrations of a perpendicular view to the c-axis 

of a 36-chain elementary fibril of cellulose Iα, where Axes a, b and c (in blue color) define the 

triclinic unit cell formed by one chain (left) and a longitudinal view of parallel sheets packing in 

cellulose Iα, where each sheet is shifted along the c-axis by +c/4 (right). (d) Illustrations of a 

perpendicular view (left) and a longitudinal view (right) of a 36-chain elementary fibril of cellulose 

Iβ. Axes a, b and c define the monoclinic unit cell made up of two chains namely origin (OR) chain 

and center (CE) chain of cellulose Iβ. In the perpendicular view, the 36 cellulose chains are 

hexagonally arranged in the transverse section of the elementary fibril, where 18 chains (in pink 

color) represent the outer chains that sheath other sub-crystalline 12 chains (in orange color), and 

inner 6 chains form the crystalline core. In the longitudinal view, there is an alternated 

displacement between OR and CE sheets by c/4 in the parallel sheets of cellulose Iβ.61 (e) 

Schematic illustration of two suggested hydrogen bond patterns within the hydrogen-bonded plane 

((110) plane for cellulose Iα and (200) plane for cellulose Iβ). Note: thin dotted lines refer to 

intrachain hydrogen bonds, thick dotted lines refer the interchain hydrogen bonds, arrows show 

the donor-acceptor-donor directions.57 
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1.3.2 Crystalline structure  

As a result of the supramolecular structure of cellulose, cellulose microfibrils consist of both high 

order (crystalline) and disordered (amorphous-like) regions, as illustrated in the bottom-left inset 

in Fig. 1-3. Depending on the different crystal packings, there are four different polymorphs of 

cellulose: Cellulose I, II, III, and IV. Among them, cellulose I is naturally produced by various 

organisms, and it is sometimes called “natural” cellulose.57 Cellulose I has two crystal forms 

namely Iα and Iβ, which coexist in different proportions depending on the organisms. Cellulose in 

higher plants (e.g. cotton, trees) cell walls and in tunicates are rich in Iβ, whereas some algae and 

bacteria are predominantly composed of  Iα.62 As illustrated in Fig.1-4a, cellulose Iα appears a 

one-chain triclinic unit cell (P1 symmetry) while cellulose Iβ displays a two-chain monoclinic unit 

cell (P21 symmetry). For cellulose Iα unit cell, the unit-cell parameters are a = 0.672 nm, b = 0.596 

nm, c = 1.040 nm, α = 118.08º, β = 114.80º, γ = 80.375º. For cellulose Iβ unit cell, the unit-cell 

parameters are a = 0.778 nm, b = 0.820 nm, c = 1.038 nm, α = 90º, β = 90º, γ = 96.5º.57 For both 

cellulose Iα and Iβ, the cellulose chains making up the sheets are parallel and aligned along the 

crystallographic c-axis, as displayed in Fig. 1-4b. Figs. 1-4c and 4d illustrate a perpendicular view 

to the c-axis of a 36-chain elementary fibril of cellulose Iα and  cellulose Iβ, respectively. At the 

molecular level, cellulose Iα and Iβ share similar conformation and chain packing in the a-b 

planes.63 The main difference between these two polymorphs is the relative displacement of 

hydrogen-bonded planes, i.e. (110) plane for cellulose Iα and (200) plane for cellulose Iβ, in the c-

axis direction. More specifically, hydrogen-bonded planes in cellulose Iα always displace along 

the molecular axis by +c/4, whereas for cellulose Iβ the displacement between hydrogen-bonded 

planes alternates between +c/4 and -c/4.57 
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1.3.3 Hydrogen bonding 

For both cellulose Iα and cellulose Iβ, a remarkable feature is that cellulose chains are well-

stabilized within the sheets (hydrogen-bonded planes) by intrachain and interchain (O─H┄O) 

hydrogen bonds interaction, as illustrated in Fig. 1-4b.61 As shown in Fig.1-4e, two coexisting 

hydrogen bond patterns have been proposed, which are well described in the previous work.62 It is 

reported that cellulose Iβ has a higher percentage (70-80%) of Type A hydrogen bonds 

configuration in the hydrogen-bonded planes than cellulose Iα, resulting in a better bonding 

geometry. Moreover, within other planes ((100) and (010) plane for cellulose Iα and (110) and (1-

10) plane for cellulose Iβ) the number of hydrogen bonds in cellulose Iβ is believed to be higher 

than that in the cellulose Iα.64 Thus, cellulose Iβ shows higher stability than cellulose Iα. This 

inference has been supported by the fact that heating of the cellulose Iα causes irreversible 

conversion to cellulose Iβ.63 From the Type A hydrogen bonds pattern (Fig. 1-4e), it is clear to see 

that the intrachain hydrogen bonds include O3─H┄O5 and O2─H┄O6 bonds while the 

interchain hydrogen bonds are dominated by O6─H┄O3 bonds. As show in Fig. 1-5a, the 

intrachain hydrogen bonds limit the rotation of glucose units in the linear chains around the 

glycosidic linkages and contribute to the linear configuration of cellulose chain, whereas the 

interchain hydrogen bonds are beneficial to the sheet stability.65 Further, the intersheet interactions 

involved both C─H┄O pseudo hydrogen bonds and van der Waals interactions ensure the sheets 

stack on top of each other to form a 3D crystal structure.61 Gross and Chu66 investigated and 

compared the interaction network of cellulose Iα and cellulose Iβ by using all-atom molecular 

dynamics simulations.  



15 

 

 

Figure 1-5. (a) Schematic diagram of hydrogen-bond network and layer structure for cellulose 

Iβ.65 (b) Average number of hydrogen bonds per glucose of cellulose Iα and cellulose Iβ.66  

Schematic illustrations of cellulose molecular chain (c) and crystal planes (d) of cellulose Iβ 

showing amphipathicity.67 (e) Water wetting of the (200) and (110) surfaces of cellulose Iβ.68  

As indicated in Fig. 1-5b, while both cellulose Iα and Iβ possess almost the same amount of 

intrachain and interchain hydrogen bonds, cellulose Iβ has two more intersheet pseudo hydrogen 

bonds per glucose than cellulose Iα. This finding again proved the fact that cellulose Iβ is the more 

stable form. In addition, the number of C─H┄O pseudo hydrogen bonds per glucose is much 
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higher than the sum of intrachain and interchain hydrogen bonds. Although individual C─H┄O 

pseudo hydrogen bond shows a much lower interaction energy of 2 kcal/mol than O─H┄O 

hydrogen bond (6 kcal/mol), the large amount of these pseudo hydrogen bonds plus van der Waals 

interactions make intersheet interactions stronger than interchain interactions. 

1.3.4 Wetting behavior and amphiphilic character 

In general, natural cellulose is considered as highly hydrophilic due to the existence of abundant 

hydroxyl groups. However, several studies have proven that cellulose also exhibits a hydrophobic 

character due to its anisotropic supramolecular structure. As illustrated in Figs. 1-5c and 5d, the 

surfaces of cellulose Iβ are topographically and chemically heterogeneous, i.e. plenty of -OH 

groups appear on the (110) and (1-10) surfaces while the (200) surface has the most -CH groups 

exposure with buried -OH groups, thus leading to the amphipathicity of cellulose.69 Fig. 1-5e 

displays the water wetting behavior of the (200) and (110) surfaces of cellulose Iβ by using 

atomistic molecular dynamics simulations.68 It can be clearly seen that (200) surface exhibits a 

much higher contact angle than (110) surface, indicating higher hydrophobicity. 
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Figure 1-6. Schematic illustration of disintegration of cellulose in water (a) and 

polydimethylsiloxane (PDMS) (b) media.70 (c) AFM image of esterified cellulose nanofibrils 

(CNFs) produced through one-step mechanochemical esterification by ball milling in DMF; (d) 

magnified AFM image of the CNFs and the corresponding height profile.71 (e) AFM image of 

cellulose nanosheets (CNS) prepared by ball milling in PDMS; (f) AFM image of the CNS after 

sonication in ethanol for 60 min and the corresponding height profile.70 

Based on the amphiphilic nature of cellulose, Zhao et al.70 proposed a theory of cellulose 

disintegration along the crystallographic planes induced by mechanical force and 
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microenvironmental polarity. As illustrated in the cross-section of cellulose microfibrils (Fig. 1-

6a), elementary fibrils in the microfibrils are associated with each other through close contacts. As 

described above, different crystallographic planes exhibit different supramolecular structures. As 

a consequence, the interactions of these planes with different solvents vary from each other.72 

Therefore, it is expected that both disintegration and reorganization of the cellulose microfibrils 

will be affected by changing the type of medium during mechanical shearing.73 For instance, when 

mill cellulose in polar solvents such as water, dimethylformamide (DMF) and dimethyl sulfoxide 

(DMSO), cellulose nanofibrils (CNFs) can be obtained, as illustrated in Figure 6a. This result is 

probably attributed to polar solvents have great affinity to hydrophilic (110) and (1-10) surfaces, 

thus can penetrate into the interstitial space between these hydrophilic planes of the tightly bound 

elementary fibrils. During the ball milling process, the strong impact and frictional shear 

accompanying with the solvent swelling effect cause the big microfibril bundles disintegrated into 

CNFs. Intriguingly, the fibrillation efficiency could be remarkably enhanced by simultaneously 

applying esterification during ball milling. More importantly, the functionality of the as-prepared 

CNFs could be tuned by changing esterifying agents.74 For example, by milling corncob cellulose 

in DMF with hexanoyl chloride as esterifying agent, thin and hydrophobic CNFs with the diameter 

approx. 1.5-2.8 nm could be obtained, as shown in the AFM images (Figs. 1-6c and 6d). In another 

case, hydrophilic CNFs could be prepared by milling cellulose in DMSO with succinic anhydride. 

It was found that the succinylated CNFs exhibited great dispersibility in aqueous media with a 

Zeta potential around -34 mV.75 

As shown in Fig. 1-6b, nonpolar solvents such as polydimethylsiloxane (PDMS), toluene and 

stearic acid exhibit strong affinity to hydrophobic (200) surfaces. When mill cellulose in these 

nonpolar solvents, breaking interfaces mainly take place at the interstitial space between these 



19 

 

hydrophobic planes while the hydrophilic (110) and (1-10) planes still keep connected, resulting 

in the formation of cellulose nanosheets (CNS). As displayed in Fig. 1-6e, thin CNS with the 

thickness around 4.2 nm (which is consistent with the thickness (3-5 nm) of elementary fibrils) 

and varied lateral size and shape were successfully produced by milling cellulose in PDMS for 12 

h (5 min pause after every 20 min). In addition, Fig. 1-6f shows the AFM image of the CNS after 

sonicating in ethanol for 60 min. It is clear to see that some CNS can be spread into 4.2-4.5 nm 

wide elementary fibrils with fan-like shapes, indicating that the CNS can be further disintegrated 

into nanofibrils.  

According to the above discussion, it can be concluded that the solvent polarity plays an important 

role on the hydrogen bonds or van der Waals force among cellulose molecular chains and 

crystallographic planes during mechanical disintegration.76 This fundamental knowledge provides 

the evidence for the fact that most of the cellulose nanomaterials produced from lignocellulosic 

biomass exhibit fibrous morphology, since the processing media for the production of cellulose 

nanomaterials is mainly in aqueous solution. 
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1.4 Cellulose nanomaterials 

 

Figure 1-7. Hierarchical structure of cellulose and its nanomaterials types.77 

Over the past two decades, cellulose nanomaterials, also known as nanocellulose, have attracted 

rapidly growing scientific and technological interest from both academic and industrial researchers 

due to their unique nanostructure and impressive physicochemical properties such as high tensile 

strength (2-6 GPa) and elastic modulus (130-150 GPa), high specific surface area (up to several 

hundreds of m2/g), low density (1.6 g/cm3), reactive surfaces combined with biodegradability and 

renewability.78, 79 Therefore, cellulose nanomaterials have been widely used in diverse fields such 

as reinforcing agents, coatings, rheology modifiers, optical materials, electroconductive materials, 



21 

 

sensors, and biomedical materials.80, 81 Based on the size, morphology and preparation techniques, 

cellulose nanomaterials are mainly divided into cellulose nanostructure materials (e.g. cellulose 

microcrystals, cellulose microfibrils) and cellulose nano-objects or nanofibers (e.g. cellulose 

nanocrystals (CNCs), CNFs), as summarized in Fig. 1-7.77  

 

Figure 1-8. (a) Schematic illustration of CNFs and CNCs production from fiber cell walls by 

mechanical and chemical treatments, respectively.82 (b) Schematics of idealized cellulose fibers 

showing one of the suggested configurations of the crystalline and amorphous regions, and CNCs 

after sulfuric acid hydrolysis of the amorphous regions, exhibiting the characteristic sulfate half 

ester surface groups formed as a side reaction.83 (c) Representatives of institutions and enterprises 

of the industrialization of CNCs and CNFs.84 (d) Representatives of feedstocks used for the 

production of CNCs and CNFs (the photographs were adapted from www.google.com).  

Compared to cellulose nanostructure materials, CNCs and CNFs possess higher specific surface 

area and more uniform particle size distribution thus have been widely investigated in recent years. 

As shown in Fig. 1-8a, CNCs and CNFs are the two main categories of cellulose nano-objects 



22 

 

produced from lignocellulosic biomass. To date, a variety of lignocellulosic biomass such as 

cotton, microcrystalline cellulose (MCC), wood pulp, and different kinds of agricultural wastes 

have been used as the feedstocks for the production of CNCs and CNFs (Fig. 1-8d). Also, the 

industrialization of CNCs and CNFs has been realized by some companies (e.g. CelluForce, 

Nippon Paper Group) on the tons-per-day scale, as listed in Fig. 1-8c. According to a recent report 

by Zion Market Research, global nanocellulose market was valued at approx. 232 million USD in 

2017 and the number is anticipated to reach around 784 million USD by the end of 2024. Notably, 

CNFs accounted for the major market share in 2017 and is expected to continue its dominance 

during the forecast period. 

1.4.1 Preparation of cellulose nanocrystals 

In general, CNCs, sometimes termed as nanocrystalline cellulose (NCC) or cellulose nanowhiskers 

(CNW), are rigid rod-like particles of 10-30 nm in diameter and several hundred nanometers in 

length, and they are mostly crystalline in nature.85 The typical method for the preparation of CNCs 

is inorganic strong acid hydrolysis, sulfuric acid is the most commonly used acid for producing 

sulfonated CNCs with good dispersibility in water.86 Some other inorganic acid such as 

hydrochloric acid,87, 88 phosphoric acid,89, 90 hydrobromic acid 91 and nitric acid 92, 93 have been 

invented for the preparation of CNCs as well. As shown in Fig. 1-8b, during sulfuric acid 

hydrolysis process, the amorphous regions of cellulose are more easily degraded while the 

crystalline regions of cellulose are remained as CNCs because of their inherent structure 

stability.57, 94 Also, the introduction of sulfate half ester surface groups would endow the CNCs 

with good dispersibility in aqueous media.83 Strong acid hydrolysis is indeed a simple and time-

saving method for the preparation of CNCs 93. However, certain issues such as harsh corrosion of 
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equipment, severe environmental pollution, large water usage, and low production yield need to 

be well addressed.79 Thus, some sustainable and environmentally friendly methods based on the 

replacement by recyclable chemicals have been invented recently to address the above drawbacks, 

such as solid acid (e.g. phosphotungstic acid) hydrolysis,95, 96 organic acid (e.g. formic acid, oxalic 

acid) hydrolysis 85, 97-99 and ionic liquid 100, 101 or deep eutectic solvents treatment.102, 103 

1.4.2 Preparation of cellulose nanofibrils 

 

Figure 1-9. (a) Representatives of mechanical fibrillation approaches and the corresponding 

instruments and their schematic diagrams.104-106 (c) Systematic diagram of preparation of CNFs by 

surface carboxylation using TEMPO oxidation.107 (d) Schematic illustration of how the fibers 

quaternization enhanced the fibrillation process.108 
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CNFs, sometimes termed as nanofibrillated cellulose (NFC), are flexible fiber-like with a diameter 

less than 100 nm and the length of 500 nm or even longer, which are composed of both amorphous 

and crystalline domains.109 Different from CNCs, CNFs are mainly obtained by mechanical 

treatment of cellulosic fibers, such as high-pressure homogenization, microfluidization, grinding, 

ball milling and ultrasonication.104, 110, 111 

Fig. 1-9a illustrates the corresponding instruments and their schematic diagrams. Among them, 

high-pressure homogenization and microfluidization are the most widely used methods for the 

preparation of high-quality CNFs.112 Basically, both homogenization and microfluidization follow 

similar working mechanism just with different configurations. In general, the homogenizer works 

at a pressure below 150 MPa while the microfluidizer can provide a pressure over 250 MPa. During 

the mechanical fibrillation process, the homogenizer or microfluidizer can generate various forces 

such as high pressure, high shear, high speed and turbulence through the rapid change of pressure, 

which are able to break down the cellulose fibers and finally release aggregated nanofibrils.113 

However, mechanical fibrillation by high-pressure homogenization or microfluidization for CNFs 

production is very energy intensive. It is estimated that the energy consumption is in the range of 

12-70 MWh/t.114 Another issue with homogenization and microfluidization is clogging when  

processing cellulose fibers, which is mainly attributed to the fact that long cellulose fibers tend to 

form entanglements.112 

In order to reduce energy consumption and avoid clogging issue, some pretreatment methods have 

been proposed in recent years, including enzymatic hydrolysis,115-117 mineral acid hydrolysis,118, 

119 TEMPO-mediated oxidation,120, 121 carboxymethylation,122, 123 quaternization,124, 125 among 

others. Among them, enzymatic or acid hydrolysis is intended to break down the big fibers into 
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small pieces, meanwhile swelling the cellulose fibers. The other pretreatment approaches are 

designed to introduce surface charges onto the cellulose fibers. The negative or positive charges 

on the surface of cellulose fibers could reduce energy input needed for fibrillation by electrostatic 

repulsion and to enhance colloidal stability of the final CNFs 104. For example, a large amount of 

negative carboxyl groups could be introduced on the cellulose pulp by TEMPO oxidation, which 

can selectively oxidize the cellulose C6 hydroxyls to carboxylates 126-128, the mechanism of 

oxidation reaction is as shown in Fig. 1-9b. After mild mechanical disintegration, transparent and 

gel-like CNF suspension could be obtained. Also, the mechanical energy consumption after 

TEMPO oxidation was significantly reduced from 70 MWh/t (without pretreatment) to 1-10 

MWh/t. Chaker and Boufi 108 demonstrated another strategy by introducing positive quaternary 

trimethylammonium groups on the surface of cellulose fiber to increase the electrostatic repulsion 

and finally enhanced the fibrillation efficiency, as shown in Fig. 1-9c. Saini et al.125 evaluated that 

the energy consumption at fibrillation stage could be reduced by five times by using this cationic 

modification pretreatment. More interestingly, the introduced cationic groups endowed the final 

CNFs with antibacterial properties, which could be applied into food packaging and biomedical 

applications. Nevertheless, the above conventional pretreatment methods still face several 

deficiencies such as high cost of enzymes and chemicals, time-consuming process, difficulty to 

recover chemicals and environmental issues.112 Thus, it is of critical importance to develop more 

cost effective, sustainable and environmental benign pretreatment methodology for the preparation 

of high-quality CNFs. 
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1.4.3 Application of cellulose nanofibrils 

When compared to CNFs, the self-assembled nanostructure (e.g., film, aerogel) of CNCs is very 

brittle due to the lack of an energy-dissipating amorphous phase and its inability to form entangled 

networks.129 Also, the large-scale production for CNCs is still limited to the method by sulfuric 

acid hydrolysis which involves serious environmental challenge and high production cost.130 Thus, 

considering mechanical performance, environmental aspects and economics, the focus of this work 

is on high-performance nanomaterials derived from CNFs for multifunctional applications. It is 

reported that the Young’s modulus and tensile strength of individual CNFs is in the range of 29-

36 GPa and 2-6 GPa, respectively, which is comparable to those of commercial multiwalled carbon 

nanotubes, yet with much lower price.131 More importantly, the density of CNFs is in the range of 

1.32-1.58 g/cm3, far lower than traditional engineering materials (e.g., mass density of steel ~7.78 

g/cm3).129 This puts CNFs in a highly attractive place in an Ashby plot (Fig. 1-10a), surpassing 

traditional materials like metals, concrete, glasses and ceramics. Such outstanding properties of 

CNFs make them an attractive building block for strong and light structural materials. 
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Figure 1-10. (a) Comparison of the specific modulus and specific strength of CNFs, bacterial 

cellulose (BC) and Cellulose I against a wide range of materials.129 (b) Comparison of the specific 

stiffness and specific strength of nanocellulose (NC) neat films, BC neat films and NC reinforced 

matrix against other traditional materials.57 

As summarized in Fig.1-11, CNFs exhibit remarkable tendency to form three-dimensionally 

entangled networks suitable to fabricate high-performance nanomaterials such as cellulose 

nanopaper (CNP), hydrogel, and aerogel, due to the high aspect ratio and semi-crystalline 

structure.80 
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Figure 1-11. Examples of the self-assembled structures of CNFs and their potential applications. 

The images of nanopapers are adapted from refs.132, 133 The image of 3D-printed hydrogel is 

adapted from ref.134 The images of aerogel are adapted from refs.135, 136 The other images are 

adapted from www.google.com. 

1.4.3.1 Cellulose nanopaper 

CNP is usually prepared from CNF suspension by a self-assembly process in which the solvent is 

removed and the CNFs finally form the CNP.129 As illustrated in Fig. 1-12, casting and filtration 

are two popular approaches for CNP production.137 Among them, casting is a simple but time-

consuming process, by which CNF suspension is usually kept in an open Petri dish, and the solvent 

is allowed to evaporate, finally leaving the self-assembled CNP.138 Normally, a slow drying rate 

is necessary to reduce wrinkling problem and make flat, and uniform CNP.139 This process usually 

takes several days to obtain final CNP. Filtration, which is similar to a papermaking process, is a 

relatively fast method to prepare CNP. Typically, filtration process involves two separate 
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operations: (a) filtration of CNF suspension under vacuum or pressure and (b) drying (e.g. air-

drying, oven-drying, hot-pressing) of thus obtained CNF gels.140, 141 The total time of filtration 

process is reported to be a few hours instead of days, which is much faster than the casting method. 

As shown in Fig. 1-10b, when compared to single CNFs, both specific modulus and strength of 

self-assembled CNP are lower, but it still surpasses most engineering polymers, and comparable 

to some metals.57 Recent works have shown that CNP is a promising material for use in 

photovoltaic cells,142 as visual display substrate,143 energy storage electrode material,144 etc., in 

light of its good thermal stability, low coefficient of thermal expansion (<10 ppm/K) and tunable 

optical properties besides renewability and superior mechanical properties.145, 146  

 

Figure 1-12. Schematic of casting and filtration methods for the preparation of cellulose 

nanopaper (CNP). 
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1.4.3.2 Hydrogel and aerogel 

Other than CNP, CNFs could form mechanically stable self-assembled hydrogels via specific 

cross-linking strategy (e.g., metal cation cross-linking). For instance, Dong and co-workers147 

reported the hydrogelation of TEMPO oxidized CNFs with different kinds of metal cations (e.g. 

Ca2+, Zn2+, Cu2+, Al3+ and Fe3+). They found that the storage moduli of the fabricated hydrogels 

were strongly related to valency of the metal cations and their binding strength with carboxylate 

groups on the CNFs. The driving force of crosslinking was proposed to be a screening effect of 

the repulsive potentials on the CNFs surfaces by strong metal-carboxylate bonding. Moreover, 

CNFs can be used as reinforcing agents for polymeric hydrogel networks by physical or chemical 

strategies to prepare composite hydrogels with enhanced mechanical property. Up to now, 

different kinds of methods include straightforward mixing, cyclic freeze-thaw processing, free 

radical polymerization, UV/ion mediated cross-linking, and 3D printing have been exploited for 

incorporating CNFs into various types of network polymers such as poly(vinyl alcohol) (PVA), 

polyacrylamides, poly(ethylene glycol), as well as some kinds of natural polymers (e.g. alginate, 

gelatin).80 In general, aerogels are porous materials with low density and large specific surface 

area which usually prepared by replacing the solvent of the hydrogels with gas with very moderate 

shrinkage of the hydrogel solid network. Thus, CNFs based hydrogels can be further converted to 

CNFs based aerogels by replacing water with air through freeze-drying or supercritical drying. 

Due to the high surface area, controllable porosity and good biocompatibility, CNFs based 

hydrogels and aerogels can be used for a variety of applications such as sensors,148 energy storage 

devices,149 biomedical implants,83 etc. 
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1.4.3.3 Rheology modifier and reinforcing agent 

In addition, CNFs can bind water strongly and their suspensions in aqueous medium usually 

exhibit high viscosity at a low solid content (e.g., 0.5-3.0%). In general, CNFs suspensions exhibit 

shear-thinning behavior, i.e., breakdown or change of the viscoelastic structure of the suspensions 

induced by shear force.150 Due to this unique thixotropic behavior, CNFs have been widely used 

as the rheology modifier in the fields of cosmetics, food additives, drilling fluids, and paper 

coatings. Moreover, CNFs have been proven as promising reinforcing agent (i.e. nanofillers) for a 

variety of polymers such as polyethylene, polypropylene, polyamides, poly(lactic acid), and 

polycaprolactone.151 For example, a Nano Cellulose Vehicle (NCV) was developed by a 

consortium headed by Kyoto University in 2019. The NCV was designed towards better 

sustainability and lightweight manufacturing by using CNFs reinforced resins or plastics to replace 

traditional metals. The CNFs reinforced nanocomposites are up to 5 times stronger yet 1/5 of the 

weight of conventional steel panels. It is reported that most of the bodywork and a significant part 

of the tub can be crafted from the CNFs reinforced nanocomposites. Eventually, the NCV can 

achieve 10% total weight savings and significant reduction of CO2 emissions when compared to 

the conventional vehicle. However, due to the high hydrophilicity of CNFs and the hydrophobicity 

of most aforementioned polymers, compatibility between CNFs and polymer matrices is the main 

challenge so far.152 In order to solve this problem, different standalone surface treatments, such as 

grafting with monomers, silylation, surfactants, acetylation, and esterification have been applied 

to CNFs to decrease its hydrophilicity to facilitate better dispersion in polymer matrices.153 Such 

modifications are, however, tedious and often involve hazardous chemicals and impractical 

solvent-exchange protocols.145 In this regard, developing one-pot synthesis approach to produce 

hydrophobicity CNFs or green and facile modification methodology is highly desirable. 
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1.5 Conducting polymers 

For a long time, synthetic polymers such as plastics, rubber, and resins have been considered to be 

non-conductive and have been widely used as insulating materials in our daily life. However, the 

fact that polymers do not conduct electricity was changed by scientists in the late 1970s. In 1974, 

a visiting scientist in Hideki Shirakawa’s laboratory at University of Tsukuba (Japan) mistakenly 

added too much Ziegler-Natta catalyst (1,000 times the conventional amount) when he or she 

synthesized polyacetylene (PA). Eventually, a glittering and silvery PA film was obtained rather 

than the anticipated black powder. By chance, the shining PA film caught the eyes of Alan G. 

MacDiarmid in the tea break after a lecture at Tokyo Institute of Technology. Later on, Hideki 

Shirakawa was invited by Alan G. MacDiarmid to the University of Pennsylvania to study this 

fascinating PA film, where Alan J. Heeger, an expert in physics, joined this project as well.154 In 

1977, it was reported for the first time that the conductivity of the AsF5-doped PA film can reach 

as high as 560 S/cm. In addition, the conductivity of the PA film can be tuned over the full range 

from insulator to semiconductor to metal by changing the types and amounts of dopants (e.g., 

chlorine, bromine, iodine, and AsF5).
155, 156  
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Figure 1-13. Chemical structures of repeat unit in various conducting polymers. 

Since then, as shown in Figure 1-13, a variety of intrinsically conducting polymers (ICPs), also 

called electrically conducting polymers or synthetic metals, such as polyaniline (PANI), 

polypyrrole (PPy), polythiophene (PTh), poly(3,4-ethylenedioxythiophene):poly(styrene 

sulfonate) (PEDOT:PSS) have been developed, which initiated an interesting field of research.157 

In 2000, Alan G. MacDiarmid, Alan J. Heeger, and Hideki Shirakawa received the Nobel Prize in 

Chemistry for the discovery and development of ICPs. 

In addition to ICPs, there are two other types of conducting polymers including conductive filler 

composites and ionically conducting polymers. Basically, conductive filler composites are 

consisted of conductive fillers such as metal or carbon and insulating polymer matrix, in which the 

conductive fillers form a connected network throughout the polymer matrix.158 In order to achieve 

electrical conductivity, the conductive fillers must be present at a certain concentration, known as 
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percolation threshold. Normally, high aspect ratio fillers such as nanofibers are prone to achieve 

higher conductivity at a lower threshold, as they are able to span larger distances through the 

polymer matrix at the same weight when compared to their granular counterparts.159 The 

conductive filler composites have been widely used in diverse fields such as conducting adhesives, 

printed circuit boards, aircrafts and spacecrafts, and so forth. In general, ionically conducting 

polymers, often named as polymer electrolytes, are composed of  polymer matrix (e.g. 

polyethylene glycol), high-dielectric solvent or plasticizer, and inorganic salts, forming a 

mechanically stable polymer network with the electrolytes entrapped in the polymer matrix.160 The 

conductivity is derived from the transport of ions along and between the polymer chains and can 

be adjusted by varying the relative proportions of each component.161 Due to the advantages of 

flexibility, shape versatility, and easy processability, ionically conducting polymers exhibit great 

potential for applications such as fuel cells, supercapacitors, batteries, actuators, sensors, and 

flexible electronics.160 In this thesis, we mainly focus on the design and application of ICPs. The 

structure, conduction mechanism, synthesis, and application of ICPs will be discussed in detail in 

the following sections. 

1.5.1 Conduction mechanism of ICPs 

1.5.1.1 Molecular structure  

The electrical and electrochemical properties of ICPs are mainly attributed to their unique 

molecular structure. In order to understand the phenomenon of electrical conductivity in ICPs, 

fundamental insights into the electronic configuration of molecules are necessary. Carbon is the 

most important element in ICPs. As illustrated in Figs 1-14a and 1-14b, a carbon atom contains 

six electrons which occupy in the ground state following the electronic configuration: 
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(1s)2(2s)2(2px)
1(2py)

1.162 In this ground state configuration, there are two unpaired electrons in the 

outer shell which are expected to establish two covalent bonds to other atoms in a molecule. 

However, this is not going to occur in nature. In fact, experimental results proved that carbon atom 

has a binding ability for four electrons through hybridization, i.e., carbon atom forms hybrid 

orbitals. As depicted in Fig. 1-14c, one of the electrons in 2s orbital can be easily excited into the 

third empty 2p orbital because of the small energy difference between 2s and the 2p orbitals. For 

example, the energy difference can be overcome in the presence of an external perturbation, such 

as a nearby hydrogen atom.163 Therefore, a mixed state consisted of one 2s orbital and three 2p 

orbitals can be produced. Further, three possible hybrid orbitals can be formed, they are sp3, sp2, 

and sp hybrid orbitals. In the case of sp3 hybrid orbitals, the 2s and all the three 2p orbitals 

participate in hybridization, resulting in four equivalent sp3 hybrid orbitals. The sp3 hybrid orbitals 

look somehow like asymmetric dumbbells and arrange in a tetrahedral geometry, as illustrated in 

Fig. 1-14d. Each of the four hybrid orbitals occupied with one electron is able to establish one 

covalent bond to the neighboring atoms, forming one σ bond. For example, methane (CH4) is the 

simplest hydrocarbons following sp3 hybridization. In addition to methane, the carbon atoms in all 

the alkanes have sp3 hybridization. Moving on to sp2 hybridization, the 2s and two of the three 2p 

orbitals participate in hybridization, leading to three sp2 hybrid orbitals which also look like 

asymmetric dumbbells. As shown in Fig. 1-14e, the resulting three sp2 hybrid orbitals arrange in a 

trigonal planar geometry which is in the same plane. The unhybridized 2p orbital (usually denoted 

as 2pz) is perpendicular to the hybridized plane. Ethylene is a typical example to illustrate the sp2 

hybridization of carbon in a molecule.  
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Figure 1-14. Schematic illustrations of electronic structure of carbon atom showing the electronic 

density distribution of s and p orbitals (a), electronic configuration of carbon atom in the ground 

state (b) and in the excited state (c). Note: the energy levels show inverted values of the electron 

binding energies, the images are adapted from ref.162 Schematic representation of three types of 

hybridization of carbon, including sp3 (d), sp2 (e), and sp (f) hybridization. 

As displayed in Fig. 1-15a, two sp2 hybridized carbon atoms can form a C-C σ bond by overlapping 

one of the three sp2 orbitals. Each of the remaining four sp2 hybrid orbitals can make sigma bonds 

with hydrogen by sp2-s overlap. The left-out two unhybridized and side-by-side 2pz orbitals are 

perpendicular to the plane of the hybrid orbitals. Since each of the 2pz orbitals contains one valence 

electron and both of which are in the bonding molecular orbital, an additional bond called π bond 

can be formed between the two carbon atoms. As a consequence, a double bond formed between 

the carbon atoms in ethylene molecule. Besides of ethylene, all the alkenes are double-bonded. In 

each double bond, there is one σ bond formed by overlapping sp2 hybrid orbitals and one π bond 

resulting from the overlap of the 2pz orbitals. As for the sp hybridization, only one out of the three 
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2p orbitals mixes with the 2s orbital, resulting in two sp hybrid orbitals. Acetylene can be a typical 

example, in which two sp hybridized carbon atoms arrange in a linear geometry and the four 

unhybridized 2p orbitals are placed at 90º. Similar to the 2p orbitals in sp2 configuration, these 

four unhybridized 2p orbitals can form two π bonds between the two carbon atoms. Thus, a triple 

bond can be formed between the two carbon atoms in acetylene molecule. 

 

Figure 1-15. (a) Schematic illustration of sigma and pi bond hybridization for ethylene showing 

de-localized pi-electrons. The images are adapted from ref.164 (b) The chemical structure of trans-

polyacetylene showing alternating single and double bonds, and the corresponding 3D 

configuration showing hybrid sp2 and 2pz orbitals and conjugated π bonds (c). The images are 

adapted from ref.165 

1.5.1.2 Conjugated Double Bonds 

Based on the hybridization phenomenon in molecular structure discussed above, all the electrons 

are localized in the bonds between two atoms. However, the charge carriers like electrons or holes 

can be delocalized and mobile in the molecules under certain conditions in the case of sp2 
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hybridization. Take 1,3-butadiene (CH2=CH–CH=CH2) as an example, there four sp2 hybridized 

carbon atoms in the molecule, showing an alternation of single and double bond namely conjugated 

double bond. From the chemical structure of 1,3-butadiene, we can see that there is a double bond 

formed between the first (C1) and second (C2) carbon atoms due to the overlapping of the 2pz 

orbitals. Likewise, a double bond can be formed between the third (C3) and fourth (C4) carbon 

atoms following the same rule. By contrast, there is only a single bond formed between C2 and 

C3, which is because that there is supposed to be no interaction between the 2pz orbitals of the C2 

and C3. However, all these four 2pz orbitals interact with each other in reality. The experiments 

have proved that the bond length between C1 and C2, C3 and C4 is around 134 pm, which is 

similar to that of the normal C=C double bond. Interestingly, the bond length between C2 and C3 

is approximately 147 pm, which is much longer than the normal double bond and obviously shorter 

than a normal C-C single bond (154 pm).166 This phenomenon is mainly due to the delocalization 

of the π-electrons along the carbon chain. The delocalization of the π-electrons is the foundation 

of electrical conductivity of ICPs.  

 

Figure 1-16. (a) HOMO/LUMO diagram and wave functions of π-electrons for ethylene. (b) Wave 

functions of π-electrons for 1,3-butadiene. (the diagrams are adapted from 

http://cleanenergywiki.org/index.php?title=The_Polyene_Series) 
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Basically, the overlap of two atomic orbitals will lead to the formation of two molecular orbitals. 

As illustrated in Fig. 1-16a, when the 2pz orbital overlaps with the other in the ethylene molecule, 

two molecular orbitals including a bonding orbital and an antibonding orbital can be formed. 

Considering the wave function of π-electrons, the positive combination (0 nodes) results in the 

formation of a bonding molecular orbital with the highest occupied molecular orbital (HOMO). In 

contrast, the negative combination (1 nodes) leads to an antibonding orbital corresponds to the 

lowest unoccupied molecular orbital (LUMO). As shown in Fig. 1-17, the energy difference 

between πHOMO and π*LUMO of ethylene is 6.7 eV. In the case of 1,3-butadiene molecule, which 

can be considered as the combination of two ethylene sub-units, four molecular orbitals including 

two bonding and two antibonding can be formed. Based on the wave functions illustrated in Fig. 

1-16b, the positive combination leads to the formation of two bonding orbitals, in which one is 

more stable (0 node) and the other one is less stable (1 node) when compared with the πHOMO in 

ethylene. Similarly, the antibonding orbitals include a relatively lower energy level (2 nodes) and 

a higher energy level (3 nodes), compared to the π*LUMO of ethylene. As a consequence, the energy 

difference between πHOMO and π*LUMO of 1,3-butadiene decreased to 5.4 eV. As the number of 

carbon atoms increase, the energy difference between πHOMO and π*LUMO becomes smaller and 

smaller. Eventually, an energy difference of around 1.5 eV can be achieved, which brings the trans-

polyacetylene in the semiconducting range (bandgap from 0.25 to 2.5 eV). As illustrated in Figs. 

1-15b and 1-15c, the 2pz orbitals of the π-bonds within the trans-PA molecule overlap continuously 

and the π-electrons are able to move along the carbon skeleton. Thus, the unique conjugated double 

bonds of trans-PA allow electric flow.167 
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Figure 1-17. Schematic of energy-level splitting and absorption in alkenes with increasing 

conjugation length. Note: the bandgap of polyacetylene depends on both the degree of 

polymerization and the effective conjugation length. 

https://www.oe.phy.cam.ac.uk/research/materials/osemiconductors 

 

Figure 1-18. Energy bands of electrons in conductor, semiconductor and insulator. The images 

are adapted from ref.168 
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In solid state physics, the concept of energy bands has been widely used to explain the electrical 

conductivity of solids. The HOMO levels constitute the valence band (VB), and the LUMO levels 

refer to the conduction band (CB). The width of the forbidden band, also called band gap energy, 

between the VB and CB determines the intrinsic electrical properties of the solids.168 As shown in 

Fig. 1-18, materials can be classified as conductor, semiconductor, and insulator based on the band 

gap energy. It is reported that the energy bands can be appropriately used for conjugated polymers 

with sufficiently large number of carbon atoms, including most of the ICPs such as PA, PPy, PANI, 

PEDOT, etc.169  

Table 1-2. Summary of the band gap energy and the maximum conductivity of different ICPs at 

the doped states.170, 171 

Note: the maximum conductivity is for the doped forms of the ICPs. 

Table 1-2 summarizes the band gap of different kinds of ICPs, as well as the maximum 

conductivity of their doped forms. As mentioned earlier, the trans-PA behaves like a 

semiconductor at the undoped state. Depending on the band gap energy, some ICPs such as PPy 

ICPs Band gap energy (eV) Type of doping 

Maximum conductivity 

(S/cm) 

PA 1.5 n, p 200-100000 

PTh 2.1 p 10-100 

PANI 3.2 p 10-1000 

PPy 3.1 p 10-75000 

PEDOT 1.1 p 10-10000 

PPV 2.5 p 3000-5000 
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and PANI with higher band gap energy are insulating at the undoped state. Intriguingly, the 

conductivity of ICPs can be significantly regulated by a doping process through chemical or 

electrochemical oxidation or reduction. 

1.5.1.3 Doping process 

In solid-state physics terminology, replacing part of atoms in a host lattice with dopant atoms with 

less valence electrons will introduce additional holes (excess charges), this process is called p-type 

doping. Conversely, if the dopant atoms with more valence electrons are introduced to the host 

lattice, additional electrons are provided, leading to the n-type doping.172 Similarly, doping process 

for ICPs also includes p-type doping and n-type doping, yet following a different mechanism from 

the inorganic semiconductors. More specifically, the doping process of ICPs can be viewed as a 

redox reaction, i.e., the neutral polymer can be converted into an ionic complex which is consisted 

of a polymeric cation or anion and a counterion that originated from the reduced form of the 

oxidizing agent or the oxidized form of the reducing agent.171 The charge carriers can be created 

during the redox reaction in the form of polarons, bipolarons, or solitons in the polymers. These 

charge carriers can be delocalized along the polymer chains with good mobility, which 

significantly facilities the electrical conductivity. Chemical doping has been widely used to alter 

the electrical conductivity of ICPs. For the p-type doping, also known as oxidative doping, the 

polymer is chemically treated with an oxidizing agent which possesses electron withdrawing 

groups, and the electricity is conducted predominantly through hole transport. While for the n-type 

doping, also known as reductive doping, the polymer is treated by a reducing agent with electron 

donating groups, leading to electron conductors. Take polyacetylene (𝐶2𝐻2)𝑛 as an example, p-

type doping and n-type doing can be written as: 
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p-doping (oxidation with iodine)  (𝐶2𝐻2)𝑛 + 
3

2
 𝐼2 →  (𝐶2𝐻2)𝑛

+ + 𝐼3
− 

n-doping (reduction with alkali metal) (𝐶2𝐻2)𝑛 +  𝑁𝑎 →  (𝐶2𝐻2)𝑛
− + 𝑁𝑎+ 

In addition, the doping can be achieved by applying positive or negative potential to the polymers 

in some specific electrolytes, which called electrochemical doping. Compared to the chemical 

doping, electrochemical doping is more cost-effective with less safety issues, since most of 

oxidizing or reducing agents are not only costly but also harmful to human body.173 Moreover, the 

doping levels can be readily regulated by controlling the electrochemical parameters such as 

potential or current density. As indicated in Fig. 1-19, the electrical conductivity of ICPs can be 

controlled by orders of magnitude ranging from 10-10 (insulator) to 105 S.cm-1 (metal) by tuning 

the density and mobility of charge carriers in the doping process. In the following sections, the 

mechanism of doping process for enhancing the electrical conductivity of ICPs will be illustrated 

from the point of view of band gap theory. 



44 

 

 

Figure 1-19. Chart showing the conductivity (S/cm) of metal, semiconductor and insulator, as well 

as polyaniline and trans polyacetylene (CH)x before and after doping. The image is adapted from 

ref.174 

Depending on the bond structures in the ground state, ICPs can be divided into two categories: 

degenerate and non-degenerate systems, in which the degenerate ICP has two identical geometric 

structures in the ground state while the non-degenerate ICPs possess two different ground state 

with different energies. As shown in Fig. 1-20a, trans-PA is a unique ICP due to its degenerate 

ground state, i.e.  two geometric structures (phase A and phase B) have the same energy. When 

the trans-PA contains an odd number of carbons, there will be an unpaired π electron (a radical) 

between A and B phases, which refers to a neutral soliton (Fig. 1-20a). Normally, the neutral 

solitons are not stable since they can move along the polymer chain and can be destroyed by 

forming a double bond when meet with one another. Also, there are very limited number of neutral 
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solitons in the ground state, this accounts for the low conductivity (10-5 S/cm) of undoped trans-

PA. Importantly, the neutral solitons (Fig. 1-20b) can be oxidized or reduced to form positive 

solitons (Fig. 1-20c) or negative solitons (Fig. 1-20d) upon doping. Fig. 1-20e illustrates the 

formation of two positively charged solitons on the trans-PA chain. From Figs. 1-20b to 1-20d, 

we can see that compared to the neutral solitons, both the positive and negative solitons have no 

unpaired spin, which make them more stable as they can be delocalized along the polymer chain 

without any possibility of being destroyed by forming a chemical bond. Since the π-electrons in 

the trans-PA are able to travel over a long distance, the regions of individual charged solitons can 

overlap. Eventually, the interaction between charged solitons results in a band-like feature called 

the soliton band.167 As shown in Figs. 1-20f and 1-20g, a soliton band can be formed between the 

HUMO and LUMO levels and a higher doping level will lead to a wider soliton band. 
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Figure 1-20. (a) Schematic illustration of the geometric structure of a neutral soliton on a trans-

PA chain. Band structure of trans-PA containing a neutral soliton (b), a positively charged soliton 

(c), and a negatively charged soliton (c). Schematic illustration of the formation of two positively 

charged solitons on a trans-PA chain (e). Illustration of the formation of a soliton band with high 

doping level (f) and high doping level (g). The images are adapted from ref.167, 171 

To summary, there are two prerequisites need to be satisfied to make sure a polymer can efficiently 

conduct electricity: 1) the polymer backbone has conjugated double bonds which enable the π-

electrons to be delocalized along the polymer chain. 2) the charge carriers in the form of holes or 

electrons need to be created by the doping process which are able to travel along the polymer 

backbone. Briefly, the charge carriers are able to move along the conjugated polymer backbone 

with uninterrupted path, thus electrical conductivity can be achieved. In addition, the charge 

carriers not only travel along the polymer chains but also jump from one chain to another. The 

later phenomenon has been descripted as interchain hopping. Obviously, the hopping process is 

the rate-limiting step which determines the macroscopic electrical conductivity.171 Therefore, in 
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order to achieve high electrical conductivity, tightly packed polymer chains are desired to avoid 

any obstacle in charge transport in the interchain hopping process. 

1.5.2 Synthesis of ICPs 

Generally, ICPs can be synthesized by two main approaches: chemical polymerization and 

electrochemical polymerization. In the chemical polymerization process, ICPs are synthesized by 

oxidizing the monomer by some specific oxidizing agents (e.g., ammonium persulfate, ferric 

chloride) in the presence of suitable counterions (as dopants). For the electrochemical 

polymerization, the ICPs can be directly polymerized on the conductive substrate by applying a 

suitable potential or current in the electrolytes (as dopants). In general, chemical polymerization 

is used to produce large quantity of ICPs. However, the as-prepared ICPs is always contaminated 

with the oxidants which need further purification. Compared with chemical polymerization, the 

properties of ICPs can be easily controlled by the changing the potential or current density, and 

polymerization time. Also, the polymer synthesized by electrochemical polymerization is free 

from oxidant impurity. For both the chemical and electrochemical polymerization, there are two 

main steps: 1) oxidation of monomer and 2) polymer chain growth.  
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Figure 1-21. Scheme of the chemical oxidative polymerization of aniline. 

As shown in Fig. 1-21, the chemical polymerization of aniline is taken as an example. Firstly, the 

oxidant (ammonium persulfate) takes an electron from monomer and forms a monomer cation 

radical. Then, the monomer cation radical couples with another monomer unit to form a dimer. 

This process will continue and finally lead to polymer chain growth until all the reagents are 

consumed or reached equilibrium. 
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1.5.3 Application of ICPs 

 

Figure 1-22. Potential applications of conducting polymers. The images are adapted from ref.175  

During the past few decades, ICPs have been under intensive research and development in both 

academia and industry worldwide. As summarized in Fig. 1-22, ICPs have been widely used in 

variety of applications including energy harvesting and storage (e.g. solar cells, fuel cells, batteries, 

supercapacitors, dielectric capacitors), antistatic agents, electromagnetic interference (EMI) 
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shielding, chemical sensors, biosensors, anticorrosion, optical devices, biomedical devices, among 

others.175 

1.6 Research objectives 

As discussed above, CNFs exhibit outstanding physiochemical properties and have a variety of 

applications. However, the main hurdles for large-scale application of CNFs are the inability to 

recover chemicals, high cost, and environmental issues. In order to overcome these drawbacks, the 

first objective of this work is to provide a green and sustainable approach to convert a waste 

material namely paper mill sludge (PMS) to functionalized CNFs.  

As shown in Fig. 1-23, PMS will be directly treated with formic acid (FA). After FA treatment, 

the solid part from PMS will go to microfluidization to produce CNFs. On the other hand, the 

liquid part (supernatant) will go to distillation to recover FA, and the solid residues will be 

collected as by products (e.g., glucose, xylose). Moreover, the as-prepared CNFs can be used to 

produce transparent CNP by a simple filtration process. Since FA is the only used chemical in the 

whole process and it can be easily recycled with a high recycle rate over 90%, as well as the fact 

that PMS is abundant and renewable agro-industrial waste, the whole process proposed in this 

work can be considered as a sustainable and promising method to valorize PMS into valuable 

products such as CNFs, CNP, and carbohydrates. 
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Figure 1-23. Schematic process flow diagram for the valorization of PMS by FA hydrolysis and 

the followed microfluidization. 

As displayed in Fig. 1-24, the most widely used ICPs such as PPy, PANI and PEDOT lack the 

ability to form structural materials due to their rigid structure and poor processability, which 

significantly limited their practical applications. On the contrary, CNFs show great tendency to 

form stable structures such as CNP, aerogels and hydrogels. Therefore, the second objective of 

this work is to design and fabricate CNFs/ICPs nanocomposite structures (e.g., CNP) by 

compounding CNFs with ICPs through different strategies. In the CNFs/ICPs nanocomposites, 

CNFs serve as the building blocks and provide the structural stability, and the ICPs act as 

conductive or active materials. The as-prepared multifunctional CNFs/ICPs nanocomposites show 
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great potential for various applications such as flexible supercapacitors, strain sensors, chemical 

sensors, antistatic packaging materials, etc. 

 

Figure 1-24. Photographs showing the failure in making pure ICPs bulk films (left) and the success 

on the preparation of mechanically stable CNFs/ICPs nanocomposites. 
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Chapter 2 Sustainable valorization of paper mill sludge into cellulose 

nanofibrils and cellulose nanopaper  

2.1 Introduction 

Cellulose nanofibrils (CNFs), as a kind of renewable and biodegradable nanomaterials have 

attracted rapidly growing interests from both academia and industry in recent years.79, 176 Due to 

its unique nanostructure and physicochemical properties such as high aspect ratio, high specific 

surface area, excellent mechanical properties, tunable surface chemistry, great biocompatibility 

and biodegradability,84, 177 CNFs have great application potential in the fields of reinforcing 

nanofillers,151, 178 biomedicine,80, 179 optoelectronic devices,3, 180 sensors,181, 182 and energy storage 

devices.183-185 In general, CNFs are mostly produced from raw cellulose materials via different 

kinds of mechanical approaches such as high-pressure homogenization, microfluidization, 

grinding, ultrasonication, among others.104 During the mechanical fibrillation, the generated 

mechanical shear could break down cellulose fiber into aggregated nanofibrils with the diameter 

below 100 nm and the length of 500 nm to several microns.186 However, the mechanical fibrillation 

process is very energy intensive due to the intense inter- and intramolecular hydrogen bonds 

among cellulose chains.187 It is reported that the energy consumption is in the range of 3-24 MWh/t 

and 12-70 MWh/t for grinding and homogenization, respectively.114 At present, the high cost 

derived from high energy consumption is the main obstacle for the larger-scale production and 

application of CNFs. 

In order to reduce the energy consumption, various pretreatment methods have been developed in 

recent years, such as enzymatic hydrolysis,188, 189 TEMPO oxidation,121, 190 carboxymethylation,123 

quaternization.124 For example, it is reported that the mechanical energy consumption could be 
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significantly reduced from 70 MWh/t for unmodified CNFs preparation to 1-10 MWh/t after 

TEMPO oxidation depending on the carboxyl content.79, 191 However, the above enzymatic or 

chemical pretreatments do have several drawbacks like high cost of enzymes and chemicals, time-

consuming process, inability to recover chemicals and environmental issues.112, 192 More recently, 

organic acid hydrolysis has been considered as a sustainable and promising pretreatment method 

due to the fact that organic acids are mild, recyclable, reusable, low corrosive and environmentally 

benign. To date, two types of organic acids: solid organic acids and liquid organic acid have been 

used in the pretreatment process for CNFs production. Solid organic acids such as oxalic acid, 

maleic acid and p-toluenesulfonic acid were firstly used to hydrolyze wood pulp for the cellulose 

nanomaterials production.98 It is demonstrated that these concentrated dicarboxylic acids (50-70 

wt.%) at elevated temperatures (80-120 ºC) were able to hydrolyze hemicellulose and 

depolymerize cellulose, leading to the resultant solid part consisted of a small proportion of CNCs 

and majority of cellulosic solid residue (CSR).193, 194 The CSR could be further converted to CNFs 

with low-intensity mechanical fibrillation.195, 196 It was found that both the as-prepared CNCs and 

CNFs exhibited high thermal stability and surface functionality with hydrophilic carboxyl 

groups.197 Notably, over 90% of the solid organic acids in the liquid part could be recovered by a 

conventional crystallization method.198 For the first time, recyclable liquid organic acid (FA) 

hydrolysis was developed for the preparation of cellulose nanomaterials.199 It was demonstrated 

that FA as the simplest liquid carboxylic acid with high acidity could simultaneously hydrolyze 

the disordered regions of cellulose and hemicellulose, swell and shorten cellulose fiber, 

functionalize the surface by esterification, which have been proven as an effective pretreatment 

for CNFs production.112, 200 After hydrolysis, the FA could be easily recovered by a simple 

distillation process with a high recovery rate over 90%. In addition, the FA hydrolysis efficiency 
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could be significantly enhanced by adding specific catalyst (e.g. HCl, FeCl3), which enabled the 

integrated production of CNCs and CNFs.97, 109, 201 Intriguingly, the FA could be directly used to 

fractionate biomass feedstocks such as tobacco stalks and corn husk to produce valuable products 

like xylose, lignin-containing CNFs and functional cellulose nanopapers (CNP).145, 202 

In order to further reduce the cost of CNFs, different kinds of agro-industrial wastes such as 

corncob residue,150 sugarcane bagasse,203 coconut husk204 have been investigated as the feedstocks 

for CNFs production, instead of using the commercial bleached pulp, microcrystalline cellulose or 

cotton. However, prior to the preparation of CNFs, purification of these feedstocks is usually 

indispensable in which the lignin and other components should be removed.78 In general, alkali 

treatment (e.g. NaOH, KOH) and the followed bleaching (like NaClO2, H2O2) are widely used for 

the purification. Nevertheless, the purification process will definitely increase the production cost 

and cause environmental issues to some extent due to the alkali and bleaching agents are normally 

unrecyclable.145 Generally, paper mill sludge (PMS) which contains cellulose fibers and other 

materials is produced during papermaking or paper recycling in large volumes.205 Traditional 

landfill is the common approach for PMS treatment. However, it is becoming increasingly difficult 

and costly to construct and operate because of more stringent regulations, diminishing land 

availability, and public opposition in recent years.206 Being a waste material, PMS carries zero or, 

in most cases, negative cost of $20-50/ton for the disposal.207 Unlike other agro-industrial wastes, 

PMS has high carbohydrate content and low or no lignin content, as well as well-dispersed 

structure, the purification process is normally not necessary prior to the production of CNFs. Thus, 

PMS could be used as a cheap and sustainable feedstock for the production of CNFs without the 

concerns derived from purification. 
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In this project, we aim to convert PMS to CNFs and CNP via a sustainable approach, as shown in 

Fig. 2-1. Firstly, PMS was directly pretreated with FA at fixed acid concentration, solid-to-liquid 

ratio and temperature for different hydrolysis time (1-6 h). After centrifugation, the liquid part was 

subjected to distillation for the recycle of FA and the solid part (CSR) was washed and diluted for 

subsequent microfluidization to produce CNFs. Secondly, the obtained CNFs suspension was used 

to make CNP by a simple vacuum filtration process. To the best of our knowledge, there is no 

report about producing CNFs from PMS using FA hydrolysis pretreatment combined with 

microfluidization. This study will provide a sustainable and economically feasible approach to 

convert PMS into valuable nanomaterials. 

 

Figure 2-1. Schematic process flow diagram for the FA hydrolysis of PMS combined with 

microfluidization to produce CNFs, along with the preparation of CNP. 
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2.2 Experimental section 

2.2.1 Materials 

The never-dried PMS with the moisture content of 75.65 ± 0.5% was provided by a paper mill in 

USA. The PMS mainly contains 68.1 ± 0.9% cellulose, 13.5 ± 0.1% hemicellulose, 9.1 ± 0.6% 

extractives, 5.8 ± 0.1% ash, and less than 0.1% lignin. The formic acid (95 wt.%) was purchased 

from Eastman Chemical Co. Dimethylformamide (DMF) was purchased from Alfa Aesar, USA. 

All the chemicals were used as received without further purification. 

2.2.2 FA hydrolysis pretreatment 

First, 41 g never-dried PMS (10 g in oven dry weight) and 259 mL 95 wt.% FA were added into a 

500 mL spherical flask, the final concentration of FA was calculated to be 82.02 wt.%. Then, the 

flask was heated up to 95 ºC in an oil bath with magnetic stirring at 500 rpm for different hydrolysis 

times (1-6 h) with an interval of 1 hour, in which the FA concentration, solid-to-liquid ratio and 

temperature were fixed at 82.02 wt.%, 1/30 and 95 ºC, respectively, for all the hydrolysis reactions. 

Upon completion, the flask was immediately cooled down to room temperature with tap water, 

and the mixture was centrifuged at 6000 rpm for 3 min to separate the supernatant and cellulosic 

solid residual (CSR). Subsequently, the separated CSR was washed by successive centrifugation 

at 6000 rpm with deionized (DI) water until the pH near to 6.0. After washing, the CSR was diluted 

with deionized water to a concentration of 1.0 wt.%, which can be directly used for CNFs 

production by microfluidization. The yield of CSR was calculated based on the weight percentage 

of the obtained CSR to the starting PMS. In order to facilitate discussion, the obtained CSR was 

noted as CSR-x (where x stand for FA hydrolysis time). In addition, the separated supernatant was 
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collected for recovery of FA and sugars by vacuum distillation. The recovery rate of FA was found 

to be over 90%. Afterwards, the residual sugars were dissolved with the same volume of deionized 

water, and the obtained solution was used to detect and quantify the hydrolyzed sugars by HPLC. 

2.2.3 Microfluidization 

The above diluted CSR suspensions were directly fed into a microfluidizer (M-110EH, 

Microfluidics Corp., USA) to mechanically fibrillate the CSR at 160 MPa for 2 passes through 

two Z-shaped orifices in series with the diameters of 200 μm and 87 μm, respectively. The 

photograph and schematic illustration of the microfluidizer is shown in Fig. 2-2. The 

microfluidization parameters were kept same for all the CSR samples. Correspondingly, the 

obtained CNFs were named as CNF-x (where x represents FA hydrolysis time). We assume that 

all the collected sample after microfluidization are CNFs, thus the yield of CNF-x is equal to the 

CSR-x yield. The energy consumption for CNFs production by microfluidization (with the same 

model of microfluidizer to the one used in this work) was estimated to be 2221 kWh/t for one-time 

microfluidization at 1600 bar of a 2 wt.% fibrous system. Based on the following equation (1) 

proposed by Naderi et al.,208 the energy consumption for microfluidization in the current work 

could be calculated to be 8884 kWh/t, which is much lower than the reported value. 

EC (kWh/t)=
2221*2*p*n

1600*c
                                           Eq (1) 

where p is the applied pressure; n is the number of passes through the microfluidizer; c is the 

concentration of the fiber suspension. 
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Figure 2-2. Photograph and the schematic illustration of the microfluidizer used in this work. 

2.2.4 Preparation of CNP  

The as-prepared CNFs suspension was diluted with DI water to a concentration of 0.2 wt.%. 150 

mL of the diluted CNF suspension was used to fabricate CNP by vacuum filtration using a 

polypropylene filter membrane (diameter of 10 cm, pore size of 0.45 μm). Then, the obtained wet 

CNP was placed between two filter membranes and dried at 105 °C for 2 h by using a hot plate 

with 10 N force upon the membranes. For comparison, paper sheet was prepared from PMS 

suspension using the same procedure, and the resultant paper sheet was named as PMS-PS. 

2.2.5 Characterizations 

2.2.5.1 Quantitative analysis of sugars in the supernatants 

The sugars in the supernatant from FA hydrolysis were quantitated by HPLC equipped with a 

refractive index detector (Showa Denko K.K., Japan) and a BioRad-HPX-87P column (Bio-Rad 
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Laboratories, Hercules, CA). Ultrapure water was used as the mobile phase at a flow rate of 0.55 

mL/min and the column temperature was set to 85 °C. 

2.2.5.2 Micrographs 

The morphologies of PMS and the obtained CSR samples after FA hydrolysis pretreatment were 

observed by using a microscope (Micromaster Model CK, Fisher Scientific). 

2.2.5.3 Transmission electron microscope (TEM) 

The morphologies of CNFs samples were observed by using a transmission electron microscope 

(TEM, Hitachi H-7600, Japan) with an accelerating voltage of 100 kV. The procedure for the 

sample preparation for TEM observation was identical to our previous work.202 Briefly, CNFs 

suspensions with a concentration of 0.01 wt.% were sonicated for 10 min. Then, one drop of the 

CNFs suspension was dropped onto a carbon-supported copper grid. Afterwards, the samples were 

placed in a vacuum oven for 24 h to remove moisture. Finally, the dried samples were dyed with 

2 wt.% uranyl acetate (20 μL) for 1 h to enhance the contrast of TEM images. The diameter 

distribution of the CNFs was determined by ImageJ analysis software. 

2.2.5.4 Attenuated total reflection-Fourier transform infrared spectroscopy (ATR-FTIR)  

FTIR spectra of PMS and CNFs samples were obtained on a Thermo Nicolet 6700 FTIR 

spectrometer equipped with diamond ATR accessory and OMNIC 7.3 software. Prior to 

measurement, air-dried PMS and freeze-dried CNFs samples were conditioned at 50% RH and 23 

°C for 24 h. For each measurement, around 10 mg dried sample was directly placed upon the 
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crystal stage of the instrument. The spectra were recorded in the wavenumber range from 4000 to 

400 cm−1 at a resolution of 4 cm−1. 

2.2.5.5 X-ray diffraction (XRD) analysis 

X-ray diffraction patterns of the sludge and CNFs samples were characterized on an X-ray 

diffractometer (Philips X’Pert MPD) with a Cu Kα radiation source (λ = 1.5405 Å) operating at 

45 kV and 40 mA. The range of scattering angle (2θ) was from 5° to 40° with a scan rate of 0.01°/s. 

Prior to measurement, air-dried PMS, freeze-dried CSR and CNFs samples were individually 

placed on a sample holder and leveled to get uniform X-ray exposure. The crystallinity index (CrI) 

was calculated using the empirical equation shown as follows: 

 CrI (%) = (I200-Iam)/I200 *100                                              Eq (2) 

where I200 is the maximum peak intensity at lattice diffraction (200), Iam is the minimum intensity 

between planar reflections (200) and (110). 

2.2.5.6 Thermal gravimetric analyses 

The thermal stability of PMS and CNFs samples were examined by a thermogravimetric analyzer 

(TA instruments T650, USA). Each sample was heated from room temperature to 600 °C at a 

heating rate of 10 °C/min under nitrogen (25 mL/ min) to record the thermogravimetric (TG) and 

differential thermogravimetric analysis (DTG) curves. 

2.2.5.7 Dispersibility 
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The dispersibility of CNFs in aqueous and organic (DMF) phases was examined at a concentration 

of 5 mg/mL. In order to get CNFs suspension in DMF, the CNFs aqueous suspension was 

exchanged with DMF by centrifugation twice. Afterwards, the CNFs suspensions in aqueous and 

DMF were dispersed by magnetic stirring for 1 hour, respectively. Around 20 mL of the CNFs 

suspensions were poured into a vial to check the suspension stability. The pictures of samples were 

taken after standing for 1 day and 30 days, respectively. 

2.2.5.8 Degree of substitution 

The degree of substitution (DS) of formylation was determined according to the usual back-

titration method, as descripted in our previous work.112 Firstly, 0.3g of the freeze-dried CNFs and 

30 mL 0.2 N KOH in 50% aqueous alcohol were transferred into a 100 mL Erlenmeyer flask. The 

flasks were tightly covered and placed onto a magnetic stirrer at 200 rpm. The reaction was 

maintained at room temperature for 24 h. Afterwards, 30 mL 0.2 N HCl was added into the flask. 

After another one hour, the mixture was titrated with 0.1 N NaOH solution, and one drop of 

phenolphthalein was used as the indicator. PMS as the control sample was performed using the 

same procedure.  

The formyl content was calculated by equation (3), as follows: 

Formyl (%) = (VS − VB) × NNaOH × Mformyl × 10−3 / W × 100%          Eq (3) 

where VB (mL) is the volume of NaOH required for titration of the blank, VS (mL) is the volume 

of NaOH required to titrate the sample, NNaOH is the normality of the NaOH solution, Mformyl is the 

molecular weight of the formyl group (29 g/mol), and W (g) is the mass of sample used. 
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The DS of formylation was calculated by equation (4), as follows: 

DS = (162 × Formyl) / [Mformyl × 100 – ((Mformyl – 1) × Formyl)]      Eq (4) 

where 162 is the molecular weight of the anhydroglucose units. 

2.2.5.9 Tensile test 

Tensile strength of the CNP samples was examined by an Instron 4465 universal testing machine 

following the TAPPI standard method (TAPPI T497 and TAPPI T456). The tensile test experiment 

was carried out under a temperature of 23 ºC with a relative humidity of 50%. The initial distance 

between the two clamps was set to 20 mm and the crosshead speed was maintained at 5 mm/min. 

The CNP specimens were cut into 1 cm × 5 cm segments. Before testing, the specimens were 

placed at the conditions of 50% RH and 23 °C for 24 h. Five measurements were made for each 

CNP sample and the data averaged to obtain a mean value. 

2.3 Results and discussion 

2.3.1 Preparation of CNFs from PMS 

In order to investigate and evaluate the FA hydrolysis pretreatment, CSR samples were collected 

at different FA hydrolysis time intervals. Fig. 2-3 displays the microscopy images of CSR fibers 

at different FA hydrolysis time (1-6 h). Obviously, the length of the CSR fibers significantly 

decreased with the increasing hydrolysis time. Compared to the morphology of raw PMS fibers 

(Fig. 2-5), the morphology of CSR-1 changed inconspicuously while part of long fibers in the 

CSR-2 sample were broke up into fragments. It should be noted that clogging is of frequent 

occurrence during microfluidization if the fibers are too long due to the narrow microfluidic 
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channels, which results in many production stops for cleaning.209 In the current study, we found 

that less than 3 h FA hydrolysis pretreatment was not sufficient to get short enough CSR fibers for 

smooth microfluidization. Thus, we mainly discuss the production and characterization of CNFs 

and CNP samples obtained from 3-6 h FA hydrolyzed CSR samples in the following sections. 

From the magnified images (Fig. 2-4), we can clearly see the morphology change from CSR-1 to 

CSR-6 with the increasing FA hydrolysis time. Although the fiber length in CSR-1 and CSR -2 

samples is not significantly reduced, we do distinctly see a number of small holes on the fiber 

surface. This is because FA could swell the fibers and part of hemicellulose and disordered region 

of cellulose are hydrolyzed to sugars.112 With the further extension of hydrolysis time, the fibers 

structure is gradually changed to fragments and fiber fines, which would benefit to the subsequent 

fibrillation for CNFs production. Based on the above discussions, the schematic representation 

(Fig. 2-6) of FA hydrolysis pretreatment was proposed to illustrate the triple purposes including 

hydrolysis of the disordered regions of cellulose and hemicellulose, swell and shorten cellulose 

fiber, functionalize the surface by esterification between cellulose and FA. 
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Figure 2-3. Microscopy images of CSR fibers at FA hydrolysis time intervals (1, 2, 3, 4, 5 and 6 

h) sowing a reduction in fiber lengths. 
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Figure 2-4. Magnified microscopy images of CSR fibers at different FA hydrolysis time (1, 2, 3, 

4, 5 and 6 h). 
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Figure 2-5. Microscopy images of raw PMS fibers at different magnification. 

 

Figure 2-6. Schematic representation of FA hydrolysis pretreatment showing the triple purposes: 

hydrolysis of the disordered regions of cellulose and hemicellulose, swell and shorten cellulose 

fiber, functionalize the surface by esterification between cellulose and FA. 

Fig. 2-7 shows the morphology of CNFs and the corresponding diameter distribution. Since we 

used the same energy input and parameters in the microfluidization process for all CNFs samples, 

the effect of FA hydrolysis pretreatment could be indirectly evaluated by observing the fibrillation 
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degree of CNFs. As shown in Fig. 2-7, large microfibril bundles with the diameter larger than 100 

nm could be distinctly observed. The low extent of fibrillation in CNF-3 sample could be evidently 

attributed to the insufficient hydrolysis of CSR-3, as we can clearly see some of big fibers (length 

> 500 μm) in Fig. 2-3. With the increasing hydrolysis time, more uniform CNFs could be obtained, 

and the uniformity of CNF-x in Fig. 2-7 is consistent with that of the CSR-x in Fig. 2-3. Finally, 

the CNF-6 sample shows the most homogeneous diameter distribution with majority of nanofibers 

showing a diameter below 20 nm. It should be noted that we only implemented 2-pass 

microfluidization with relatively low energy input (e.g. 8884 kWh/t), which could be comparable 

with or even lower than that for the widely used TEMPO oxidation.191, 210 As summarized in Table 

2-1, the chemical cost for TEMPO oxidation was estimated to be around 224 USD/kg CNFs, the 

extremely high chemical cost does not compensate for the energy savings.211 Notably, the chemical 

cost for FA hydrolysis is only 2.6 USD/kg CNFs, which is about 86 times lower than that for 

TEMPO oxidation. Moreover, the production cost of FA hydrolysis method is much lower than 

sulfuric acid hydrolysis and enzymatic hydrolysis pretreatment approaches, even though without 

considering the raw material cost. It is worth noting that the price of bleached wood pulp is in the 

range of 0.8-1.2 USD/kg, while the PMS carries zero or negative cost. In addition, the separated 

supernatant after FA hydrolysis can be directly reused for 1-3 times, as reported in our previous 

study.112 Also, the hydrolyzed sugars can be recovered as valuable by-products. Thus, the 

production cost of the current method could be further reduced to some extent. Based on the above 

discussion, FA hydrolysis could be considered as a high-efficient and cost-effective pretreatment 

approach for conversion of PMS to CNFs. 
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Table 2-1. Comparison of production cost (USD/kg CNFs), including pretreatment cost and 

mechanical fibrillation cost, FA hydrolysis pretreatment vs. traditional pretreatment methodsa. 

a the production cost of traditional pretreatment methods was adapted from the work by Delgado-

Aguilar et al. (2015). 

b the pretreatment cost of FA hydrolysis was estimated on the basis of 79% CNFs yield, 10% FA 

loss, 600 USD/t 85% FA and energy cost of 0.132 USD/kWh. 

c the energy cost includes 0.007 USD/kg CNFs consumed during FA hydrolysis pretreatment and 

0.015 USD/kg CNFs consumed in the FA recycling process (See Table 2-2 for detailed 

calculation). 

 

 

 

 

Pretreatment 

methods 

Pretreatment cost 
Mechanical 

fibrillation cost 

Production cost 

Chemical Enzyme Energy 

TEMPO oxidation 224.02 - 0.60 1.69 226.31 

Sulfuric acid hydrolysis 1.01 - 5.36 1.69 8.06 

Enzymatic hydrolysis  12.22 0.70 0.40 1.69 15.01 

FA hydrolysisb 2.60 - 0.02c 1.17 3.79 
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Table 2-2. Theoretical calculation of energy consumption and cost during FA hydrolysis 

pretreatment and FA recycling process.a 

a the energy consumption was calculated on the basis of 79% CNFs yield and 10% FA loss, under 

the reaction condition at 95 ºC, solid-to-liquid ratio of 1/30, and 82.0 wt.% FA. 

b assume that the room temperature is 25 ºC, the density and specific heat capacity of 82.0 wt.% 

FA are 1.19 g/cm3 and 2560 J/(kg ºC), respectively. 

c assume that the heating and cooling process consume the same amount of energy, the boiling 

point of 82.0 wt.% FA is 107 ºC. 

d low pressure steam of 200 kPa with 2201.56 kJ/kg heating value was used to evaluate the energy 

cost, as previously reported by Novo et al.212 The unit cost of the low-pressure steam is assumed 

to be 0.002 USD/kg. 

Processing section 

Energy consumption 

(MJ/kg CNFs) 

Amount of steam 

needed (kg)d 

Cost 

(USD/kg 

CNFs) 

FA hydrolysis pretreatmentb 8.06 3.66 0.007 

FA recycling processc 17.00 7.72 0.015 
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Figure 2-7. TEM images of CNFs (the scale bar in all images is 500 nm) and the corresponding 

diameter distribution. 

As shown in Fig. 2-8, the yield of CNFs (equal to CSR) drops gradually with the increasing 

hydrolysis time, which is attributed to the fact that more sugars could be hydrolyzed from the PMS, 

as displayed in Fig. 2-8b. As we previously reported, the FA hydrolysis is relatively mild compared 

to traditional inorganic acid hydrolysis. Thus, a high yield (e.g. 79 wt.% after 4 h FA hydrolysis) 

of CNFs could be achieved, which is much higher than that of 25-45 wt.% by H2SO4 hydrolysis.213 

In addition, glucose and xylose in a yield range of 0.85-4.5 wt.% and 5.9-7.43 wt.%, respectively 

could be obtained during the FA hydrolysis pretreatment process. These sugars could be 

potentially used to produce platform chemicals (e.g. lactic acid, furfural) by fermentation or 

catalytic reaction.49 Therefore, the whole pretreatment process is green and sustainable, in which 

the PMS could be almost fully converted to valuable products. 
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Figure 2-8. Yields of CNFs (a), glucose and xylose (b) based on dry PMS. 

2.3.2 FTIR and XRD analyses of PMS and CNFs 

To investigate the surface chemistry and crystalline structure, FTIR and XRD analyses of the raw 

PMS and the as-prepared CNFs were further conducted. As shown in Fig. 2-9a, a new strong band 

at 1717 cm-1 appears in the FTIR spectra of all the CNFs samples, which is attributed to C=O 

stretching from ester groups. Our previous studies have proven that the esterification between FA 

and cellulose occurred during the FA hydrolysis pretreatment.112, 202 In order to quantify the degree 

of esterification, titration analysis was carried out and the DS values of the obtained CNFs was 

summarized in Fig. 2-9b. The results demonstrate that the content of ester groups on the surface 

of CNFs shows an upward trend with the increasing FA pretreatment time. In addition, other bands 

at 3335, 2918, 1645, 1429, 1161, 1105, and 897 cm-1 in the spectra of CNFs and raw PMS are 

nearly parallel, indicating the main cellulose Iβ crystalline structure remains unchanged after FA 

hydrolysis pretreatment and the followed microfluidization. 
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Figure 2-9. FTIR spectra of PMS and CNFs (a), DS of CNFs (b)  

 

Figure 2-10. XRD patterns of PMS and CSR (a) and the corresponding CrI (b); XRD patterns of 

PMS and CNFs (c) and the corresponding CrI (d). 



74 

 

As shown in Fig. 2-10, XRD patterns of raw PMS and the obtained CSR and CNFs samples display 

diffraction peaks at 2θ = 15.6°, 16.7°, 22.7° and 34.6°, corresponding to the (1-10), (110), (200) 

and (004) crystallographic planes of cellulose Iβ,
85 which again proves the unchanged cellulose Iβ 

crystalline structure. Notably, several extra small diffraction peaks at 2θ = 9.7°, 19.3°, 28.8° and 

36.3° can be clearly observed in all the CSR, CNFs and raw PMS samples. Based on the previous 

studies, these diffraction peaks should be ascribed to the (001), (002), (003) and (131) 

crystallographic planes of crystalline talc (MgSi4O10(OH)2), since talc is widely used as fillers in 

the paper industry.214 Similar XRD patterns of PMS and CNFs have been reported by Adu et al.215 

As shown in Fig. 2-10b, the CrI for the raw PMS is only 53.8%, while the CrI for the CSR-3 

dramatically increases to 65.2% after 3h FA hydrolysis pretreatment. The 11.4% increasement in 

CrI is mainly attributed to the removal of hemicellulose and disordered regions of cellulose in 

PMS, and the hydrolyzed sugars (Fig. 2-8b) could be the evidence for this inference. When the 

hydrolysis pretreatment was prolonged 4 h, the CrI kept increasing to 68.5 for CSR-4. This is due 

to more hemicellulose and disordered regions of cellulose could be hydrolyzed to sugars, as 

indicated in Fig. 2-8b. However, with the pretreatment time continue to increase, a slightly 

declined CrI of 66.3% and an obviously decreased CrI of 58.5% can be observed for CSR-5 and 

CSR-6, respectively. This is probably because that part of crystalline regions of cellulose could be 

degraded with longer hydrolysis time.112 In addition, Fig. 2-10d summarizes the CrI values of the 

obtained CNFs after microfluidization. Compared to CSR-x samples, all the corresponding CNF-

x samples exhibit a lower CrI value. This is probably due to the damage of the crystalline domains 

of cellulose during the mechanical fibrillation process, as we reported previously.97 It is worth 

noting that the CrI values for all the CNFs samples are still higher than that of the raw PMS, and 
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4 h FA hydrolysis could be the optimal pretreatment for PMS, leading to the resultant CNFs with 

the highest CrI (62.4%). 

2.3.3 Dispersibility of CNFs 

Fig. 2-11 displays the dispersibility of the as-prepared CNFs in water and DMF. With the 

concentration of 5 mg/mL, all the CNFs samples exhibit very stable colloidal suspensions in 

aqueous media for over 3 months, even though with the functionality of kind of hydrophobic ester 

groups. This is probably due to the fact that a huge amount of hydrophilic hydroxyl groups exposed 

on the CNFs surfaces during mechanical fibrillation process, which could improve their ability to 

bind water molecules and thus facilitate the colloidal stability.216 Importantly, all the CNFs 

samples show a much clearer dispersion in DMF at the same concentration (5 mg/mL), indicating 

a better dispersibility in DMF. This is because the introduced ester groups on the CNFs surfaces 

improved their compatibility with organic solvents.201 Thus, it can be expected that the as-prepared 

surface functionalized CNFs could be used as nanofillers for polymeric matrix materials (e.g. PLA) 

due to the improved compatibility.217 Additionally, it should be noted that the CNFs dispersions 

in DMF become more transparent with the increase of FA pretreatment time. This result is 

consistent with the fact that more uniform CNFs with smaller average diameter (Fig. 2-7) and 

higher DS (Fig. 2-9b) were obtained with the increase in pretreatment time. Smaller CNFs can 

reduce the scattering of light improving the transparency of the suspension, and higher DS of CNFs 

can increase the compatibility to the solvent. 
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Figure 2-11. Dispersibility of CNFs in water and DMF (Note: the concentration of CNFs in both 

media is 5 mg/mL). 

2.3.4 Thermal Stability of PMS and CNFs 

Fig. 2-12 shows the thermogravimetric (TG) and derivative thermogravimetric (DTG) curves of 

the raw PMS and as-prepared CNFs. Correspondingly, the start decomposition temperature (T0), 

the decomposition temperature at 10% weight loss (T10%) and maximum decomposition 

temperature (Tmax) are summarized in Table 2-3. As shown in Fig. 2-12a, thermogravimetric 

curves indicate that raw PMS shows the lowest T0 and T10%, while there is a notable increase in 

both T0 and T10% for CNF-3. This is mainly due to the efficient removal of hemicellulose and 

disordered regions of cellulose in PMS during FA hydrolysis pretreatment. Similar to the trend of 

CrI results, CNF-4 shows the highest T0 and T10%, and the followed decrease of T0 and T10% for 

both CNF-5 and CNF-6 due to the over-degradation of crystalline regions in cellulose. 
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Interestingly, as shown in Fig. 2-12b, the raw PMS shows the highest Tmax, and the Tmax values of 

CNF-3, CNF-4, CNF-5 and CNF-6 could be sorted in a descending order. There are two possible 

reasons causing this decrease in Tmax: 1) As we discussed in the XRD results section, the 

mechanical fibrillation could cause damage of part of crystalline domains of cellulose. Although 

the raw PMS shows a relatively lower CrI, the crystalline regions in the raw PMS are not damaged; 

2) With the increasing degree of fibrillation from CNF-3 to CNF-6, more uniform CNFs would 

definitely have higher specific surface area. It is reported that the increase in the surface area of 

cellulose nanomaterials could accelerate their degradation, resulting in a reduced Tmax value.218 In 

addition, it should be noted that the optimized sample (CNF-4) exhibited relatively higher thermal 

stability than that of the CNFs produced by TEMPO oxidation,219 sulfuric acid hydrolysis118 and 

carboxymethylation220 pretreatment combined with mechanical fibrillation. The presence of 

carboxyl or sulfonic groups could promote the thermal degradation of cellulose,199, 221 while the 

presence of ester groups and talc is beneficial for the increase of thermal stability of the CNFs 

obtained in this work.112, 215 Therefore, the obtained CNFs in the current work possess surface 

functionality and high thermal stability showing great potential in reinforcing polymer matrix. 

 

Figure 2-12. TG (a) and DTG (b) curves of PMS and CNFs. 
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Table 2-3. Summary of thermal decomposition parameters of PMS and CNFs samples. 

Note: T0, T10%, Tmax represent the start decomposition temperature, the decomposition temperature 

at 10% weight loss, and maximum decomposition temperature, respectively. 

2.3.5 Mechanical Properties of CNP 

Fig. 2-13a shows the strain-stress curves of CNP samples and the control paper sheet (PMS-PS) 

that directly made from PMS fibers. Correspondingly, tensile strength, Young’s modulus and 

toughness are summarized in Figs. 2-13b, 2-13c and 2-13d, respectively. Compared with the 

PMS-PS, the tensile strength of CNP-3 dramatically increases from 13.6 MPa to 72.4 MPa. 

Moreover, CNP-4 shows the highest tensile strength of 106.4 MPa, which is around 8 times higher 

than that of the PMS-PS. The main reason for the remarkable increase in tensile strength is due to 

the much larger specific surface area offered by CNFs than that of PMS fibers. It is reported that 

the larger surface area directly affects the number of hydrogen bonding and thus the final 

mechanical properties.222 Another reason is due to the more compact structure of CNP than that of 

PMS-PS which is attributed to the significantly reduced size of CNFs compared to PMS fibers. 

This inference can be verified by the fact that CNP-4 shows a higher density of 1287 ± 23 kg/m3 

Samples T0 (ºC) T10% ( ºC) Tmax ( ºC ) 

PMS 171.1 276.7 342.7 

CNF-3 222.8 300.2 335.0 

CNF-4 228.2 304.1 333.3 

CNF-5 227.5 301.5 330.8 

CNF-6 176.5 295.0 323.1 
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than that of PMS-PS (788 ± 17 kg/m3). For better comparison with other reported works, the tensile 

strength of the optimal CNP-4 could be converted to tensile index (also called specific strength) 

of 82.7 Nm/g, which is higher than the value (71.9 Nm/g) of PMS-derived CNP reported by a 

previous study,215 and similar to that of the CNP made from commercial CNFs.139, 223 

 

Figure 2-13. Strain-stress curves of PMS-PS and CNP samples (a), and the corresponding tensile 

strength (b), Young’s modulus (c) and toughness (d). 

In addition, although CNF-5 and CNF-6 show higher degree of fibrillation and more uniform 

diameter distribution than CNF-4 (see Fig. 2-7), they exhibit lower tensile strength. This result is 

probably attributed to the lower CrI and poor stress transfer between the shorter nanofibrils of 
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CNF-5 and CNF-6. It is reported that the degree of crystallinity has a strong positive correlation 

with the mechanical properties of CNFs, thus affecting the mechanical strength of the self-

assembled CNP.224 Moreover, CNP-5 and CNP-6 exhibit higher modulus and lower strain, 

indicating more rigid structure than CNP-4. Finally, Fig. 2-13d illustrates that CNP-4 shows the 

highest toughness of 6.62 MJ/m3 which is 20.7 times higher than that of PMS-PS, indicating great 

mechanical strength and ductility. Considering the high mechanical strength, good transparency, 

flexibility and high thermal stability, the as-prepared CNP could be potentially used in the fields 

of packaging materials and flexible electronic devices. 

2.4 Conclusion 

In conclusion, a facile and sustainable approach by FA hydrolysis pretreatment and the followed 

microfluidization was established to prepare thermally stable and surface functionalized CNFs 

from PMS. Results demonstrated that FA hydrolysis could achieve a threefold purpose of swelling 

and shortening PMS fibers, hydrolyzing the disordered regions of cellulose and hemicellulose, and 

surface esterification simultaneously. It was found that FA hydrolysis pretreatment for longer than 

3 h was necessary to get short enough fibers to avoid clogging issues during microfluidization. 

Afterwards, CNFs could be efficiently produced by relatively low-intensity mechanical fibrillation 

(only two-pass microfluidization). The energy consumption during mechanical fibrillation process 

was estimated to be 8884 kWh/t which is comparable with or even lower than that by implementing 

TEMPO oxidation pretreatment. Notably, the chemical cost for FA hydrolysis is only 2.6 USD/kg 

CNFs, about 86 times lower than that for TEMPO oxidation. Moreover, the resultant CNFs showed 

high thermal stability and good dispersibility in organic solvents (e.g., DMF), indicating their 

potential application as reinforce agent for polymers. Finally, the as-prepared CNFs were used to 

fabricate CNP by a simple filtration process. The obtained CNP showed high mechanical strength 
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and good optical transparency which could be potentially used as the substrate for flexible 

electronics. More importantly, the only used chemical (FA) could be easily recovered by 

distillation with a high recovery rate over 90%, and the hydrolyzed sugars could be potentially 

used to produce platform chemicals. Thus, the current study demonstrated a clean and sustainable 

approach for efficient valorization of PMS into valuable materials, and this strategy would be 

applicable to other agro-industrial wastes.
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Chapter 3 Engineering cellulose nanopaper with water resistant, 

antibacterial, and improved barrier properties by impregnation of chitosan 

and the followed halogenation 

3.1 Introduction 

Over the past two decades, cellulose nanofibrils (CNFs) have received a great deal of attention due 

to their outstanding physiochemical properties such as high mechanical strength, large specific 

surface area, high aspect ratio, low density, tunable surface chemistry, as well as good 

biodegradability and biocompatibility.112, 201 In light of these fascinating properties, CNFs have 

broad application prospect as reinforcing fillers,97, 151 rheology modifiers,150, 225 biomedical 

materials,80, 226 and flexible electronics,81, 227 among others. Recently, cellulose nanopaper (CNP), 

which is made from CNFs by a self-assembly process such as vacuum filtration or casting,228 has 

attracted extensive interest from researchers because of its advantages such as high thermal 

stability, low thermal expansion coefficient (< 10 ppm/K), tunable optical properties and superior 

mechanical properties.229 Recent studies have demonstrated that CNP has great potential for 

applications in many interdisciplinary fields such as energy storage electrodes and separators,44, 

185 EMI shielding materials,230, 231 electronic and photonic devices,232, 233 etc. 

It should be pointed out that the mechanical properties of CNP are sensitive to moisture due to the 

hydrophilic nature of cellulose, which significantly limits the practical application of CNP in high-

moisture environments. To address this issue, several hydrophobic modification approaches such 

as physical adsorption, esterification, and polymer grafting have been developed in recent years. 

234 However, most of these modification processes are time-consuming, low efficient and involved 

in hazardous substances, which show less possibility for commercial application.145 Therefore, 
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developing facile and environmentally friendly methodologies to improve the water resistance of 

CNP is highly desired.  

In recent years, chitosan (CS) has emerged a renewable and sustainable polysaccharide with 

diverse potential applications such as food packaging materials, adsorbents for wastewater 

treatment, biomedical materials due to its low cost, nontoxicity, biocompatibility, as well as good 

film-forming and gelling properties.235 It is worth noting that CS shows good water resistance in 

neutral and alkaline environments, and it can form strong hydrogen bonding with cellulose due to 

the presence of abundant surface hydroxyl and amino groups.236 Therefore, some attempts have 

been made to improve the wet strength of cellulose paper or CNP by introducing CS as coatings 

or additives.237 Blending and Layer-by-Layer (LbL) assembly have been considered as two 

prevalent methods for this purpose. For example, Toivonen et al.238 reported the preparation of 

CNF/CS film by blending CNF suspension and CS solution, followed by a casting process. It was 

found that the CNF/CS (80/20 w/w) film showed an ultimate wet strength up to 100 MPa. Zhao et 

al.239 systematically compared the mechanical, optical, and barrier properties of CNF/CS films 

produced by two different methods (blending vs. LbL). Results indicated that visible 

agglomeration occurred in the blending process, resulting in decreased mechanical strength, 

increased opacity, and inferior barrier property. While the agglomeration can be efficiently 

avoided in the LbL assembly process, which enabled the formation of compacted structure of 

CNF/CS films with higher mechanical strength and better barrier property. Although LbL 

assembly technique shows many advantages and has been used for development of various 

functional materials,240 large-scale processing of CNF and CS by LbL assembly seems to be 

challenging. Thus, developing simple and effective method for the preparation of CNF/CS films 

is highly desired. 
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In addition to wet strength, antimicrobial activity can be imparted to CNP by introducing CS, due 

to the presence of positively charged amino groups in the CS molecule backbone. Nevertheless, 

the moderate antibacterial activity of CS cannot meet the requirement of most practical 

applications.241 It is worth mentioning that the antimicrobial activity of CS could be significantly 

enhanced upon chlorine bleach treatment, in which the amino groups can be transformed into N-

halamines, resulting in CS based N-halamines (usually denoted as CS-Cl).242 Note that the N-

halamines are compounds containing one or more nitrogen-halogen covalent bonds which is 

generated by halogenation of imide, amide, or amine groups.243 The antimicrobial activity is 

attributed to the fact that positive halogens in the N-halamine structure can be transferred to 

appropriate receptors in the cells, eventually causing the bacteria killed.244 More importantly, after 

the halide atoms are consumed, the antimicrobial activity of N-halamines can be easily recovered 

by recharging them with halogenation agents.243 

Motivated by the above discussions, this project is aimed to functionalize CNP with CS and the 

followed halogenation to achieve water resistance and antibacterial property. As illustrated in Fig. 

3-1, CNP is firstly immersed in CS solution and the CS functionalized CNP (CNP/CS) could be 

obtained after drying. Afterwards, halogenation of CS is performed by immersing the CNP/CS 

into NaClO solution, resulting in the CNP/CS-Cl. To the best of our knowledge, this is the first 

report on the functionalization of CNP with CS-Cl. This study could supply a facile and sustainable 

strategy to functionalize CNP and expand its potential applications.  
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Figure 3-1. Schematic process flow diagram for the functionalization of CNP including the CS 

impregnation and halogenation of CS. The corresponding reaction schemes show the hydrogen 

bonding between CNFs and CS, and halogenation of CS.  

3.2 Experimental section 

3.2.1 Materials 

CNFs aqueous suspension (1.0 wt.%) was produced from paper mill sludge according to the 

procedure reported in Chapter 2. Acetate acid, sodium hydroxide, sodium hypochlorite aqueous 

solution (14.0%), potassium iodide, and sodium thiosulfate (99%) were purchased from VWR, 

USA. Chitosan with deacetylation degree of 85% and molecular weight of 310-375 kDa was 

purchased from Sigma-Aldrich, USA. Staphylococcus aureus (S. aureus ATCC 6538, gram-

positive) and Escherichia coli (E. coli O157:H7 ATCC 43895, gram-negative) were provided by 

American Type Culture Collection, Rockville, MD. Trypticase soy agar was purchased from Difco 

Laboratories, Detroit, MI. All reagents were used as received without further purification. 
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3.2.2 Preparation of CNP  

CNP samples were prepared from the optimized CNF (with FA hydrolysis of 4 h) in Chapter 2. 

Briefly, 40 mL of the CNFs suspension (1.0 wt.%) were diluted with 160 mL deionized (DI) water. 

The diluted CNFs suspension was further mixed uniformly using magnetic stirring for 2 h. 

Afterwards, the mixed CNFs suspension was poured into a filtration setup with a polypropylene 

filter membrane with the diameter of 100 mm and pore size of 0.45 μm. After filtration, the 

obtained wet CNP was covered with another filter membrane and dried at 105 ºC for 2 h.  

3.2.3 Impregnation of CS into CNP 

Firstly, CNP was soaked into 1.5 wt.% CS solution (acetic acid, 2% v/v aqueous solution) at room 

temperature for 1 h. Then, the CS impregnated CNP (denoted as CNP/CS) was dried on a glass 

plate under room temperature for 12 h. The dried CNP/CS samples were further immersed in 0.1 

mol/L NaOH aqueous solution at room temperature for 1 h to neutralize the residual acetic acid. 

Finally, the CNP/CS samples were thoroughly washed with DI water and air dried. This procedure 

was repeated for 1-3 times, and the obtained CNP/CS samples were referred as CNP/CS-1, 

CNP/CS-2, and CNP/CS-3, respectively. 

3.2.4 Halogenation of CNP/CS 

In order to transfer part of the amino groups of CS into N-halamine structure. The CNP/CS samples 

were submerged into 0.6 wt.% NaClO aqueous solution at room temperature for 30 min. Then, the 

samples were washed thoroughly with DI water and air dried. The chlorinated CNP/CS samples 

were denoted as CNP/CS-Cl. 



87 

 

3.2.5 Characterizations 

3.2.5.1 Quantification of active chlorine content 

The active chlorine content of CNP/CS-Cl samples was determined using an iodometric/thiosulfate 

titration method reported previously. Briefly, the CNP/CS-Cl was cut into small pieces and 0.1 g 

of the sample was put into a flask containing 20 mL DI water, 10 µL of 0.1 N acetic acid, and 0.2 

g of potassium iodine. The mixture was stirred at 200 rpm at room temperature for 20 minutes. 

Then, 5 drops of 1 wt.% starch aqueous solution was added into the flask and the mixture was 

stirred for another 5 minutes. Finally, the formed iodine was titrated by 0.001 N sodium thiosulfate 

aqueous solution. In addition, 0.1 g of the un-chlorinated CNP/CS as control sample was treated 

under the same conditions. The active chlorine content was calculated by the Equation (1), as 

follows: 

𝐶𝑙 % =  
35.45×(𝑉𝐶𝑙−𝑉0)×10−3×0.001

2×𝑊
× 100                                     (1) 

where VCl and V0 are the volumes (mL) of 0.001 N sodium thiosulfate consumed in the titration of 

the CNP/CS-Cl and CNP/CS samples, respectively. W is the dry weight of CNP/CS-Cl sample.  

The active chlorine content of the CNP/CS-Cl sample was calculated to be 0.45 ± 0.05%. Based 

on the dry weight of CS, the active chlorine content will be around 2.85%. 

3.2.5.2 Antimicrobial efficacy test 

The antimicrobial efficacy of pure CNP and functionalized CNP samples against gram-positive S. 

aureus ATCC 6538 and gram-negative E. coli O157:H7 ATCC 43895 strains was evaluated 
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following the AATCC Test Method100-2400 with a slight modification. A single colony of each 

bacterium was transferred into 15 mL of Trypticase soy broth and incubated at 37 °C for 16 h. The 

culture was washed twice with Butterfield's phosphate buffer by centrifugation and was re-

suspended in the same buffer. Bacterial population was estimated by the absorbance at O.D. 640 nm 

and the inoculum with the designated population was prepared. Prior to the antibacterial test, the 

samples were cut into 1 inch × 1 inch specimens. Firstly, a pair of the specimens were placed on a 

sterile plate. Then, an aliquot of 25 µL of the inoculum was added onto the center of one of the 

specimens, and the other specimen was overlaid on the previous specimen to ensure complete 

contact with the inoculated bacteria. After contacting for 5, 10, and 30 min, the specimens were 

immediately immersed in 5 mL of sterile 0.01 N sodium thiosulfate solution to quench the residual 

chlorine. Afterwards, the mixture was vortexed vigorously for 2 min to detach survived bacteria 

from the specimens. After vortexing, the liquid part for each sample was tenfold serial diluted and 

each dilution was plated on a Trypticase soy agar plate, respectively. Finally, all the plates were 

incubated at 37 ºC for 48 h and bacterial colonies were enumerated and recorded for antimicrobial 

efficacy analysis. 

3.2.5.3 Fourier transform infrared spectroscopy (FTIR) 

FTIR spectra of samples were collected on a Thermo Nicolet 6700 FTIR spectrometer equipped 

with diamond ATR accessory and OMNIC 7.3 software. The spectra were recorded in the 

wavenumber range from 4000 to 500 cm−1 at a resolution of 4 cm−1.  

3.2.5.4 X-ray photoelectron spectroscopy (XPS) 
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XPS spectra of samples were collected on a photoelectron spectrometer (EscaLab Xi+, Thermo 

Fisher Scientific) using non-monochromatized Al Kα radiation (1486.6 eV) under the vacuum 

pressure of 8 × 10−10 Pa. The C1s spectrum (284.8 eV) was used to calibrate the binding energy 

scale for all the samples. 

3.2.5.5 Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) 

The surface and cross-section morphology and elemental compositions of samples were examined 

by using a field emission scanning electron microscope (FESEM, Apreo FE) at 1.0 kV.  

3.2.5.6 Optical transmittance 

The optical transmittance and haze of samples were measured from 400 to 800 nm using an 

UV/VIS/NIR spectrophotometer (Lambda 950, PerkinElmer, USA). The haze was measured 

according to ASTM D1003 standard method, and the haze was calculated by Equation (2),245 as 

follows: 

𝐻𝑎𝑧𝑒 =  
𝑇𝑑

𝑇𝑡
= (

𝑇4

𝑇2
−

𝑇3

𝑇1
) × 100%                               (2) 

where Td is the transmittance of diffused light, Tt is the total transmittance, T1 is the reference 

transmittance, T2 is the light transmitted by the sample, T3 is the light scattered by the instrument, 

and T4 is the light scattered by both the sample and instrument. 

3.2.5.7 Water contact angle 

Static water contact angle of samples was measured on a contact angle goniometer (Rame-Hart 

model 200) at room temperature. The contact angle was determined immediately after the water 
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droplets placed on the film surface. Three measurements were performed for each sample and the 

averaged value was reported. 

3.2.5.8 Water uptake ratio 

Water uptake ratio was measured by calculating the weight change of samples before and after 

immersion in DI water at room temperature. Briefly, the samples were cut into strips and the strips 

were transferred to a vacuum oven at 60 ºC for 24 h to eliminate any moisture. Afterwards, the 

strips were immediately weighted separately, and the weight of each of strips was noted as M0. 

Then, the strips were immersed in DI water for 30 min. After that, the strips were weighted after 

removing any free water by using a blotting paper, and the weight of each of strips was noted as 

M1. Finally, the water uptake ratio was calculated by the Equation (3), as follows: 

𝑊𝑎𝑡𝑒𝑟 𝑢𝑝𝑡𝑎𝑘𝑒 𝑟𝑎𝑡𝑖𝑜 =  
𝑀1−𝑀0

𝑀0
× 100%                           (3) 

3.2.5.9 Tensile test 

Dry and wet mechanical properties of the samples was evaluated by an Instron 4465 universal 

testing machine following the TAPPI standard method (TAPPI T497 and TAPPI T456). The 

samples were cut into 1 cm × 5 cm strips and placed at the conditions of 50% RH and 23 °C for at 

least 24 h before testing. Crosshead speed was set at 5 mm/min and the initial distance between 

the two clamps was set to 20 mm. The results were reported as a mean value averaged from five 

measurements for each sample. 

3.2.5.10 Density and porosity measurement 
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The CNP and CNP/CS samples were cut into 3 cm × 3 cm square specimens and placed into an 

oven at 105 °C for 24 h for completely drying. The density of samples was calculated based on the 

dry weight and volume of the specimens. For each sample, the measurements were conducted in 

triplicate. The corresponding porosity was calculated according to the Equation (4), as follows: 

𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 =  (1 −
𝜌1

𝜌2
) × 100%                           (4) 

where ρ1 is the density of the sample, ρ2 is the density of cellulose (1.5 g/cm3). 

3.2.5.11 Barrier property test 

Water vapor transmission rate (WVPR) and water vapor permeability (WVP) of the samples were 

examined using a desiccant method according to the ASTM Standard E96. Briefly, the samples 

were cut into round specimens with the diameter of 75 mm. Prior to testing, the specimens were 

placed at the conditions of 50% RH and 23 °C for at least 24 h. Then, the specimens were sealed 

on test cups containing anhydrous calcium chloride as desiccants. The test cups were placed at the 

conditions of 50% RH and 23 °C. Each of the test cups was periodically weighed at 24-hour 

intervals for at least five times. The slope of weight gain vs. time was calculated by linear 

regression. WVPR can be further calculated as the slope (g/day) divided by the cup mouth area 

(m2). The WVP was calculated based on the Equation (5), as follows: 

𝑊𝑉𝑃 =  
𝑊𝑉𝑃𝑅×𝑡

𝑆×∆% 𝑅𝐻
                            (5) 

where t is the thickness of the specimen, S is the saturation vapor pressure of water at the test 

temperature (S at 23 °C is 2.812 kPa), the RH gradient is 50% in this study.  
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The oxygen transmission rate (OTR) and oxygen permeability (OP) were measured using a 

Labthink OX2/230 Oxygen Transmission Rate Tester following the ASTM Standard D 3985. 

Before testing, the samples were placed at the conditions of 50% RH and 23 °C for at least 24 h. 

The sample was exposed to 100% O2 on one side and to oxygen-free N2 on the other side. The 

measurement was carried out under the conditions of 50% RH, 23 °C and normal atmospheric 

pressure. The OP was calculated based on the formula as Equation (6), as follows: 

𝑂𝑃 =  
𝑂𝑇𝑅×𝑡

∆𝑃
                                  (6)  

where t is the thickness of the specimen, ∆P is the O2 partial pressure difference between the two 

sides. For both the WVPR and OTR test, each of the samples was determined in duplicate and the 

averaged value with standard deviation was reported.   

3.3 Results and discussion 

3.3.1 Optimization of CS impregnation 

Firstly, we optimized the influence of CS amount on the mechanical properties of the obtained 

CNP/CS samples by repeating the impregnation process for 1-3 times. As summarized in Table 

3-1, the CS weight gain significantly increased from 9.17% to 31.12% as the impregnation process 

repeated for 1 to 3 times. Fig. 3-2 shows the strain-stress curves of pure CNP and CNP/CS samples 

and the corresponding tensile strength, Young’s modulus, and toughness. Compared with pure 

CNP, the tensile strength remarkably increased by 18% and 42% after impregnating with CS for 

1 and 2 times, respectively. This result is mainly attributed to two reasons: 1) As illustrated in Fig. 

3-4, the CNP was swelled in the CS solution during the impregnation process. Thus, CS could 

penetrate into the small voids among CNFs and eventually filled up the voids upon drying, which 
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would fix the interstitial defects of CNP.246 This speculation can be verified by the obvious 

increment in density after impregnation, as indicated in Table 3-1; 2) As shown in the reaction 

scheme of CNFs and CS in Fig. 3-1, the introduction of CS within the CNP could interact with 

CNFs through hydrogen bonding, covalent bonding, and electrostatic interaction.200 These extra 

and abundant bonds or interactions are beneficial to more mechanically stable structure of the 

obtained CNP/CS under tension. However, as the impregnation process was further increased to 3 

times, an obvious decrease in tensile strength (CNP/CS-3) was observed when compared to that 

of CNP/CS-2. The possible reason for this result is mainly due to the fact that 2-time repeated 

impregnation was sufficient to ensure excellent filling of the defects of CNP and efficient 

interaction with CNFs, while excess CS only results in increased thickness of the CNP/CS-3. It 

should be noted that the pure CS film exhibits inferior tensile strength (only 75.5 MPa) when 

compared to CNP. Thus, excess CS coating would definitely lower the tensile strength of CNP/CS-

3. As shown in Fig. 3-3, compared to the pure CNP, the pure CS film shows a much higher tensile 

strain of around 42.5% with a much lower Young’s modulus (0.8 GPa), indicating excellent 

flexibility and ductility. Thus, the introduction of CS leads to enhanced flexibility and ductility of 

the CNP-CS samples, which can be proved by the increment in tensile strain and the diminution 

of Young’s modulus with the increasing impregnation times. As indicated in Fig. 3-2d, the 

CNP/CS-2 sample exhibits the highest toughness of 13.01 MJ/m3, which almost doubled that of 

the pure CNP. It is worth noting that this simple impregnation process enabled a notable 

enhancement in mechanical strength of CNP, while the traditional blending method led to 

significantly reduced mechanical strength.247 As pointed by Zhao et al.,239 the declined mechanical 

strength was mainly attributed to the agglomeration through electrostatic interaction between CNF 

and CS. While the current impregnation process can be somehow considered as a modified LbL 
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process with only two layers, in which the agglomeration could be avoided. Although the pure 

CNP shows a much larger thickness (50 μm) than the bilayer (mostly below 1 μm) in the 

conventional LbL assembly process, two repeating impregnation processes are sufficient for CS 

to penetrate into the interior of CNP, as verified by the SEM and EDS results. Considering the 

tensile strength, flexibility, and toughness, CNP/CS-2 can be regarded as the optimized sample. 

Without further specification, CNP/CS-2 (simplified as CNP/CS) was used to make CNP/CS-Cl 

in the following sections. 

Table 3-1. Summary of the weight, thickness, density, and CS weight gain of CNP/CS samples 

with different coating times. 

Samples Weight (g) Thickness 

(μm) 

Density 

(g/cm3) 

Porosity (%) CS weight gain 

(%) 

Pure CNP 0.400 ± 0.008 50 ± 1 1.257 ± 0.023 16.20 ± 0.28 - 

CNP/CS-1 0.437 ± 0.012 53 ± 1 1.296 ± 0.026 13.60 ± 0.32 9.17 ± 0.75 

CNP/CS-2 0.475 ± 0.010 55 ± 1 1.357 ± 0.036 9.53 ± 0.25 18.75 ± 1.47 

CNP/CS-3 0.514 ± 0.015 58 ± 1 1.393 ± 0.046 7.13 ± 0.31 31.12 ± 2.63 

Note: the diameter of CNP and CNP/CS samples is 9 cm; the density of pure CS film is 1.412 ± 

0.051 g/cm3. 



95 

 

 

Figure 3-2. Strain-stress curves of CNP/CS with different coating times and pure CNP samples 

(a), and the corresponding tensile strength, Young's modulus, and toughness (b-d). 
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Figure 3-3. Strain-stress curves of pure CS and pure CNP samples. 

3.3.2. Optical property 

The light transmittance of pure CNP and CS functionalized CNP was further evaluated, and the 

obtained UV-Vis transmittance spectra are shown in Fig. 3-5a. It is reported that the optical 

properties of CNP are mainly affected by its surface roughness and porosity.248 More specifically, 

the surface roughness plays an important role on the back scattering while the porosity of the 

specimen affects the forward scattering very much.245 According to the definition of total 

transmittance and haze described in the experimental section, smaller back scattering will result in 

a higher total transmittance, whereas smaller forward scattering will lead to a lower haze. As 
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shown in Fig. 3-7a, entangled nanofiber network can be clearly seen in the SEM image of pure 

CNP, indicating a rough and porous surface. By contrast, compact and smooth surface is observed 

for the CNP/CS sample due to the introduction of CS coating. As verified in the SEM images and 

Table 3-1, both the surface roughness and porosity of pure CNP are reduced after introducing CS. 

Thus, the CNP/CS sample exhibits both smaller back scattering and forward scattering when 

compared to pure CNP, as illustrated in Fig. 3-4. As a result, CNP/CS shows a higher transmittance 

and a lower haze than pure CNP, as presented in Fig. 3-5. Specifically, the light transmittance 

increased from 75% to 83% at 550 nm, and the optical haze significantly decreased from 78% to 

42% at 550 nm after introducing CS.  

 

Figure 3-4. Schematic illustration of the structures of pure CNP and CNP/CS samples, and the 

schematic sketch showing light propagation through the corresponding samples. 
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Figure 3-5. UV-Vis transmittance spectra (a) of pure CS, pure CNP, CNP/CS and CNP/CS-Cl 

samples and the corresponding optical haze at 550 nm (b). Digital photographs of pure CNP (c) 

and CNP/CS (d) closely contact underneath the patterned paper. Digital photographs of pure CNP 

(e) and CNP/CS (f) when they were lifted up with a certain distance (1.5 cm) from the patterned 

paper. Digital photographs showing the illuminated circular area from the bare laser (g), the laser 

passed through pure CS film (h), the laser passed through pure CNP (i), and the laser passed 

through CNP/CS (j). 

Figs. 3-5 (c-j) vividly display the difference in light transmittance and haze of the CNP before and 

after impregnating CS. For example, as indicated in Figs. 3-5 (c-f), when the samples were placed 
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on a patterned paper, the image under the CNP/CS was much clearer than that under the pure CNP, 

indicating enhanced transmittance. When the samples were lifted with a certain height from the 

patterned paper, it can be clearly seen that the pattern under the CNP/CS was much clearer than 

that under the pure CNP, implying the decreased optical haze. Moreover, as shown in Figs. 3-5 (g-

j), when a laser with a wavelength of 532 nm passed through the pure CS film, the illuminated 

circular area is very closed to that illuminated from bare laser, which is due to the fact that pure 

CS film has a compact structure with high transparency and low haze. Notably, a much larger 

illuminated circular area can be observed when the laser pass through the pure CNP. This result is 

mainly attributed to the light scattering effect that is derived from the big difference between the 

refractive indexes of air (1.0) and cellulose film (1.51-1.55).249 In contrast, the illuminated circular 

area remarkably decreased when the laser passed through the CNP/CS, indicating the optical haze 

significantly reduced. This phenomenon is due to the fact that most of the voids inside the CNP 

were filled up with CS, and CS has a similar refractive index (1.51-1.55) to cellulose film.250 In 

addition, the CNP/CS-Cl exhibits a slightly increased total transmittance than CNP/CS after 

chlorination, which is probably due to some of impurities containing chromophoric groups were 

bleached during the chlorination process. As indicated in Fig. 3-5b, the chlorination seems not to 

affect the optical haze of CNP/CS. 

3.3.3 Chemical and structural characterization 

The chemical structure of pure CNP and functionalized CNP samples was investigated by FTIR 

and XPS. As shown in Fig. 3-6a, the characteristic peaks of cellulose Iβ at 3335, 2918, 1645, 1429, 

1161, 1105, and 897 cm−1 can be observed in the spectrum of pure CNP.112, 251 It should be pointed 

out that the band at 1717 cm−1 is attributed to the C=O stretching from ester groups, which has 
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been reported in our previous study.252 After impregnating CS, the typical bands of CS can be 

observed in the FTIR spectrum of CNP/CS. For example, the strong band in the range of 3286 and 

3353 cm−1 is attributed to the O-H and N-H stretching, and the peaks at 2920 and 2854 cm−1 

correspond to the C-H symmetric and asymmetric stretching, respectively.253 The band at 1647 

cm−1 is assigned to the C=O stretching of amide I, and the band at 1316 cm−1 corresponds to C-N 

stretching of amide III, both of which confirm the presence of residual N-acetyl groups. The peak 

at 1574 cm−1 is attributed to the N-H bending of the primary amine. The peaks at 1420 and 1376 

cm−1 are caused by CH2 bending and CH3 symmetrical deformations, respectively. The band at 

1152 cm−1 corresponds to the asymmetric stretching of C-O-C bridge.254, 255 It can be seen that the 

bands in the spectrum of CNP/CS-Cl are nearly parallel with the bands in the spectrum of CNP/CS, 

indicating that the main CS structure remains unchanged after halogenation. It is worth noting that 

the intensity of the band at 1574 cm−1 becomes weaker after chlorination treatment, which is 

probably due to the fact that part of the N-H bonds in the primary amine are converted to N−Cl 

bonds. As shown in Fig. 3-6b, a stronger C 1s peak and a new N 1s peak appear in the XPS 

spectrum of CNP/CS when compared to that of the pure CNP, which is due to the formation of CS 

coating on the CNP surface. In addition, compared with the XPS spectrum of CNP/CS, two new 

Cl 2s and Cl 2p core level peaks appear in the XPS spectrum of CNP/CS-Cl, indicating the N−Cl 

bonds were formed in the CS after chlorination.242 
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Figure 3-6. FTIR spectra (a) and XPS spectra (b) of pure CNP and functionalized CNP samples. 
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Figure 3-7. SEM surface and cross-section images of pure CNP (a), CNP/CS (b), and CNP/CS-Cl 

(c). 

SEM analysis was further performed to examine the surface and cross-section morphology of CNP 

before and after impregnation. As shown in Fig. 3-7a, the pure CNP sample shows randomly 

entangled CNFs on the surface and a lamellar cross-section structure with notable gaps between 

layers. As indicated in Fig. 3-7b, the CNP/CS exhibits a much smoother surface and a much denser 

interlayer structure, since most of the voids between CNFs are filled with CS. When compared to 

the interior structure of CNF/CS film fabricated by LbL assembly,256 the current one is slightly 

looser. However, the LbL assembly process is kind of complicated, since 150 bi-layer repetitive 
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units formed only a 1.5 μm thick film. Notably, the CNP/CS with a thickness of 55 μm can be 

easily prepared through two repeating impregnation processes. In addition, the current 

impregnation process can be potentially extended to the roll-to-roll coating process, which is more 

efficient and has greater potential to be scaled up than the conventional LbL assembly and blending 

plus casting methods. After further chlorination treatment, the obtained CNP/CS-Cl displays 

similar surface morphology to the CNP/CS with slightly expanded interior lamellar structure (Fig. 

3-7c). This phenomenon is probably caused by the swelling of the CNP/CS structure during 

chlorination treatment. As indicted in the EDS spectrum of CNP/CS-Cl interior lamellar structure 

(Fig. 3-8), the Cl element is present in the lamellar structure of the CNP/CS-Cl. This result further 

indicates that the CS can not only retain on the surface of pure CNP, but also penetrate into the 

interior lamellar structure of the pure CNP throughout in the thickness direction. 

 

Figure 3-8. EDS spectra of CNP/CS-Cl interior lamellar structure. 

3.3.4 Mechanical properties and surface wettability 

As indicated in Fig. 3-9a and mentioned earlier, the impregnation of CS significantly improved 

the mechanical propeties of pure CNP in the dry state. Moreover, Fig. 3-9b displays the strain-
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stress curves of pure CNP and functionalized CNP under the wet state. It can be clearly seen that 

the tensile strength of pure CNP remarkably decreased from 106 MPa (dry state) to around 7 MPa 

(wet state), whereas the tensile strength of CNP/CS sample maintained a relatively high wet tensile 

strength over 40 MPa which meets the required mechanical strength of a variety of packaging 

materials. The poor wet strength of pure CNP is mainly due to the hydrophilic surface of CNFs 

and the presence of numerous small voids within the self-assembled structure. The water molecule 

can severely interrupt the interfibrillar hydrogen bond among CNFs, leading to the swelling of 

CNP and a significant drop in mechanical strength.145  

 

Figure 3-9. Strain-stress curves of pure CNP and functionalized CNP samples at dry state (a) and 

wet state (b). Water contact angles (c) and water uptake ratio (d) of pure CNP and functionalized 

CNP samples.  
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In contrast, the enhanced wet mechanical strength after introducing CS is mainly attributed to the 

synergetic action of the chemical and physical interactions between CNFs and CS, and the 

mending effect on the interstitial defects of pure CNP, as mentioned earlier. After halogenation, 

both the dry and wet strength slightly decreased, which is probably due to the bleaching agent 

would destroy some of the chemical bonds between CNFs and CS.257  

Furthermore, water contact angle and water uptake ratio measurements were carried out to 

investigate the surface wettability of pure CNP and functionalized CNP samples, the results are 

shown in Fig. 3-9c and Fig. 3-9d, respectively. As we can see, the pure CNP has a relatively low 

contact angle of 55.3° due to the hydrophilic nature of CNF, which results in the highest water 

uptake ratio of 96.1%. After impregnating with CS, the contact angle of CNP/CS dramatically 

increased to 82.4° and the water uptake ratio reduced to 64.5%. This result is mainly due to the 

higher surface hydrophobicity and more compact structure of CS coating. After chlorination, the 

contact angle of CNP/CS-Cl slightly reduced to 79.8°, and the water uptake ratio increased from 

64.5% to 68.3%, which are probably due to the introduction of hydrophilic –Cl groups on the CS 

molecule. As shown in Fig. 3-10, after probe ultrasonication in water at a high-power input (500 

watts) for 10 min, both the CNP/CS and CNP/CS-Cl strips kept their original shape while the pure 

CNP strips almost completely disintegrated into many fragments. This phenomenon further proves 

that the water resistance of CNP can be significantly improved after impregnating with CS. 
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Figure 3-10. Photograph showing the stability of pure CNP (a), CNP/CS (b), and CNP/CS-Cl (c) 

in water after probe ultrasonication at a high-power input (500 watts) for 10 min. 

3.3.4 Antibacterial efficacy 

The antibacterial performance of pure CNP and functionalized CNP samples were evaluated 

against S. aureus and E. coli. As shown in Fig. 3-11, the pure CNP sample shows 66.50% and 

56.44% bacterial reductions towards S. aureus and E. coli, respectively, within 30 min of contact. 

The bacterial reduction is mainly due to the fact that part of bacteria could adhere onto the porous 

fragments of CNP, since the pure CNP with poor water resistance were easily swelled and 

disintegrated into fragments during the vortexing process. Similar phenomenon was observed in 

the previous study.244 For the CNP/CS sample, the biocidal activity against S. aureus and E. coli 

was significantly enhanced with the bacterial reduction of 97.32% (1.572 log) and 78.22% (0.662 

log), respectively, within 30 min of contact. This result is mainly attributed to the modest 

antibacterial activity of CS, which is well documented in the literature.242 Notably, after 
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halogenation of CS, the CNP/CS-Cl sample showed remarkably superior biocidal efficacy against 

both gram-positive and gram-negative bacteria, i.e., 7.114 log bacterial reduction for S. aureus and 

7.386 log bacterial reduction for E. coli within a relatively short contact time of 10 min, which can 

be considered as 100% killing of bacteria. Even within 5 min of contact, the CNP/CS-Cl still 

caused 100% killing of S. aureus and 99.997% (4.481 log) reduction of E. coli. The rapid biocidal 

activity is mainly due to the introduction of oxidative Cl+ on the chlorinated CS, which can be 

easily transferred into the cell walls of bacteria upon contact.244  

 

Figure 3-11. Biocidal results of pure CNP and functionalized CNP samples against S. aureus (a, 

b) and E. coli (c, d) with different contact time. Inoculum: 7.114 log CFU/sample of S. aureus, 

7.386 log CFU/sample of E. coli. 
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Fig. 3-12a displays the visibility of bacterial colonies on the plate for comparing the antibacterial 

activity of CNP/CS and CNP/CS-Cl samples, which vividly demonstrates the significantly 

enhanced biocidal activity of CNP/CS-Cl after halogenation. In addition, the shelf life stability of 

the CNP/CS-Cl was examined by tracking the remaining chlorine content over storage time under 

dark condition. As shown in Fig. 3-12b, the chlorine content gradually decreased with the 

increasing storage time. After 4 weeks storage, the chlorine content decreased from the initial 

0.45% to 0.05%, which is mainly due to the hydrophilic nature of CS-Cl. It is reported that the 

chlorinated CS could absorb moisture from the air, which would dissociate the N–Cl bonds.244 

Nevertheless, all the lost chlorine could be easily recharged by another bleach treatment, similar 

result was observed in the previous study.242 

    

Figure 3-12. (a) Photograph of the plate showing the antibacterial activity of CNP/CS and 

CNP/CS-Cl towards S. aureus and E. coli. (b) Storage stability of CNP/CS-Cl in the dark at room 

temperature. 
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3.5 Barrier properties  

The barrier properties towards water vapor and oxygen of pure CNP and the functionalized CNP 

samples were further evaluated, and the obtained results are summarized in Table 3-2. The pure 

CNP exhibits a relatively high WVP of 3982 ± 48 g·μm/m2·day·kPa due to the hydrophilic nature 

of cellulose. Similar results of the CNP fabricated from other types of CNFs or cellulose 

nanocrystals (CNCs) were reported in the literature, such as TEMPO-mediated oxidized CNFs 

(2882-4220 g·μm/m2·day·kPa),258 tert-Butylamino CNCs (3300 g·μm/m2·day·kPa).259 Also, the 

pure CNP shows a quite good oxygen barrier property with the OP of 0.60 ± 0.15 

cm3·μm/m2·day·kPa, which is similar to the reported value of CNP made from carboxymethylated 

CNFs (0.52-0.58 cm3·μm/m2·day·kPa).138, 260 Notably, both the WVP and OP significantly 

decreased after introducing CS. This result is mainly due to the more compact structure of 

CNP/CS, as most of the small voids within the pure CNP were filled up with CS during the 

impregnating process. Compared to CNP/CS, the CNP/CS-Cl sample exhibits slightly higher 

WVP and OP. As mentioned earlier, the reason for this phenomennon could be the introduction of 

hydrophilic groups and minor negative effect on the structure of CNP/CS happened during the 

halogenation process. Based on the above discussion, the functionalized CNP samples exhibit 

obviously enhanced barrier properties than the pure CNP. As shown in Fig. 3-13, the 

functionalized CNP samples present much superior oxygen barrier propertis (several orders of 

magnitude lower OTR) than the traditional petroleum-based packaging materials such as PE, PP, 

PS, and PET. Although the functionalized CNP samples show inferior water vaper barrier 

properties when compared to conventional non-biodegradable polymers, the WVTR is still much 

lower than the commercially available biopolymers such as PLA and PCL. In recent years, many 

countries and regions around the world have enacted regulations to limit the use of non-
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biodegradable plastics.261 Considering the advantages of biodegradability, excellent barrier 

properties, water resistance, and antibacterial ability, the functionalized CNP presented in the 

current work could be considered as promising substitutes for non-biodegradable plastics. 

 

Figure 3-13. Barrier properties comparison for the pure CNP and functionalized CNP with the 

traditional packaging materials including BOPP (Biaxially oriented polypropylene),262 HDPE 

(High-density polyethylene),262 PP (Polypropylene),262 LDPE (Low-density polyethylene),262 PET 

(Polyethylene terephthalate),262 PS (Polystyrene),262 Nylon-6,262 PCL (Poly-ε-caprolactone),263 

PLA (Polylactic acid),264 chitosan,265 and starch.266 
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Table 3-2. Summary of the barrier properties including water vapor transmission rate (WVTR) 

and water vapor permeability (WVP), oxygen transmission rate (OTR) and oxygen permeability 

(OP) of pure CNP and functionalized CNP samples. 

Samples WVTR 

(g/m2·day) 

WVP 

(g·μm/m2·day·kPa) 

OTR 

(cm3/m2·day) 

OP 

(cm3·μm/m2·day·kPa) 

Pure CNP 112 ± 11 3982 ± 48 1.21 ± 0.18 0.60 ± 0.15 

CNP/CS 52 ± 6 2034 ± 27 0.22 ± 0.05 0.12 ± 0.04 

CNP/CS-Cl 56 ± 5 2190 ± 21 0.25 ± 0.03 0.14 ± 0.02 

 

Figure 3-14. Optical images of fresh-cut tomatoes in the jars covered with CNP/CS, CNP/CS-Cl, 

PE cling film, and without cover (Control). Note: the tomatoes were stored at room temperature 

for 7 days. 
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Furthermore, tomatoes preservation experiments were carried out to evaluate the barrier properties 

of the functionalized CNP samples in comparation with the commercially available PE cling film. 

As shown in Fig. 3-14, after 7 days storage, the fresh-cut tomato was almost completely dried in 

the control group (without any cover), while the tomato covered by PE cling film still appears 

fresh with less than 10% weight loss ratio. The tomatoes covered by CNP/CS and CNP/CS-Cl are 

relatively fresh with the weight loss ratios of 23% and 27%, respectively. Notably, a lot of molds 

can be observed on the tomato covered by PE cling film, while less molds appeared on the tomato 

covered by CNP/CS. This observation can be explained from the aspect of the suitable 

environment for mold growth. It is well known that adequate moisture and sufficient oxygen are 

two of the most important factors for mold growth. The condition inside the jar covered by PE 

cling film perfectly meets the requirements for mold growth, since the PE cling film with a low 

WVTR and a very high OTR can hold most of the moisture and allow the oxygen to easily diffuse 

into the jar from outside atmosphere. By contrast, the CNP/CS shows a relatively high WVTR and 

a very low OTR, as indicated in Fig. 3-13. Thus, less moisture and oxygen are present in the jar 

covered by CNP/CS, which inhibit the growth of molds. Interestingly, no mold can be found on 

the tomato covered by the CNP/CS-Cl. This phenomenon is probably due to that fact that chlorine 

could be dissociated from the N–Cl bonds in the chlorinated CS, which together with the low 

moisture and oxygen condition could completely inhibit the growth of molds. Therefore, the 

CNP/CS-Cl with great barrier properties and excellent antibacterial performance may be a 

promising packaging material for a variety of potential applications.  
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3.4 Conclusion 

In summary, the current study demonstrated a facile and sustainable approach to functionalize 

CNP with multifunctional properties including water resistance, antibacterial ability, and improved 

transparency and barrier performance. After impregnating with CS, the optimized CNP/CS 

exhibits significantly enhanced mechanical strength with 42% and 557% increment at dry and wet 

conditions, respectively, and the barrier properties towards both water vapor and oxygen were 

prominently improved as well. In addition, the light transmittance of the CNP/CS was increased 

from 75% of pure CNP to 83%, with a remarkably decrease in optical haze from 78% to 42%. 

More importantly, the CS in the CNP/CS could be converted to CS based N-halamine by a facile 

halogenation process, and the obtained CNP/CS-Cl exhibited superior biocidal efficacy against 

both gram-positive and gram-negative bacteria, which could kill 100% of S. aureus and E. coli 

within 10 min of contact. Moreover, negligible effects on the mechanical, optical and barrier 

properties were observed after bleaching treatment of the CNP/CS. In light of the above 

multifunctional properties, the obtained CNP/CS-Cl may find application in the fields of advanced 

packaging materials, substrates of flexible electronics, etc. All in all, this work provides a simple 

and versatile strategy to functionalize CNP, which holds great promise for large-scale production 

of high-performance CNP from renewable and sustainable bioresources. 
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Chapter 4 Multifunctional Cellulose Nanopaper with Superior Water 

Resistant, Conductive, and Antibacterial Properties Functionalized with 

Chitosan and Polypyrrole 

4.1 Introduction 

With increasing concern about the depletion of nonrenewable resources and environmental issues, 

lignocellulosic biomass has been recognized as a promising alternative to petroleum resources,49 

which have been utilized to produce biofuels, chemicals, and biomaterials.5, 267, 268 Cellulose 

nanofibrils (CNFs), mainly extracted from lignocellulosic biomass, have received a great deal of 

attention due to their excellent physical, mechanical and chemical properties such as high elastic 

modulus (29-36 GPa) and tensile strength (2-6 GPa), large specific surface area (up to 600 m2/g), 

high aspect ratio (larger than 100), low density (1.32-1.58 g/cm3), and reactive surfaces along with 

biodegradability and renewability.80, 112, 226 Due to the high aspect ratio and semi-crystalline 

structure, CNFs exhibit remarkable tendency to form three-dimensionally entangled networks 

suitable to fabricate cellulose nanopaper (CNP) by a self-assembly process such as vacuum 

filtration or casting.228, 269 CNP has been a hot topic which has attracted extensive interest from 

both academia and industries.229 Recent studies have shown that CNP is a promising material for 

use in many interdisciplinary fields such as electronic and photonic devices,81, 270 energy storage 

electrodes and separators,185, 271 EMI shielding materials,231, 272 sensors,148, 273 etc., in light of its 

good thermal stability, low thermal expansion coefficient (< 10 ppm/K), tunable optical properties 

and superior mechanical properties.129 

It should be noted that the mechanical performance of CNP made by self-assembled CNFs is rather 

sensitive to moisture due to the hydrophilic nature of cellulose or introduction of hydrophilic 
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groups during preparation process, which significantly limits the usability of CNP in high-moisture 

environments. In order to address this problem, researchers have proposed several hydrophobic 

modification methods such as esterification, silylation, polymer grafting, etc.234 However, these 

modification processes are usually time-consuming and involve in hazardous chemicals, which 

impede their commercial application.145 Thus, it is of critical importance to develop facile, 

sustainable and environmentally friendly approach to impart water resistance to CNP. Meanwhile, 

introducing other functionalities such as antibacterial property and conductivity will be greatly 

desired to broaden the potential applications of CNP.  

As a renewable and sustainable polysaccharide derived from chitin shells of crustaceans such as 

shrimps and crabs, chitosan (CS) has been widely used in diverse fields such as food packaging, 

biomedicine, waste treatment, healthcare due to its nontoxicity, antibacterial property, 

biocompatibility, film-forming and gelling properties.235 It is reported that CS could form strong 

hydrogen bonding with cellulose because of the presence of abundant surface hydroxyl and amino 

groups.200, 247, 274 Also, chitosan films exhibited good water resistance in neutral and alkaline 

environments.236 Thus, several studies have proved that the wet tensile strength of cellulose paper 

or CNP can be improved by introducing CS as coatings or additives.200, 238 In addition, it is well 

documented that CS shows some antimicrobial activity due to the presence of positively charged 

amino groups in the polymer backbone.241 

Polypyrrole (PPy) has been considered as a promising conducting polymer with numerous 

potential applications including biomedical implants, EMI shielding, corrosion protection,243 

energy storage devices,173 flexible electronics,275 etc., in light of its advantages such as low cost, 

ease of synthesis, biocompatibility, environmental stability, and high electrical conductivity.276, 277 
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However, processing PPy based structural materials for practical applications is still challenging 

because of its poor solubility in solvents and inability to direct melt processing.173 Recent studies 

suggested that CS and PPy composite structures (e.g. films, coatings, hydrogels) can be prepared 

for various applications such as anti-corrosion coating and biosensor due to the interaction and 

synergistic effect of CS and PPy.278-280 Considering the easy polymerization, hydrophobic and 

conductive nature of PPy, as well as the interaction between CS and PPy, it is anticipated that CNP 

can be endowed with enhanced water resistance and electrical conductivity by introducing CS and 

PPy at the same time. 

In Chapter 2, we demonstrated the low-cost preparation of CNFs from an industrial waste material, 

paper mill sludge, through a sustainable and efficient approach involving formic acid hydrolysis 

pretreatment and the followed microfluidization.252 The as-prepared CNFs could be used to 

fabricate strong and transparent CNP via a simple vacuum filtration method. However, the 

obtained CNP shows inferior mechanical strength in high-humidity environment. In order to 

address this weakness and endow it with other functionalities, this project is aimed to provide a 

versatile and sustainable methodology to functionalize CNP with CS and PPy. As illustrated in 

Fig. 4-1, CNP is firstly immersed in CS solution and the CS functionalized CNP (CNP/CS) can be 

obtained after drying. Afterwards, CNP/CS/PPy is prepared by in situ polymerization of PPy 

within the CNP/CS. Compared with the original CNP, CNP/CS/PPy exhibits significant 

improvement on water resistance and new features of conductivity and antibacterial activity. This 

work will provide a facile and sustainable strategy to functionalize CNP and widen its potential 

applications.  
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Figure 4-1. Schematic process flow diagram for the functionalization of CNP including the CS 

impregnation, and polymerization of PPy. The corresponding reaction schemes show the hydrogen 

bonding between CNFs and CS, and interaction between CS and PPy, respectively.  

4.2 Experimental section 

4.2.1 Materials 

CNFs aqueous suspension with a concentration of 1.0 wt.% was prepared from paper mill sludge 

according to our previous work.252 Chitosan with deacetylation degree of 85% and molecular 

weight of 310-375 kDa was purchased from Sigma-Aldrich, USA. Pyrrole monomer was 

purchased from Tokyo Chemical Industry. Ammonium persulfate (APS) was purchased from Alfa 

Aesar, USA. Acetate acid and sodium hydroxide were purchased from VWR, USA. 

Staphylococcus aureus (S. aureus ATCC 6538, gram-positive) and Escherichia coli (E. coli 
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O157:H7 ATCC 43895, gram-negative) were provided by American Type Culture Collection, 

Rockville, MD. All the reagents were used as received. 

4.2.2 Preparation of CNP  

CNP samples were prepared following the procedure reported in our previous work.202 Briefly, 40 

mL of the CNFs suspension (1.0 wt.%) were diluted with 160 mL deionized (DI) water. The diluted 

CNFs suspension was further mixed uniformly using magnetic stirring for 2 hours. Afterwards, 

the mixed CNFs suspension was poured into a filtration setup with a polypropylene (PP) filter 

membrane (diameter = 100 mm, pore size = 0.45 μm). After filtration, the obtained wet CNP was 

covered with another PP filter membrane and dried at 105 ºC for 2 h using a hot plate.  

4.2.3 Impregnation of CS into CNP 

Firstly, 1.5 wt.% CS solution was prepared by dissolving CS powder in 2 % (v/v) acetic acid 

aqueous solution. Then, CNP was soaked in the as-prepared CS solution at room temperature for 

1 h. Afterwards, the CS impregnated CNP (CNP/CS) was dried on a glass plate under ambient 

condition for 12 h. The dried CNP/CS samples were further immersed in 0.1 mol/L NaOH aqueous 

solution at room temperature for 1 h to neutralize the residual acetic acid. Finally, the CNP/CS 

samples were thoroughly washed with DI water and air dried. The impregnation process was 

repeated twice, and the CS weight gain was 18.75 ± 1.47%. 

4.2.4 Polymerization of PPy 

Firstly, 0.5 mL of pyrrole monomer were added into 25 mL of DI water and mixed by magnetic 

stirring at room temperature for 30 min. Then, the CNP/CS sample was immersed into this mixture 



119 

 

under ambient condition for 1 h to swell the CNP/CS and absorb pyrrole monomer. During this 

process, the container was tightly covered with plastic film to avoid evaporation loss of pyrrole. 

Afterwards, 10 mL of 5.8 wt.% APS aqueous solution was directly added into the mixture to 

initiate the polymerization. The polymerization of PPy was carried out at room temperature for 1 

h. Finally, the CNP/CS/PPy samples were rinsed with copious amount of DI water and air dried. 

For comparison, CNP/PPy was prepared from pure CNP following the same polymerization 

process. 

4.2.5 Characterizations 

4.2.5.1 Fourier transform infrared spectroscopy (FTIR) 

FTIR spectra of samples were collected on a Thermo Nicolet 6700 FTIR spectrometer equipped 

with diamond ATR accessory and OMNIC 7.3 software. The spectra were recorded in the 

wavenumber range from 4000 to 500 cm−1 at a resolution of 4 cm−1.  

4.2.5.2 X-ray photoelectron spectroscopy (XPS) 

XPS spectra of samples were collected on a photoelectron spectrometer (EscaLab Xi+, Thermo 

Fisher Scientific) using non-monochromatized Al Kα radiation (1486.6 eV) under the vacuum 

pressure of 8 × 10−10 Pa. The C1s spectrum (284.8 eV) was used to calibrate the binding energy 

scale for all the samples. 

4.2.5.3 Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) 

The surface and cross-section morphology and elemental compositions of samples were examined 

by using a field emission scanning electron microscope (FESEM, Apreo FE) at 1.0 kV.  
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4.2.5.4 Water contact angle 

Static water contact angle of samples was measured on a contact angle goniometer (Rame-Hart 

model 200) at room temperature. The contact angle was determined immediately after the water 

droplets placed on the film surface. Three measurements were performed for each sample and the 

averaged value was reported. 

4.2.5.5 Water uptake ratio 

Water uptake ratio was measured by calculating the weight change of samples before and after 

immersion in DI water at room temperature. Briefly, the samples were cut into strips and the strips 

were transferred to a vacuum oven at 60 ºC for 24 h to eliminate any moisture. Afterwards, the 

strips were immediately weighted separately, and the weight of each of strips was noted as M0. 

Then, the strips were immersed in DI water for 30 min. After that, the strips were weighted after 

removing any free water by using a blotting paper, and the weight of each of strips was noted as 

M1. Finally, the water uptake ratio was calculated by the Equation (3), as follows: 

𝑊𝑎𝑡𝑒𝑟 𝑢𝑝𝑡𝑎𝑘𝑒 𝑟𝑎𝑡𝑖𝑜 =  
𝑀1−𝑀0

𝑀0
× 100%                           (3) 

4.2.5.6 Tensile test 

Dry and wet mechanical properties of the samples was evaluated by an Instron 4465 universal 

testing machine following the TAPPI standard method (TAPPI T497 and TAPPI T456). The 

samples were cut into 1 cm × 5 cm strips and placed at the conditions of 50% RH and 23 °C for at 

least 24 h before testing. Crosshead speed was set at 5 mm/min and the initial distance between 
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the two clamps was set to 20 mm. The results were reported as a mean value averaged from five 

measurements for each sample. 

4.2.5.7 Antimicrobial efficacy test 

The antimicrobial efficacy of pure CNP and functionalized CNP samples against gram-positive S. 

aureus ATCC 6538 and gram-negative E. coli O157:H7 ATCC 43895 strains was evaluated 

following the AATCC Test Method100-2400 with a slight modification. A single colony of each 

bacterium was transferred into 15 mL of Trypticase soy broth and incubated at 37 °C for 16 h. The 

culture was washed twice with Butterfield's phosphate buffer by centrifugation and was re-

suspended in the same buffer. Bacterial population was estimated by the absorbance at O.D. 640 nm 

and the inoculum with the designated population was prepared. Prior to the antibacterial test, the 

samples were cut into 1 inch × 1 inch specimens. Firstly, a pair of the specimens were placed on a 

sterile plate. Then, an aliquot of 25 µL of the inoculum was added onto the center of one of the 

specimens, and the other specimen was overlaid on the previous specimen to ensure complete 

contact with the inoculated bacteria. After contacting for 5, 10, and 30 min, the specimens were 

immediately immersed in 5 mL of sterile 0.01 N sodium thiosulfate solution to quench the residual 

chlorine. Afterwards, the mixture was vortexed vigorously for 2 min to detach survived bacteria 

from the specimens. After vortexing, the liquid part for each sample was tenfold serial diluted and 

each dilution was plated on a Trypticase soy agar plate, respectively. Finally, all the plates were 

incubated at 37 ºC for 48 h and bacterial colonies were enumerated and recorded for antimicrobial 

efficacy analysis. 

4.2.5.8 Sheet resistance and conductivity measurement 
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The sheet resistance of the CNP/PPy and CNP/CS/PPy was examined according to the van der 

Pauw four-point probe technique using a digital multimeter (RIGOL DM3068). The sample was 

cut into square specimens (1.3 × 1.3 cm2). The four corners of each of specimens were coated with 

silver paint to ensure good electrical contacts. Afterwards, the four probes were contacted on the 

four corners of the specimen and the resistance (R) was recorded. The sheet resistance (Rs) was 

calculated based on the Equation (2),281 as follows: 

𝑅𝑠 =  
𝜋𝑅

𝑙𝑛2
≈ 4.53𝑅                          (2)                                    

Further, the conductivity (ρ) can be calculated from Equation (3), as follows: 

𝜌 =  
1

𝑅𝑠 × 𝑡
                                 (3)                                    

where t is the thickness of the specimen. Three independent determinations were carried out and 

the averaged value was reported.   

4.2.5.9 Electromagnetic interference shielding measurement 

The electromagnetic interference (EMI) shielding performance of the CNP/CS, CNP/PPy, and 

CNP/CS/PPy was evaluated by a vector network analyzer (N5244A, Agilent, USA) using the 

waveguide method in the frequency range of 8-12 GHz (X bands). The total EMI shielding 

effectiveness (SET), microwave reflection (SER), microwave absorption (SEA) were calculated 

from the following equations: 

𝑆𝐸𝑇 = 𝑆𝐸𝑅 + 𝑆𝐸𝐴 + 𝑆𝐸𝑀                       (4) 

𝑆𝐸𝑇 = −10 log(|𝑆21|2)                          (5) 
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𝑆𝐸𝑅 = −10 log(1 − |𝑆11|2)                   (6) 

𝑆𝐸𝐴 = −10 log (
|𝑆21|2

1−|𝑆11|2)                       (7) 

where S11 and S21 are scattering parameters, SEM is the microwave multiple internal reflection, 

which can be negligible when SET >10 dB.282 

4.3 Results and discussion 

4.3.1 Chemical and structural characterization 

The chemical structure of pure CNP and functionalized CNP samples was investigated by FTIR 

and XPS. As shown in Fig. 4-2a, the peaks at 3335, 2918, 1645, 1429, 1161, 1105, and 897 cm−1 

in the spectrum of pure CNP are assigned to the characteristic peaks of cellulose Iβ,112, 251 and the 

band at 1717 cm−1 is attributed to the C=O stretching from ester groups, which are consistent with 

the results reported in our previous study.252 After introducing CS, the typical bands of CS appear 

in the FTIR spectrum of CNP/CS. Among them, the strong band in the range of 3286 and 3353 

cm−1 corresponds to the N-H and O-H stretching, and the peaks at 2920 and 2854 cm−1 are 

attributed to the C-H symmetric and asymmetric stretching, respectively.253 The band at 1647 cm−1 

corresponds to the C=O stretching of amide I, and the band at 1316 cm−1 is assigned to C-N 

stretching of amide III, both of which confirm the presence of residual N-acetyl groups. The peak 

at 1574 cm−1 is caused by the N-H bending of the primary amine. The peaks at 1420 and 1376 

cm−1 are attributed to CH2 bending and CH3 symmetrical deformations, respectively. The band at 

1152 cm−1 corresponds to the asymmetric stretching of C-O-C bridge.254, 255 In addition, compared 

to the XPS spectrum of pure CNP, a stronger C 1s peak and a new N 1s peak appear in the XPS 
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spectrum of CNP/CS, indicating the introduction of CS coating on the CNP surface. For the 

CNP/PPy sample, the characteristic peaks of PPy can be observed in the FTIR spectrum. The peaks 

at 1540 cm−1 and 1461 cm−1 are attributed to the C=C and C-N stretching vibrations of pyrrole 

ring, respectively.173 The bands at 1286 cm−1, 1162 cm−1, and 1030 cm−1 correspond to the C-H 

in-plane vibrations of pyrrole ring.283  

 

Figure 4-2. FTIR spectra (a) and XPS spectra (b) of pure CNP and functionalized CNP samples. 

As indicated in Fig. 4-2b, a new N 1s peak and two new S 2s and S 2p core level peaks can be 

observed in the XPS spectrum of CNP/PPy, suggesting the presence of PPy on the surface of pure 

CNP. It should be noted that the S element comes from the SO4
2− counterions on the PPy backbone, 

which are generated from APS during the oxidation process.284 From Fig. 4-2a, it can be seen that 

the bands in the spectrum of CNP/CS/PPy are nearly parallel with the bands in the spectrum of 

CNP/PPy, indicating the formation of PPy within the CS coating. It should be noted that the peak 

at 1030 cm−1 for CNP/PPy was shifted to a lower wavenumber for the CNP/CS/PPy, suggesting 

the existence of interaction between PPy and CS, as illustrated in Fig. 4-1.279, 280 Moreover, 
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compared with the XPS spectrum of CNP/CS, a stronger N 1s peak and two new S 2s and S 2p 

core level peaks can be observed in the XPS spectrum of CNP/CS/PPy, which further confirms the 

introduction of PPy in the CS coating. 

The surface and cross-section morphology of pure CNP and functionalized CNP samples were 

further examined by SEM. As shown in Fig. 4-3a, the randomly entangled CNFs can be clearly 

observed on the surface of pure CNP. The cross-section of pure CNP displays a lamellar structure 

with notable gaps between layers. After introducing CS, the surface of CNP/CS becomes much 

smoother due to the compact structure of CS coating (Fig. 4-3b). Intriguingly, the cross-section of 

CNP/CS exhibits a much denser interlayer structure, since most of the voids between CNFs are 

filled with CS. This result indicates that the CS can not only retain on the surface of pure CNP, but 

also penetrate into the interior lamellar structure of the pure CNP. As shown in Fig. 4-3c, numerous 

PPy granular aggregates can be observed on the surface of CNP/PPy, which completely covered 

the network structure of pure CNP. Moreover, the CNP/PPy displays similar cross-section 

morphology to the pure CNP with slightly expanded interior lamellar structure. This phenomenon 

is probably caused by the swelling of the CNP structure during polymerization process and the 

generated PPy enlarged the distance among CNFs. As displayed in Fig. 4-3d, the surface of 

CNP/CS/PPy becomes rougher than that of CNP/CS after introducing PPy, and the PPy granules 

can be clearly seen on the surface. Moreover, the interlayer structure of CNP/CS/PPy is obviously 

expanded when compared to that of the CNP/CS. By comparing Fig. 4-3c and Fig. 4-3d, it can be 

clearly seen that the PPy granules on the surface of CNP/CS/PPy are more uniform than that on 

the CNP/CS surface. Also, the CNP/CS/PPy shows smoother surface morphology and denser 

interlayer structure than CNP/PPy. It is expected that the CNP/CS/PPy will offer a higher electrical 

conductivity and better mechanical properties. Finally, we performed EDS characterization on the 
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CNP/CS/PPy sample. As shown in Fig. 4-4, the EDS result indicates the presence of S element in 

the interlayer structure of CNP/CS/PPy, indicating that PPy could be introduced not only within 

the CS coating, but also within the interlayers of the CNP/CS. 

 

Figure 4-3. SEM surface and cross-section images of pure CNP (a), CNP/CS (b), CNP/PPy (c), 

and CNP/CS/PPy (d). 
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Figure 4-4. EDS spectrum of CNP/CS/PPy cross section. 

4.3.2. Mechanical properties and water resistance 

As indicated in Fig. 4-5a, the introduction of CS significantly improved the mechanical properties 

of pure CNP in the dry state. This result can be explained by the following two reasons: 1) the 

CNP got swelled in the CS solution during the impregnation process, which allowed the CS to 

penetrate into the small voids among CNFs. As verified in the SEM images, these small voids 

were filled up upon drying, which could fix the interstitial defects of CNP; 2) As shown in the 

reaction scheme of CNFs and CS in Fig. 4-1, the introduction of CS within the CNP could interact 

with CNFs through hydrogen bonding, covalent bonding, and electrostatic interaction.200 These 

extra and abundant bonds or interactions are beneficial to more mechanically stable structure of 

the obtained CNP/CS under tension. By contrast, the CNP/PPy sample shows a decreased 

mechanical strength, which is mainly due to that fact that the PPy could disrupt part of the 

hydrogen bonds among CNFs.285 The slightly expanded interlayer structure of CNP/PPy in Fig. 4-

3 supports this speculation. Compared with the CNP/CS, an obvious decrease in dry tensile 

strength of CNP/CS/PPy was observed in Fig. 4-5a. This phenomenon is probably due to the 

introduction of PPy could interrupt the strong hydrogen bonds between CS and CNFs. Also, as 
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indicated in the SEM images, the introduction of PPy could destroy the compact structure of 

CNP/CS to some extent, resulting in a slightly loose structure.  

Fig. 4-5b displays the strain-stress curves of pure CNP and functionalized CNP under the wet 

state. It can be clearly seen that the tensile strength of pure CNP remarkably decreased from 106.32 

MPa (dry state) to around 7 MPa (wet state). The poor wet strength of pure CNP is mainly due to 

the hydrophilic surface of CNFs and the presence of numerous small voids within the self-

assembled structure. The water molecule can severely interrupt the interfibrillar hydrogen bond 

among CNFs, leading to the swelling of CNP and a significant drop in mechanical strength.145 In 

contrast, the CNP/CS shows more than 6-fold higher wet mechanical strength than the pure CNP, 

which is mainly attributed to the synergetic action of the chemical and physical interactions 

between CNFs and CS, and the mending effect on the interstitial defects of pure CNP.200 

Interestingly, although the CNP/PPy shows inferior dry mechanical strength when compared to 

the pure CNP, obvious enhancement in wet strength can be observed in Fig. 4-5b. This 

phenomenon is probably due to the introduction of water-resistant PPy, which could reduce the 

possibility of CNP interior structure being wetted by water molecules.230 Notably, the 

CNP/CS/PPy exhibits the highest wet mechanical strength (80.13 MPa) among all the samples. 

The enhanced wet strength is mainly attributed to the compact structure and surface 

hydrophobicity derived from the synergy between CS and PPy, which could alleviate the 

penetration of water into the structure and protect most of the chemical bonds from the interruption 

by water molecules.230 Intriguingly, the inset photograph in Fig. 4-5b demonstrates that a 

CNP/CS/PPy strip with the thickness of 63 µm and width of 1 cm could lift up a 500 g weight in 

water, indicating excellent water resistance and high wet tensile strength. 
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Figure 4-5. Strain-stress curves of pure CNP and functionalized CNP samples at dry state (a) and 

wet state (b), the inset photograph showing that the CNP/CS/PPy strip (63 μm thick and 1 cm 

wide) could lift up a 500 g weight in water. (c) Water contact angles of pure CNP and 

functionalized CNP samples. (d) Water uptake ratio of pure CNP and functionalized CNP samples. 
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Figure 4-6. Photographs showing the surface wettability of pure CNP (a), CNP/CS (b), CNP/ PPy 

(c), CNP/CS/PPy (d), and the corresponding images of the samples under small tension after 

wetting (e-h). 
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Figure 4-7. Photograph showing the stability of pure CNP (a), CNP/CS (b), CNP/PPy (c), and 

CNP/CS/PPy (d) in the water after probe ultrasonication at a high-power input (500 watts) for 10 

min. 

In order to understand the mechanism of the enhanced water resistance and wet tensile strength, 

water contact angle measurements were carried out to investigate the surface wettability of pure 

CNP and functionalized CNP samples, water uptake ratio was examined as well. As shown in Fig. 

4-5c, the pure CNP has a relatively low contact angle of 55.3° due to the hydrophilic nature of 

CNFs, which results in the highest water uptake ratio of 96.1%. Correspondingly, Figs. 4-6 (a, e) 

vividly display that the pure CNP rapidly absorbed the water and crimped, and it got broken very 

easily under a small tension. After impregnating with CS, the contact angle of CNP/CS 

dramatically increased to 82.4°, and the water uptake ratio decreased to 64.5%, which is mainly 

due to the increased surface hydrophobicity and the more compact structure. As shown in Figs. 4-

6 (b, f), although the CNP/CS strip got bended after absorbing water, the wetted CNP/CS strip 

could still withstand certain tension. Moreover, the CNP/PPy sample exhibits a slightly higher 

contact angle and a lower water uptake ratio than CNP/CS because of the good water resistance of 

PPy.230 Figs. 4-6 (c, g) demonstrate that the PPy layer allows less water to penetrate into the strip, 
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and the strip keeps its original shape under a small tension. Remarkably, the CNP/CS/PPy shows 

the highest contact angle of 99.8° and the lowest water uptake ratio (43.6%), suggesting a 

hydrophobic surface (> 90°) and excellent water resistance. As indicated in Figs. 4-6 (d, h), water 

drops can be hardly retained on the CNP/CS/PPy surface when rinsing with water. This 

phenomenon is mainly attributed to the hydrophobic surface of CNP/CS/PPy. Moreover, Fig. 4-7 

displays the stability of pure CNP and functionalized CNP samples in water after probe 

ultrasonication at a high-power input (500 watts) for 10 min. It can be clear seen that the CNP/CS, 

CNP/PPy, and CNP/CS/PPy strips could retain their original shape without dissociation of any CS 

or PPy, while the pure CNP almost completely disintegrated into many fragments. This 

phenomenon again proves that the water resistance of CNP can be significantly improved by 

introducing CS/PPy. 

4.3.3 Antibacterial efficacy 

The antibacterial performance of pure CNP and functionalized CNP samples were evaluated 

against S. aureus and E. coli, and the results are summarized in Fig. 4-8. For the pure CNP sample, 

within 30 min of contact around 66.50% and 56.44% bacterial reductions were observed towards 

S. aureus and E. coli, respectively. The bacterial reduction is mainly due to the fact that pure CNP 

easily swelled and disintegrated into fragments during the vortexing process because of its poor 

water resistance, and part of bacterial could adhere onto these porous fragments. Similar result was 

reported in our previous study.244 After introducing CS, the biocidal activity against S. aureus and 

E. coli was significantly enhanced with the bacterial reduction of 97.32% and 78.22%, 

respectively. This result is mainly attributed to the modest antibacterial activity of CS, which is 

well documented in the literature.242 Moreover, the CNP/PPy shows quite good antibacterial 
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property towards S. aureus and E. coli, with the bacterial reductions of 95.74% and 92.34%, 

respectively. The biocidal action is mainly attributed to the positive charges on the PPy backbone, 

which has been proved in the previous work.277, 286 Interestingly, due to the synergy of CS and 

PPy, the CNP/CS/PPy exhibited enhanced antibacterial activity with the bacterial reductions of 

99.28% and 95.59% towards S. aureus and E. coli, respectively. This result is comparable with or 

even better than some previous results reported in the literatures.247, 277 Considering its excellent 

mechanical strength, water resistance, and good antibacterial property, the CNP/CS/PPy can be 

potentially used in the biomedical filed for practical purposes. 

 

Figure 4-8. Biocidal results of pure CNP and functionalized CNP samples against S. aureus (a) 

and E. coli (b) with the contact time of 30 min. 

4.3.4 Conductivity and EMI shielding performance 

The conductivity of the CNP/PPy and CNP/CS/PPy was examined through the four-point probe 

measurement. Results indicate the CNP/CS/PPy shows a higher electrical conductivity of 6.5 S 

cm-1 than that (1.8 S cm-1) of the CNP/PPy. This result is probably due to the fact that the CS 

coating could provide a smooth surface for interaction with pyrrole monomers and oligomers 
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through hydrogen bonding (see the reaction scheme in Fig. 4-1), thus resulting in a smoother and 

more uniform PPy coating, as indicated in the SEM images (Fig. 4-3d). Similar results were 

observed for PPy/PVA-CNP in the previous study.230 As shown in Fig. 4-9, when a CNP/CS/PPy 

strip was connected into a circuit, the LED could be lighted on even at the bent and twisting states 

of the strip, indicating excellent conductivity and flexibility. Fig. 4-10a presents the comparison 

of the CNP/CS/PPy with other conducting polymer and cellulose based composite films in terms 

of conductivity and tensile strength. It can be clearly seen that the CNP/CS/PPy fabricated in this 

work shows both superior conductivity and mechanical strength than most of the reported values 

in the literature. In light of the high conductivity, good flexibility, high mechanical strength, water 

resistance and antibacterial ability, the as-prepared CNP/CS/PPy may find applications in a variety 

of high-tech fields such as medical packaging, electronic packaging, EMI shielding, etc. 

 

Figure 4-9. Photographs showing the good electrical conductivity of the CNP/CS/PPy at flat, bent, 

and twisting states. 
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Figure 4-10. (a) Comparison of conductivity vs. tensile strength for the cellulose and conducting 

polymer based composite films. 1-PPy/PVA-CNP, 1-PPy/CNP, and 1-PPy/CNF,230 2-PANI/BC, 
287 3-PPy/Regenerated cellulose,288 4-PANI/BC,289 5-PANI/CNF,290 6-PPy/CNF,291 7-

PEDOT:PSS/CNF, 7-PEDOT:PSS/PPy/CNF, and 7-PPy/CNF.292 (b) Comparison of EMI 

shielding performance for cellulose and conducting polymer based composite films. 1-PPy/PVA-

CNP, 1-PPy/CNP, and 1-PPy/CNF,230 2-PANI/BC,287 3-PANI/CNF,293 4-PANI/CNF,290 5-

PPy/Lycra fabric.294 

Finally, the application of the CNP/CS/PPy for EMI shielding was demonstrated in the current 

work. As shown in Fig. 4-11a, the control sample of CNP/CS shows nearly zero shielding 

effectiveness due to the non-conductive feature, leading to easy and fast transmission of the 

electromagnetic energy through the structure. The CNP/PPy sample exhibits a moderate shielding 

effectiveness of approximately 10 dB in the X band. Notably, the CNP/CS/PPy exhibits a high 

SET around 18 dB in the X band even with a low thickness of 63 µm. This result is mainly attributed 

to the high conductivity and the unique heterostructure of the CNP/CS/PPy. In order to explore the 

shielding mechanisms of the CNP/CS/PPy, SET, SEA, and SER of the CNP/CS/PPy at 10 GHz were 

calculated. As shown in Fig. 4-11b, the contribution of SEA to the SET is significantly higher than 

SER. This observation can be explained by the heterostructure of the CNP/CS/PPy.  
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Figure 4- 11. (a) EMI shielding performances of CNP/CS, CNP/PPy, and CNP/CS/PPy samples. 

(b) The comparison of SET, SEA, and SER of the CNP/CS/PPy at 10 GHz. (c-f) Photographs 

demonstrating the realistic application of the CNP/CS/PPy: disconnecting when the phone was 

placed in an iron box (c), connecting when the iron cover with a square hole (d), connecting when 

the hole was covered with CNP/CS (e), and disconnecting when the hole was covered with 

CNP/CS/PPy (f). 

As illustrated in Fig. 4-12, the CS/PPy serves as the continuously conductive matrix while the 

CNFs act as insulating nanofillers, eventually constructing a unique heterostructure. It is well 

documented that the construction of heterostructure could facilitate microwave absorption due to 

the multiple reflections within the heterostructure.295, 296 Specifically, when the incident 

microwaves strike the CNP/CS/PPy heterostructure, a small part of the microwaves could be 

immediately reflected by the external highly conductive and compact CS/PPy layer. The remaining 

microwaves would reflect at the interface between CNFs and CS/PPy due to the big difference in 

conductivity and dielectric constant of CNFs and CS/PPy, and these multiple reflections impart 

the heterostructure with superior absorption capability.297 As a consequence, the incident 
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electromagnetic power can be effectively dissipated and attenuated. Moreover, a communication 

shielding demonstration was performed to illustrate the EMI shielding performance of the 

CNP/CS/PPy.  

As shown in Figs. 4-11c and 4-11d, when a mobile phone was placed into an iron box completely 

covered with an iron cover, it cannot be connected with another one. While the phone can be 

smoothly connected by another one when the iron cover with a square hole, since the 

electromagnetic waves was able to leak through the hole. As indicated in Fig. 4-11e, when the hole 

was tightly covered with the control sample (CNP/CS), the connection was still observed due to 

the poor shielding effectiveness of CNP/CS. As expected, the connection was totally blocked when 

the hole was covered by the CNP/CS/PPy (Fig. 4-11f). Lastly, a comparison of EMI shielding 

performance for cellulose and conducting polymer based composite films was conducted, and the 

results are summarized in Fig. 4-10b. It can be clearly seen that the CNP/CS/PPy prepared in this 

work exhibits high shielding performance, which is better than most previous work. Considering 

the advantages of high shielding performance, high mechanical strength, light weight, excellent 

flexibility, as well as the facile and cost-effective preparation strategy, the obtained CNP/CS/PPy 

can be potentially used as sustainable EMI shielding materials for commercial applications, 

especially for wearable electronics, aviation and mobile devices. 
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Figure 4-12. Schematic illustration of the EMI shielding mechanism of the CNP/CS/PPy.  

4.4 Conclusion 

In conclusion, we prepared CNP from a waste material (paper mill sludge) through a sustainable 

process and demonstrated a facile and versatile approach to functionalize the CNP for achieving 

multifunctional properties including superior water resistance, electrical conductivity, and 

antibacterial ability. In the first step, CNP/CS was obtained by a simple impregnation process. 

Then, PPy was introduced into the CNP/CS through an in-situ polymerization route, resulting in 

the multifunctional CNP/CS/PPy. It was found that the obtained CNP/CS/PPy with a hydrophobic 

surface (water contact angle > 99°) exhibited excellent water resistance. Compared with the pure 

CNP, the CNP/CS/PPy exhibits significantly enhanced mechanical strength with 30% and 1048% 
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increment at dry and wet conditions, respectively. Due to the synergy of CS and PPy, the 

CNP/CS/PPy shows good antibacterial property towards both gram-positive and gram-negative 

bacteria, i.e., 99.28% bacterial reduction for S. aureus and 95.59% bacterial reduction for E. coli. 

Intriguingly, the CNP/CS/PPy exhibits high electrical conductivity (6.5 S cm-1), which can be used 

as sustainable EMI shielding materials with a high shielding performance (around 18 dB at a 

thickness of 63 µm). As a whole, this work provides a facile and sustainable strategy for the 

functionalization of CNP, which holds great promise for large-scale production of multifunctional 

CNP from renewable sources. The functionalized CNP may find applications in a variety of high-

tech fields.
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Chapter 5 Highly flexible, mechanically strong, and conductive 

PEDOT:PSS/cellulose nanofibrils nanopaper electrodes for flexible 

supercapacitors 

5.1 Introduction 

For the past few years, portable and wearable electronic devices have witnessed remarkable growth 

with the rapid development of artificial intelligence and flexible electronic technologies.298 

Flexible supercapacitors have emerged as promising power supply for various wearable devices, 

in light of their advantages of wearable characteristics, reliable safety, high power density, long 

cycling life, etc.299, 300 To date, a variety of active materials including carbon nanomaterials (e.g., 

graphene, carbon nanotubes), transition metal oxides (e.g., MnO2, MoO3), and conducting 

polymers (e.g., polyaniline, polypyrrole) have been used for the design and fabrication of flexible 

supercapacitor electrodes.301-304 However, most of these active materials lack of the ability to form 

mechanically stable freestanding films. Thus, many efforts have been made to develop substrate-

supported flexible electrodes, in which paper, textile, yarn, and various polymeric films have been 

used as the flexible substrates.299 Nevertheless, these substrates account for a large portion of 

weight of the device yet without contributing to the capacitance, leading to a low specific 

capacitance based on the weight of the whole device. Therefore, it is of critical importance to 

develop freestanding electrodes with robust mechanical flexibility, high specific capacitance, 

excellent cycling stability for the fabrication of high-performance flexible supercapacitors.  

As a polythiophene derivative, poly (3,4-ethylenedioxythiphoenes) (PEDOT) has attracted a great 

deal of attention in both academic research and industrial applications due to its higher 

conductivity, better stability in ambient conditions, and easier processability than other conducting 
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polymers such as polyaniline and polypyrrole.305 Nevertheless, PEDOT is insoluble in water and 

most of organic solvents, which limits its practical application. Thanks to the efforts of researchers, 

an important breakthrough was realized by introducing a water-soluble polymeric counter-ions 

namely polystyrene sulfonate (PSS) onto PEDOT backbone.306 The resultant PEDOT:PSS could 

be well dispersed in aqueous and some organic media, which enabled good solution processability. 

In light of the high conductivity, excellent optical/electrical properties, and easy processability, 

PEDOT:PSS has been widely used in the fields of flexible displays, organic light emitting diodes, 

solar cells and energy storage devices etc.305, 307 Several studies have demonstrated the fabrication 

of flexible supercapacitors by using PEDOT:PSS coatings or thin films as electrodes.308, 309 

Although PEDOT:PSS thin film exhibits good flexibility, the self-standing film with a large 

thickness (e.g., > 30 μm) is prone to crack and shows inferior mechanical strength, due to the lack 

of ability to form stable chemical bonds and its inability to form entangled networks. In order to 

realize its practical application, developing suitable processing strategies for the formation of 

mechanically robust and flexible PEDOT:PSS bulk film is highly desired.  

Cellulose nanofibrils (CNFs) have emerged as promising nanomaterials with great application 

potential in diverse fields, in light of their outstanding physiochemical properties such as superior 

mechanical strength, large specific surface area, high aspect ratio, tunable surface chemistry, along 

with renewability and biodegradability.80, 269 Due to the presence of abundant hydroxyl groups on 

the surface and the semi-crystalline structure, CNF exhibit remarkable tendency to form 

mechanically stable nanostructures (e.g., films, foams) by self-assembly processes such as 

filtration, casting, and freeze-drying.228 Thus, CNFs have been widely used as building blocks to 

be compounded with various active materials for the preparation of flexible electrodes for 

supercapacitors. Recently, several attempts have been made to fabricate PEDOT-based flexible 
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electrodes by using CNFs as building blocks. For example, Wang et al.310 reported the fabrication 

of PEDOT/CNF nanopaper using solution-based reactions. The obtained PEDOT/CNF nanopaper 

can be directly used as the electrodes for symmetric supercapacitors, which exhibited a high 

specific capacitance (e.g., 920 mF/cm2) and excellent cycling stability. However, the PEDOT/CNF 

nanopaper showed inferior mechanical strength (only 2.0 MPa). Ko et al.311 demonstrated the 

preparation of highly conductive PEDOT:PSS/CNF nanopaper by vacuum filtration of commercial 

PEDOT:PSS and CNF dispersion mixtures and post-treatment with organic solvents. Although the 

obtained PEDOT:PSS/CNF nanopaper showed excellent flexibility and high conductivity, it 

exhibited quite low specific capacitance, i.e., only 25 F/g at 0.1 A/g. In addition, the high cost of 

commercial PEDOT:PSS may be the major barrier for its practical application for supercapacitors. 

Therefore, it is still challenging to inexpensively manufacture mechanically strong and highly 

conductive PEDOT:PSS/CNF nanopaper electrodes for high-performance supercapacitors. 

In Chapter 2, we developed a sustainable and economically feasible approach for the preparation 

of CNF from paper mill sludge (PMS), which is around 100 times cheaper than the CNF produced 

by commonly used TEMPO oxidation pretreatment plus mechanical fibrillation.252 This project is 

aimed to investigate the feasibility of using the PMS-derived CNF as building blocks for the 

fabrication of PEDOT:PSS based flexible electrodes. Instead of using commercial PEDOT:PSS, 

we implement a facile and low-cost strategy for the fabrication of mechanically strong and 

conductive PEDOT:PSS/CNF nanopaper (denoted as PEDOT:PSS/CNP) by an in situ 

polymerization process. As shown in Fig. 5-1, PEDOT:PSS was firstly polymerized from EDOT 

monomers with the presence of CNF as building blocks, resulting in the well-dispersed 

PEDOT:PSS/CNF aqueous suspension. Afterwards, strong and flexible PEDOT:PSS/CNP was 

produced from the PEDOT:PSS/CNF suspension by a simple vacuum filtration process. It is well 
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documented that the presence of extra PSS in the PEDOT polymer backbone is detrimental to the 

electrical conductivity and electrochemical performance of the PEDOT.312 In order to remove 

excess PSS, the PEDOT:PSS/CNP was further treated with DMSO. Finally, the as-prepared 

PEDOT:PSS/CNP was used as the flexible electrodes for supercapacitors, and the electrochemical 

properties of the assembled supercapacitors were systematically studied. 

 

Figure 5-1. Schematic illustration of the preparation of PEDOT:PSS/CNF and the fabrication of 

PEDOT:PSS/CNP. 

5.2 Experimental section 

5.2.1 Materials 

CNF aqueous suspension with a concentration of 1.0 wt.% was produced from paper mill sludge 

following the procedure reported in our previous work.252 EDOT monomer and PSS (18 wt.%) 

were purchased from Sigma-Aldrich, USA. Sodium persulfate (Na2S2O8) was purchased from Alfa 

Aesar, USA. Sulfuric acid, anhydrous ferric chloride (FeCl3), and dimethylsulfoxide (DMSO) 
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were purchased from VWR, USA. 

5.2.2 Preparation of PEDOT:PSS/CNF  

PEDOT:PSS/CNF samples with different loading of PEDOT:PSS were prepared following the 

procedure reported in the previous work with a slight modification. Firstly, 30 mL of CNF 

suspension (1.0 wt.%) was diluted to a total volume of 60 mL with DI water. Then, EDOT 

monomer, PSS with specified amounts (Table 5-1) were added in the CNF suspension. The 

mixture was mixed by magnetic stirring (300 rpm) for 10 min. Afterwards, desired amount of 

Na2S2O8 and FeCl3 were added into the mixture to initiate the polymerization. The reaction was 

carried out at room temperature for 16 h with magnetic stirring at 300 rpm. Upon completion, the 

mixture was centrifuged at 6000 rpm for 3 min to seperate the solid part (PEDOT:PSS/CNF) and 

reaction media. Then, the PEDOT:PSS/CNF was washed with water/methanol (1:1 v/v) twice to 

remove the unreacted EDOT. The PEDOT:PSS/CNF was further washed with DI water for several 

times. Finally, the PEDOT:PSS/CNF was diluted with DI water to a total volume of 200 mL. 

Table 5-1. Reactant composition in the preparation of PEDOT:PSS/CNF. 

Samples 

CNF 

(g) 

EDOT 

(mL) 

PSS 

(g) 

Na2S2O8 

(g) 

FeCl3 

(mg) 

Weight ratio of 

PEDOT:PSS (%) 

PEDOT:PSS/CNF-1 0.3 0.05 0.0612 0.136 0.34 8.5 ± 0.6 

PEDOT:PSS/CNF-2 0.3 0.10 0.1224 0.272 0.68 19.4 ± 1.7 

PEDOT:PSS/CNF-3 0.3 0.15 0.1836 0.408 1.02 38.6 ± 2.1 

PEDOT:PSS/CNF-4 0.3 0.20 0.2448 0.544 1.36 53.5 ± 2.3 

PEDOT:PSS/CNF-5 0.3 0.25 0.3060 0.680 1.70 62.5 ± 3.6 
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Note: the density of EDOT is around 1.36 g/cm3. 

5.2.3 Preparation of PEDOT:PSS/CNP 

The diluted PEDOT:PSS/CNF suspension was sonicated with a probe ultrasonicator at a power 

input of 500 watts for 5 min. After sonication, the PEDOT:PSS/CNF suspension was used to 

fabricate PEDOT:PSS/CNP by vacuum filtration using a polypropylene filter membrane (diameter 

of 10 cm, pore size of 0.45 μm). Then, the obtained wet PEDOT:PSS/CNP was placed between 

two filter membranes and dried at 105 °C for 2 h to remove the moisture. 

5.2.4 DMSO treatment of PEDOT:PSS/CNP  

In order to remove the excess PSS, the PEDOT:PSS/CNP was further treated by DMSO following 

a previously reported procedure with a slight modification.313 Briefly, the PEDOT:PSS/CNP was 

immersed in DMSO at 80 °C for 1 h. Then, the PEDOT:PSS/CNP was carefully picked up, and 

excess DMSO was absorbed by using a blotting paper. Finally, the PEDOT:PSS/CNP was placed 

between two filter membranes and dried at 160 °C for 30 min to remove residual DMSO. 

5.2.5 Tensile test 

The mechanical properties of PEDOT:PSS/CNP samples were evaluated by an Instron 4465 

universal testing machine following the TAPPI standard method (TAPPI T497). The samples were 

cut into 1 cm × 5 cm strips for all the measurements. The gauge length was adjusted to 20 mm, 

and the crosshead speed was set at 5 mm/min. Three measurements were carried out for each 

sample and the averaged value was reported. 
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5.2.6 Sheet resistance and conductivity measurement 

The sheet resistance of the PEDOT:PSS/CNP samples were examined according to the van der 

Pauw four-point probe technique using a digital multimeter (RIGOL DM3068). Before test, the 

sample was cut into square specimens (1.5 × 1.5 cm2), and four corners of the specimen were 

coated with silver paint to ensure good electrical contacts. Then, the four probes were contacted 

on the four corners of the specimen and the resistance (R) was recorded. The sheet resistance (Rs) 

was calculated based on the Equation (1),281 as follows: 

𝑅𝑠 =  
𝜋𝑅

𝑙𝑛2
≈ 4.53𝑅                          (1)                     

Further, the conductivity (ρ) can be calculated from Equation (2), as follows: 

𝜌 =  
1

𝑅𝑠 × 𝑡
                                        (2)                                    

where t is the thickness of the specimen. Three independent determinations were carried out and 

the averaged value was reported. 

5.2.7 Materials characterization 

Fourier transform infrared spectroscopy (FTIR) spectra of samples were recorded on a Thermo 

Nicolet 6700 FTIR spectrometer from 4000 to 500 cm−1 at a resolution of 4 cm−1. XPS spectra of 

PEDOT:PSS/CNP samples before and after DMSO treatment were collected on a photoelectron 

spectrometer (EscaLab Xi+, Thermo Fisher Scientific) with a non-monochromatized Al Kα 

radiation (1486.6 eV) under the vacuum pressure of 8 × 10−10 Pa. A field emission scanning 

electron microscope (FESEM, Apreo FE) coupled with an energy dispersive X-ray spectroscope 
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(EDS) was used to examine the surface and cross-section morphology and elemental compositions 

of samples. The morphology of CNF and PEDOT:PSS/CNF samples was observed on a high-

resolution transmission electron microscopy (HRTEM, JEM-2100) operated at an acceleration 

voltage of 200 kV. The elemental mappings of PEDOT:PSS/CNF were obtained using a scanning 

transmission electron microscope with a high-angle annular darkfield (HAADF) detector 

(HITACHI S-5500). 

5.2.8 Electrochemical measurements 

The electrochemical measurements were conducted on a CHI 660E electrochemical workstation 

(CHI, USA) using 1.0 M H2SO4 as the electrolyte. As shown in Fig. 5-2, two configurations were 

used to evaluate the electrochemical performance of the as prepared PEDOT:PSS/CNP. The 

electrochemical properties of the PEDOT:PSS/CNP before and after DMSO treatment was firstly 

examined in a three-electrode system, the specimen with a dimension of 1 cm × 1 cm × 70 μm was 

directly used as working electrode with the platinum (Pt) mesh as current collector. Pt mesh and 

Ag/AgCl with 3 M KCl were used as the counter electrode and reference electrode, respectively. 

Cyclic voltammetry (CV) measurements were performed within a potential range of 0 V-0.8 V at 

the scan rate of 50 mV s-1. Electrochemical impedance spectroscopy (EIS) measurements were 

recorded within the frequency range from 100 kHz to 0.01 Hz by applying an amplitude AC 

voltage of 5 mV. 
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Figure 5-2. Two different configurations of the electrochemical measurement.  

Furthermore, a symmetrical supercapacitor device was assembled by using two piece of DMSO-

treated PEDOT:PSS/CNP (dimension of each electrode: 1 cm × 1 cm × 70 μm) as both positive 

and negative electrodes with polypropylene membrane (absorbed with 1.0 M H2SO4) as separator. 

The electrochemical performance of the assembled device was evaluated in a two-electrode mode. 

CV measurements were performed within a potential range of 0 V to 1.0 V with varying scan rate 

ranges from 2 to 500 mV s-1. Galvanostatic charge-discharge (GCD) measurements were 

conducted within a potential window of 0 to 1.0 V with different current density. Moreover, EIS 

measurements were performed using the same parameters as mentioned in the three-electrode 

system. 

The cell capacitance (Ccell) of the symmetric device was determined from the CV curves in the 

two-electrode configuration by using the following equation:  

𝐶𝑐𝑒𝑙𝑙 =
∫ I𝑑𝑉

𝑣𝐴ΔV
                                          (3) 



149 

 

Where I is the voltammetric discharge current (mA), υ is the scan rate (mV s-1), A is the total aera 

of the two electrodes of the device (2 cm2), ΔV is the potential window (1 V). 

The specific capacitance (Csp) of a single electrode can be derived from the cell capacitance, as 

follows 314: 

𝐶𝑠𝑝 = 4𝐶𝑐𝑒𝑙𝑙                                         (4) 

The energy density (E) and power density (P) can be calculated by the following equations 315: 

E =
𝐶𝑐𝑒𝑙𝑙×𝛥𝑉2

2×3600
 (𝑊ℎ 𝑐𝑚−2)                   (5) 

P =
3.6×𝐸×𝑣

𝛥𝑉
  (𝑊 𝑐𝑚−2)                      (6) 

Where Ccell (F cm−2), ΔV (1 V), and υ (mV s-1) are as described above. 

5.3 Results and discussion 

5.3.1 Mechanical property 

Fig. 5-3 shows the strain-stress curves of PEDOT:PSS/CNP samples with different PEDOT:PSS 

loading and the control sample (pure CNP). It can be clearly seen that the mechanical strength 

decreased with the increasing ratio of PEDOT:PSS, since the strength is mainly attributed to the 

hydrogen bonding among the CNF. The more PEDOT:PSS coated on the surface of CNF, the more 

severely hinder the formation of hydrogen bonding. Nevertheless, the PEDOT:PSS-/CNP (53.5%) 

still exhibited relatively high tensile strength over 70 MPa. As demonstrated in the photograph, a 

PEDOT:PSS/CNP (53.5%) strip with a width of around 8 mm and a thickness of 70 µm is able to 
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lift up an autoclave with a weight about 2 kg. This excellent mechanical strength will promote its 

potential for the practical applications. 

 

Figure 5-3. (a) Strain-stress curves of the pure CNP (0%) and PEDOT:PSS/CNP with different 

PEDOT:PSS loading (8.5%-62.5%). (b) Photograph showing the dimension of the 

PEDOT:PSS/CNP (53.5%) strip, which could lift up an autoclave with a weight of 2 kg. The tensile 

strength (c) and Young’s modulus (d) of pure CNP and PEDOT:PSS/CNP samples. 

5.3.2 Conductivity 

As shown in Fig. 5-4a, with the increasing loading of PEDOT:PSS, the conductivity of the 

PEDOT:PSS/CNP remarkably increased by several orders of magnitude. More importantly, 
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significant enhancement in the conductivity was observed after DMSO treatment. The maximum 

conductivity of 126.21 S/cm was achieved for the PEDOT:PSS/CNP (62.5%). However, as 

indicated in Fig. 5-3, the PEDOT:PSS/CNP (62.5%) shows inferior mechanical strength, which 

may limit its practical application. Notably, the PEDOT:PSS/CNP (53.5%) still exhibits relatively 

superior conductivity of 66.67 S/cm. This value is higher than most of the results of conducting 

polymer and CNF based nanocomposite films reported in the literature, such as PEDOT:PSS/CNF 

(2.58 S/cm),292 PEDOT:PSS/PPy/CNF (10.55 S/cm),292 PPy/CNF (0.26 S/cm),230 

PEDOT:PSS/CNF (45 S/cm).316 Considering the superior conductivity and high mechanical 

strength, the DMSO treated PEDOT:PSS/CNP (53.5%) sample is considered as the optimal sample 

in this work. Without further specification, PEDOT:PSS/CNF and PEDOT:PSS/CNP will be 

directly used in the following sections, in which the weight ratio of PEDOT:PSS is 53.5%.  

It should be noted that the conductivity of the PEDOT:PSS/CNP sample was increased from 4.02 

S/cm to 66.67 S/cm after DMSO treatment, indicating more than 16-fold increment. This 

enhancement can be explained by the fact that DMSO can dissolve part of the excess PSS shell to 

release the conductive PEDOT.317 As illustrated in Fig. 5-4d, the PEDOT:PSS appears like a core-

shell structure before DMSO treatment, including PEDOT-rich core and PSS-rich shell. There are 

weak hydrogen bonding reactions among the PSS shells, which limit the charge transfer. Upon 

DMSO treatment, the excess PSS shells can be removed because the strong hydrogen bonding 

between PSS and DMSO which facilitates the removal of PSS from the PEDOT:PSS complex. 

Eventually, continuous PEDOT-rich chains can be formed to provide continuous pathways for the 

charge carriers.318 Furthermore, Figs. 5-4b and 5-4c demonstrates that a LED can be lighted when 

the PEDOT:PSS/CNP strip was connected into a circuit even at the twisting state, suggesting its 

excellent conductivity and flexibility. 
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Figure 5-4. (a) Comparison of conductivity of PEDOT:PSS/CNP samples without and with 

DMSO treatment. Photographs showing the good electrical conductivity of the DMSO treated 

PEDOT:PSS/CNP at flat (b) and twisting (c) states. (d) Schematic illustration of the PEDOT:PSS 

before and after DMSO treatment. 

5.3.3 Materials characterization 

The chemical structure of the obtained PEDOT:PSS/CNF and PEDOT:PSS/CNP samples was 

firstly investigated by FTIR. As shown in Fig. 5-5a, the bands at 3335, 2918, 1645, 1429, 1161, 

1105, and 897 cm−1 in the spectrum of pure CNF are the characteristic peaks of cellulose Iβ, and 
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the peak at 1717 cm−1 is attributed to the C=O stretching from ester groups on the CNF.252 In the 

spectrum of pure PEDOT:PSS, the typical bands of PEDOT:PSS can be observed. Among them, 

the strong band at 3353 cm−1 corresponds to the O-H stretching, and the peaks at 2920 and 2854 

cm−1 are attributed to the C-H symmetric and asymmetric stretching, respectively.319 The band at 

1645 cm−1 corresponds to the C=C bonds of the thiophene ring, and the band at 1120 is assigned 

to the SO3H group of PSS.320 The bands near 1514 and 1321 cm−1 are assigned to the C=C 

asymmetric stretching and C–C inter-ring stretching, respectively.321 The bands at 1182 and 1086 

cm−1 correspond to the C–O–C bending vibrations in the ethylenedioxy group, while the peaks at 

980, 828, and 674 cm−1 are assigned to the C–S–C stretching vibrations in the thiophene ring.321-

323 As shown in the spectrum of PEDOT:PSS/CNF, mixed peaks either from CNF or PEDOT:PSS 

can be observed. For example, the peak at 980 cm−1 comes from the PEDOT:PSS, while the peak 

at 1062 cm−1 contributed by CNF. This result indicates the formation of a composite between CNF 

and PEDOT:PSS after in situ polymerization. After DMSO treatment, the peaks in the spectrum 

of DMSO-treated PEDOT:PSS/CNF are nearly parallel with the bands in the spectrum of 

PEDOT:PSS/CNF. However, it is difficult to examine the chemical structure change of 

PEDOT:PSS/CNF before and after DMSO treatment. Only a notable difference in the peak 

intensity at 2920 cm−1 can be observed, which is probably due to the removal of extra PSS after 

DMSO treatment.  



154 

 

 

Figure 5-5. (a) FTIR spectra of pure CNF, pure PEDOT:PSS, PEDOT:PSS/CNF, and DMSO 

treated PEDOT:PSS/CNF. (b) XPS survey spectra of PEDOT:PSS/CNP samples with and without 

DMSO treatment. (c) XPS (S 2p) spectra of PEDOT:PSS/CNP samples with and without DMSO 

treatment. 

In order to further elucidate the mechanism of DMSO treatment, XPS analysis of the 

PEDOT:PSS/CNP with and without DMSO treatment was carried out. Fig. 5-5b displays the XPS 

survey spectra of PEDOT:PSS/CNP before and after DMSO treatment. It can be clearly seen that 

both the S 2p and S 2s core level peaks become smaller after DMSO treatment. By integrating the 

XPS peaks, elemental composition was further calculated. Results indicated that the S element in 

the PEDOT:PSS/CNP reduced from 9.5% to 5.4% after DMSO treatment, indicating the extra PSS 

was removed during the DMSO treatment process. Moreover, two peaks at around 167.2 eV and 

163.2 eV in the XPS (S 2p) spectra of PEDOT:PSS/CNP samples before and after DMSO 

treatment (Fig. 5-5c) can be observed, which correspond to the sulfur signals from PSS and 
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PEDOT, respectively.324 By comparing the normalized peak intensity, it can be concluded that the 

excess PSS was successfully removed after DMSO treatment. 

 

Figure 5-6. TEM images of CNF (a), PEDOT:PSS (b), and PEDOT:PSS/CNF (c). HAADF-STEM 

image of PEDOT:PSS/CNF and the corresponding elemental mappings of C and S (d-f). 

The morphology of CNF, PEDOT:PSS, and the PEDOT:PSS/CNF was examined by TEM 

analysis. As shown in Fig. 5-6a, the CNF shows fiber structure with the average diameter of around 

24 nm, and the length more than 1 µm. From Fig. 5-6b, it can be seen that the PEDOT:PSS exhibits 

aggregate particle morphology. Fig. 5-6c displays a mixture of CNF and PEDOT:PSS, in which 

the PEDOT:PSS aggregate particles coated on the CNF. Moreover, Figs. 5-6 (d-f) show the 

HAADF-STEM image of the PEDOT:PSS/CNF and the corresponding elemental mappings of C 

and S. It can be clearly seen that the CNF has been uniformly coated with PEDOT:PSS. 
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Figure 5-7. SEM surface and cross-section images of pure CNP (a), PEDOT:PSS/CNP (b), and 

DMSO-treated PEDOT:PSS/CNP (c); EDS spectra of PEDOT:PSS/CNP (d) and DMSO-treated 

PEDOT:PSS/CNP (e). 

The surface and cross-section morphology of the pure CNP and PEDOT:PSS/CNP with and 

without DMSO treatment was further characterized by SEM. As shown in Fig. 6a, randomly 

entangled CNFs can be observed on the surface of pure CNP. Also, the pure CNP exhibits a 
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lamellar cross-section structure with notable gaps between layers, which is mainly due to the rigid 

structure and the broad diameter distribution of the CNF. Interestingly, the PEDOT:PSS/CNP 

shows smoother surface and denser interlayer structure, which is probably due to the voids between 

CNFs are filled with PEDOT:PSS. As indicated in Fig. 6c, a lot of small holes appeared on the 

surface of the PEDOT:PSS/CNP after DMSO treatment, and the interior lamellar structure become 

slightly rough. This phenomenon is probably due to removal of extra PSS upon DMSO treatment, 

and similar results have been reported in the previous study.311 

5.3.4 Electrochemical characterization 

The electrochemical performance of PEDOT:PSS/CNP with and without DMSO treatment was 

firstly examined in a three-electrode system. As indicted in Fig. 5-8a, the DMSO treated sample 

shows a quasi-rectangular shape, while the distorted leaf-shaped CV curve can be observed for the 

untreated sample. It is well-known that the more likely rectangular shape of the CV curve, the 

better supercapacitive performance of the electrode materials. Also, the area enclosed within the 

CV curves is proportional to the capacitance. Obviously, the DMSO treated PEDOT:PSS/CNP 

sample shows better electrochemical performance and higher specific capacitance than the 

untreated counterpart. 
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Figure 5-8. Comparison of CV curves (a) and Nyquist impedance plots (b) of the 

PEDOT:PSS/CNP with and without DMSO treatment. 

Moreover, EIS was further performed to investigate the electrochemical behavior of the electrodes, 

and the Nyquist plots are shown in Fig. 5-8b. Both the Nyquist plots show similar shape with 

quasi-semicircular parts at high frequency region and near-vertical linear parts at low frequency 

region. The intercept of the semicircle on the x-axis represents equivalent series resistance (ESR) 

that originates from the total internal resistance of the cell, and the semicircle diameter reflects the 

charge-transfer resistance (Rct). As indicated in Fig. 5-8b, the DMSO treated sample shows a 

smaller ESR (1.02 Ω) than that (2.55 Ω) of the untreated sample, which is in line with the 

conductivity results (Fig. 5-4a). Moreover, the DMSO treated sample exhibits a low Rct of around 

2.5 Ω, which is much lower than that (7.2 Ω) of the untreated sample. This result indicates the 

DMSO treatment enables the fast faradaic charge transfer process of the electrode, which accounts 

for the enhanced electrochemical performance of the DMSO treated PEDOT:PSS/CNP sample. 
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Figure 5-9. Schematic illustration of the PEDOT:PSS/CNP supercapacitor device (a). CV curves 

at different scan rate (b, c), GCD curves at different current density (d), and specific capacitance 

based on area and volume (e), and mass (f) of the assembled supercapacitor. 

Based on the results obtained in the three-electrode system, it can be concluded that the DMSO 

treated PEDOT:PSS/CNP sample exhibits significantly enhanced electrochemical performance 

than its untreated counterpart. As illustrated in Fig. 5-9a, the DMSO treated PEDOT:PSS/CNP 

(simplified as PEDOT:PSS/CNP in the following sections) was directly used as both the positive 

and negative electrodes to assemble a real supercapacitor device, polypropylene membrane 

(absorbed with 1.0 M H2SO4) and Pt mesh served as separator and current collector, respectively. 

The electrochemical performance of the assembled PEDOT:PSS/CNP supercapacitor device was 

examined following the two-electrode configuration. Figs. 5-9b and 5-9c show the CV curves of 

the assembled device at different scan rates from 2 to 500 mV/s with the potential range of 0-1.0 

V. At lower scan rates than 100 mV/s, all of the CV curves show symmetrical quasi-rectangular 

shapes without obvious redox peaks, indicating that over the whole CV range, the charge and 
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discharge process of the electrodes are at a pseudo-constant rate.325 As the scan rate increases from 

100 mV/s to 500 mV/s, the CV curves deviated from quasi-rectangular like shapes to distorted leaf 

shapes. This phenomenon is mainly due to the polarization of the electrodes.326 More specifically, 

at a very high scan rate, the diffusion rate of electrolyte from the solid/liquid interface to the active 

site of electrode material cannot match the rate of the electrochemical reaction of electrode 

materials which leads to the electrolyte enriched at the solid/liquid interface and the polarization 

occurred.173  

As show in Fig. 5-9d, the GCD curves of the device at different current densities ranging from 0.5 

mA/cm2 to 20 mA/cm2 were collected. It can be clear seen that all of the GCD curves exhibit 

symmetrical triangular shapes, which indicates the good charge-discharge reversibility of the 

electrodes. Moreover, negligible internal resistance drop can be observed for all the GCD curves, 

suggesting a low ESR of the assembled device. Finally, the specific capacitance based on mass, 

area, and volume of the electrode material was calculated, respectively, and the results are 

summarized in Figs. 5-9e and 5-9f. Moreover, the areal specific capacitance and volumetric 

specific capacitance were calculated to be 888.7 mF/cm2 and 111.1 F/cm3 at 2 mV/s, respectively, 

which are higher than most of the previous reported values. As we can see from Fig. 5-9f, a high 

specific capacitance of 166.1 F/g can be obtained at a scan rate of 2 mV/s based on the active 

material (PEDOT:PSS). Even based on the total weight of the PEDOT:PSS/CNP, a relatively high 

specific capacitance of 88.9 F/g can be achieved. Notably, around 62% capacitance retention was 

observed when the scan rate increase from 2 mV/s to 500 mV/s, indicating that the device shows 

excellent rate performance. 
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Figure 5-10. (a) CV curves (at 50 mV/s) of the device at different bending angle. (b) Nyquist plot 

of the device, the inset shows the magnified Nyquist plot at high frequency region. (c) Cycling 

stability of the device at a current density of 10 mA/cm2, the inset displays the GCD curves of the 

initial 5 cycles and the last 5 cycles. (d) CV curves (at 50 mV/s) of 1 device, 2 devices in series 

connection, and 3 devices in series connection. (e) GCD curves (at 5 mA/cm2) of 1 device, 2 

devices in series connection, and 3 devices in series connection. (f) The photograph showing that 

3 devices in series connection could light a LED lamp. 

As indicate in Fig. 5-10a, the assembled supercapacitor showed good flexibility, which was able 

to work under deformation, even up to 180, with negligible change of the CV curve. Fig. 5-10b 

shows the Nyquist plot of the device, which is similar to that obtained in the three-electrode system. 

This result indicates that the assembled device also exhibited low ESR and charge-transfer 

resistance. Moreover, the near-vertical line at the low frequency region suggests excellent 

capacitive behavior of the device.327 As indicated in Fig. 5-10c, the device exhibited remarkable 

cycling stability with the capacitance retention of 95.8% after 10,000 charge/discharge cycles at a 

current density of 10 mA/cm2. In order to demonstrate the practical application potential of the 

PEDOT:PSS/CNP supercapacitor device, the energy storage performance was further investigated 
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by connecting multiple devices in series. As shown in Fig. 5-10d, the tandem devices exhibited 

stepwise increasing operating voltage from 1.0 V for a single device, 2.0 V for two, and 3.0 V for 

three without changing the quasi-rectangular shape of the CV curves. Similarly, the galvanostatic 

voltages linearly increased with the increasing number of devices being connected in series (Fig. 

5-10e). Also, the GCD curves retained their original symmetrical triangular shapes perfectly with 

negligible internal resistance drop, even at a high voltage of 3.0 V. Fig. 5-10f demonstrates that 3 

devices connected in series were able to provide enough charge to light a LED lamp, suggesting 

its attractive practical application. 

 

Figure 5-11. Ragone plots the symmetrical PEDOT:PSS/CNP supercapacitor device based on area 

(a) and volume (b) in comparison with other reported results.  

Finally, the Ragone plots (energy density vs. power density) of the device based on area and 

volume are shown in Figs. 10a and 10b, respectively. The supercapacitor can deliver an energy 

density of 30.86 μWh/cm2 at a power density of 0.22 mW/cm2 and it still maintains an energy 

density of 15.71 μWh/cm2 at a power density of 28.27 mW/cm2, which are among the highest 

values reported for PEDOT:PSS based supercapacitors. Also, it can offer the highest volumetric 
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energy density of 4.41 mWh/cm3 at a power density of 31.74 mW/cm3, which is comparable with 

or even higher than the previously reported results for PEDOT:PSS based supercapacitors. 

5.4 Conclusion 

In summary, we demonstrated a facile and low-cost strategy for the fabrication of mechanically 

strong and conductive PEDOT:PSS/CNP by using PMS-derived CNF as building blocks. The 

optimized PEDOT:PSS/CNP exhibited excellent flexibility, high mechanical strength (70 MPa) 

and high electrical conductivity (66.67 S/cm), which can be directly used as flexible electrodes for 

supercapacitors. It was found that the assembled PEDOT:PSS/CNP supercapacitor device 

exhibited a high areal specific capacitance (888.7 mF cm-2 at 2 mV/s) and excellent rate property 

(around 62% capacitance retention as the scan rate increased from 2 mV/s to 500 mV/s). Notably, 

the device showed high energy density and power density, i.e., the highest energy density of 30.86 

μWh/cm2 (corresponding to 4.41 mWh/cm3) at a power density of 0.22 mW/cm2 (corresponding 

to 31.74 mW/cm3), which surpass most of pure PEDOT based supercapacitors and are even 

comparable with some PEDOT based composite supercapacitors. More importantly, the 

PEDOT:PSS/CNP device exhibited excellent cycling stability with 95.8% capacitance retention 

after 10,000 cycles. Thus, the PEDOT:PSS/CNP could be promising electrode materials for 

flexible supercapacitors. This work may open up new opportunities for large-scale production of 

flexible energy storage devices from renewable and sustainable bioresources.
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Chapter 6 Conclusions and future work 

In summary, this dissertation established the valorization of PMS into CNFs and their 

multifunctional nanocomposites. Firstly, a facile and sustainable approach by FA hydrolysis 

pretreatment and the followed microfluidization was established in the first project to efficiently 

convert PMS into surface functionalized CNFs. Mechanically strong CNP can be further fabricated 

from the PMS-derived CNFs through a simple vacuum filtration approach. It should be noted that 

the CNP exhibits inferior mechanical strength at high-humidity environment due to the hydrophilic 

nature of cellulose, which significantly impedes its practical application. Therefore, we developed 

two facile and versatile approaches to functionalize CNP for achieving multifunctional properties 

including water resistance, antibacterial ability, improved barrier performance, and electric 

conductivity in the second and third projects. In the last project, the feasibility of using the PMS-

derived CNF as building blocks for the fabrication of mechanically strong and conductive 

PEDOT:PSS based flexible electrodes was investigated. In the following sections, the main 

findings and the future work of each project will be summarized separately.  

In the first project, we demonstrated a sustainable approach to efficiently convert PMS to CNFs 

by FA hydrolysis pretreatment and the followed microfluidization. It is found that FA hydrolysis 

(4-6 h) could swell and shorten PMS fibers, and only two-pass microfluidization is sufficient to 

get uniform CNFs from the collected cellulose residual. Results indicate that the obtained CNFs 

show high thermal stability and crystallinity index, surface functionality (ester groups), as well as 

a high yield of over 75 wt.%. Notably, more than 90% FA can be recovered through distillation, 

and the hydrolyzed sugars could be potentially used to produce platform chemicals (e.g., lactic 

acid, furfural). More importantly, the chemical cost for FA hydrolysis is only 2.6 USD/kg CNFs, 
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about 86 times lower than that for TEMPO oxidation. Finally, transparent CNP was prepared from 

the CNFs suspension via a simple vacuum filtration technique. The resultant CNP showed good 

mechanical properties with the maximum tensile strength and toughness of 106.4 MPa and 6.62 

MJ/m3, respectively. Therefore, the first project provides a green and sustainable method to 

valorize PMS for the production of valuable CNFs and CNP. 

Future study can focus on establishing optimized process conditions of FA hydrolysis pretreatment 

to produce CNF with optimized yield and tunable physiochemical properties (e.g., aspect ratio, 

degree of substitution of ester groups, degree of polymerization, crystallinity, thermal stability). 

Regarding the presence of ester groups on the CNFs surface, it would be interesting to the 

feasibility of the surface functionalized CNFs as nanofillers for polymeric matrices (e.g., PLA). 

During the FA hydrolysis pretreatment process, most of the hemicellulose and the disordered 

regions of cellulose can be hydrolyzed to carbohydrates (e.g., glucose, xylose), the purification of 

these sugars or further conversion of these carbohydrates into platform chemicals (e.g., lactic acid) 

is worth to be investigated.  Last but not least, this strategy would be applicable to other agro-

industrial wastes. For example, the FA hydrolysis could be directly applied to pretreat wood 

sawdust to produce lignin-containing CNFs. 

In the second project, a facile and sustainable approach was established to functionalize the PMS-

derived CNP by impregnation of CS and the followed halogenation. It was found that the tensile 

strength of the functionalized CNP (CNP/CS-Cl) was enhanced by 38.3% and 512.6% at dry and 

wet conditions, respectively. Meanwhile, the total transmittance (at 550 nm) of CNP/CS-Cl was 

increased from 75% of pure CNP to 85%, with 35% decrease in optical haze. Moreover, the 

CNP/CS-Cl exhibited significant enhancement in barrier properties. Importantly, part of the amino 
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groups on CS were transformed into N-halamines during the halogenation process, which endowed 

the CNP/CS-Cl with excellent antibacterial performance against both S. aureus and E. coli with 

100% bacterial reduction after 10 min of contact. Thus, this project provides a simple and efficient 

approach to functionalize CNP with water resistance, high transparency, excellent antibacterial 

and barrier properties, which will expand the potential applications of CNP, for example as 

advanced packaging materials. 

For the future study, the interaction mechanism between CNFs and CS can be further elucidated 

by using advanced characterization techniques and molecular dynamics simulations. The 

processing approaches and parameters significantly affect the structure and mechanical properties 

of the produced CNP and CNP/CS. The CNP quality (e.g., surface smoothness, wrinkles, 

transparency) can be further controlled and optimized by studying different processing approaches 

and parameters. Moreover, the current impregnation process can be potentially extended to the 

roll-to-roll coating process, which will be more efficient towards large-scale production of CS 

functionalized CNP. 

In the third project, we further introduced hydrophobic and electrically conductive PPy into the 

CNP/CS through a facile in situ polymerization approach. Results indicate that the obtained 

CNP/CS/PPy showed excellent water resistance with the wet tensile strength up to 80 MPa, which 

was more than 10 times higher than that of the pure CNP. Intriguingly, new features (e.g., electrical 

conductivity, antibacterial ability) can be achieved at the same time. The functionalized 

CNP/CS/PPy exhibited a high conductivity of 6.5 S cm-1, which can be used for EMI shielding 

application with a high shielding performance around 18 dB. In addition, the CNP/CS/PPy 

exhibited good antibacterial activity towards S. aureus and E. coli, with the bacterial reductions of 
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99.28% and 95.59%, respectively. Thus, this project provides a simple and versatile approach to 

functionalize CNP for achieving multifunctional properties. 

In the future work, the EMI shielding performance of the composite films can be further enhanced 

by introducing other active materials. For example, highly conductive nanomaterials such as 

graphene, carbon nanotubes, and silver nanowires can be introduced either in the CNP preparation 

process or the CS impregnation process. In addition to the EMI shielding application, the 

CNP/CS/PPy used for some other applications such as supercapacitors and sensors can be 

explored.  

In the fourth project, the feasibility of using the PMS-derived CNFs as building blocks for the 

fabrication of PEDOT:PSS based flexible electrodes was investigated. PEDOT:PSS/CNF 

suspension was firstly prepared via a simple in situ polymerization process. Afterwards, flexible 

and conductive PEDOT:PSS/CNF nanopaper (PEDOT:PSS/CNP) were prepared from the 

PEDOT:PSS/CNF suspension by vacuum filtration and DMSO post-treatment. Results showed 

that the optimized PEDOT:PSS/CNP exhibited excellent flexibility, high tensile strength (70 

MPa), and high electrical conductivity (66.67 S/cm). Finally, a symmetric supercapacitor was 

assembled using the PEDOT:PSS/CNP as electrodes. The assembled supercapacitor could deliver 

the maximum areal specific capacitance of 888.7 mF cm-2 (corresponding to 111.1 F cm-3) and 

offer the highest areal energy density of 30.86 μWh cm-2 (corresponding to 4.41 mWh cm-3), which 

are among the highest values reported for PEDOT:PSS based supercapacitors. More importantly, 

the assembled supercapacitor showed remarkable cycling stability with the capacitance retention 

of 95.8% after 10,000 charge/discharge cycles. Considering the facile preparation process and 

excellent electrochemical performance, the PEDOT:PSS/CNP could be a promising electrode 
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material for flexible supercapacitors. 

For the future work of this project, the electrical conductivity and electrochemical properties of 

the PEDOT:PSS/CNP can be further improved by introducing highly conductive carbon 

nanomaterials such as graphene and carbon nanotubes. More insights on the molecular interaction 

between active components and CNFs in the electrode/electrolyte interface should be 

fundamentally understood in the future study. In addition, it would be interesting to make all-solid-

state supercapacitor devices by using gel or solid flexible electrolytes.   
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