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General Introduction 

With growing concern about environmental issues caused by the overexploitation of fossil 

resources, the demand for bio-based materials to replace conventional petroleum-derived products is 

steadily growing.  Cellulose, the Earth's most abundant renewable biopolymer, shows significant 

potential due to its primary role as a structural component in plant cell walls.1,2  

From a top-down perspective, cellulose fibers can be extracted from wood and then broken down 

into fibrils with progressively smaller diameters (spanning a range from approximately 20–30 μm 

down to about 2–4 nm) which are ultimately composed of ordered linear cellulose molecular chains 

(Figure 1).3-8 The recent advancements in nanotechnology have sparked significant interest in 

exploring cellulose at the nanoscale. Nanocelluloses are characterized as fibers with widths less than 

100 nm. Cellulose nanofibers (CNFs), as one group of the fine nanocelluloses, have average lengths 

exceeding 500 nm and uniform widths of approximately 3 nm.9 

 

Figure 1. The hierarchical structure of wood biomass and the properties of cellulose 

microfibrils.3 Copyright 2011 The Royal Society of Chemistry. 

 

CNFs are typically obtained by mechanical nanofabrication processes10,11 or chemical pre-

treatment12-16. Nevertheless, achieving effective dispersion of hydrophilic CNFs within hydrophobic 
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matrix polymers continues to present a considerable challenge, particularly at the level of individual 

nanofibrils. Achieving a high degree of dispersion is critical for maximizing the nanocomposite effects 

while keeping the addition levels as low as possible to ensure material efficiency and cost-effectiveness. 

The numerous hydroxyl groups on the surface of CNFs introduce further complexities, as they 

contribute to its strong hydrophilicity.17 To address these issues, it is essential to establish efficient 

surface hydrophobization procedures. These procedures should not only be simple and 

environmentally friendly but also effectively enhance the dispersion of CNFs in hydrophobic matrices. 

Furthermore, such hydrophobization processes would also improve the moisture and water resistance 

of the resulting composites, making them more suitable for applications in diverse and demanding 

environments. 

 

Figure 2. The C6 primary hydroxyl groups of cellulose can be regioselectively oxidized 

to C6 carboxylate groups through TEMPO/NaBr/NaClO oxidation in aqueous solution, under 

a pH range of 10 to 11.30 Copyright 2023 Elsevier. 
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Numerous surface hydrophobization methods have been explored, including silylation, 

esterification, and grafting.18-21 Among these, TEMPO-mediated oxidation has emerged as one of the 

most commonly employed and straightforward treatments.3,22-25 TEMPO (2,2,6,6-

tetramethylpiperidine-1-oxyl radical) is a stable nitroxyl radical that is commercially available and 

water-soluble. It facilitates the efficient and selective oxidation of alcoholic hydroxyl groups to 

aldehydes, ketones, and carboxylic acids under mild conditions. The application of the 

TEMPO/NaBr/NaClO oxidation system, set at pH 10 and room temperature, to native cellulose with 

the cellulose I crystal structure results in the oxidation of the C6 primary hydroxyl groups to C6 

carboxylate groups (Figure 2).3, 26 After slight mechanical treatments, TEMPO-oxidized cellulose 

nanofibers (TOCNs) of 3-4 nm width can be obtained.22, 23 

TOCNs exhibit excellent dispersibility in water. TOCNs can be dispersed in water as isolated 

nanofibrils. This is due to the carboxylate groups on the surface, which generate pH-dependent electric 

double layer repulsion in dispersions and enhance compatibility within the bulk phase.3,22-25 The 

carboxylate groups on TOCNs also provide places for further modification. The counterions of the 

carboxylate groups can be easily converted to various ions via ion-exchange in water.27-29 

 

Figure 3. An illustration of various scattering regimes in cellulose-based materials is 

presented, where the transition between regimes is marked by an increase in the number of air 

inclusions, leading to enhanced scattering.37 Copyright 2020 Wiley. 

 

Figure 4. Digital photograph (left) and AFM image (right) of transparent TOCN film.38 

Copyright 2008 American Chemical Society. 
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The resulting TOCN films, often referred to as “nanopaper,” 31, 32 can be prepared from the aqueous 

TOCN dispersions. In theory, paper produced from cellulose should be optically transparent, as 

cellulose itself is colorless. In reality, most types of paper, including copy paper, appear opaque. This 

phenomenon can be attributed to the porous structure of paper, which causes light scattering at the 

fiber/air interface due to the refractive index mismatch between cellulose (1.5) and air (1.0) (Figure 

3). 33, 34 To enhance optical transmission in paper, the air present in its porous structure must be 

minimized as much as possible.6 Using exceptionally fine fibers, the resulting TOCN film has 

outstanding optical transparency with low haze (Figure 4).32, 36 This result occurs because the 

individual fine nanofibers are twisted and physically entangled, creating a high-density network, as 

shown in Figure 3 left. This structure eliminates cavities, thereby preventing light scattering within 

the sheet. 

Other than its unique optical properties, The TOCN film exhibits outstanding flexibility, high 

tensile strength, and exceptional gas barrier properties under dry conditions.38-44 The TOCN film also 

has high heat resistance and can withstand continuous heating up to 150 °C. In addition, its CTE 

(coefficient of linear thermal expansion) is much lower than that of plastics, measuring 8–10 ppm/K.45 

Besides, the TOCNF film exhibits excellent solvent resistance, maintaining notable stability even after 

being immersed in various organic solvents for a day.46 These distinctive properties make TOCN film 

a promising candidate for sustainable flexible electronics like paper transistors, paper solar cells, paper 

memories, and so on (Figure 5).47-53  

 

                  

Figure 5. Left: Nanopaper-based transistors.50 Copyright 2013 Wiley; Right: Nanopaper-

based solar cells.51 Copyright 2015 2025 Springer. 

 

Despite these promising applications, the production and integration of TOCNs into advanced 

electronics presents several challenges. These challenges include the high energy and time 

requirements for dehydration and film-making processes.54,55 Once prepared from wood, the aqueous 
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TOCN dispersions contain a considerable amount of water. In order to lower transportation and storage 

expenses, it is necessary to remove large quantities of water from the TOCN dispersions. To produce 

TOCN films, a slow process such as evaporation or filtration is required. Therefore, developing 

efficient dehydration methods and preserving key film properties like transparency, and mechanical 

properties is of great importance. 

Moreover, as the growth and industrialization of various sectors have improved people's living 

standards through the invention of electronic devices, electronic waste has become a significant part 

of global solid waste management. As a major component of solid waste, E-waste contains numerous 

hazardous materials, including halogenated compounds and other toxic materials, which adversely 

impact plants, microbes, and humans.56-58  

 

Figure 6. Environmental life cycle assessment of E-waste management.59 Copyright 2023 

Elsevier.  

 

In addition to recycling, finding efficient methods to extend the lifespan of electronics is equally 

crucial for effective e-waste management (Figure 6). By improving the durability and longevity of 

electronic devices, this work can significantly reduce the amount of waste generated, thereby lessening 

the environmental impact and promoting sustainability. This approach not only conserves resources 

but also alleviates the pressure on disposal systems, making it a vital aspect of modern waste 

management strategies. Therefore, in addition to investigating various applications of sustainable 

materials for electronics, finding new approaches to protect and extend the life of electronic devices 

by using sustainable materials like TOCNs is also of great importance. 
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Purpose and Outline of This Thesis 

The primary goal of this thesis is to develop efficient fabrication techniques for nanocellulose films 

and investigate their potential applications in electronic protection. Specifically, the research focuses 

on three critical aspects: 

Development of Efficient Dehydration Methods: Investigating electrodeposition as an 

innovative technique for dehydrating TOCN dispersions and forming concentrated hydrogels. 

Optimization of Drying Processes: Examining the drying behavior of TOCN films under 

controlled humidity conditions to reduce fabrication time while maintaining optical clarity. 

Application in Electronic Devices: Evaluating the use of ion-exchanged TOCN films as 

sustainable sealing materials for copper electrodes, aimed at preventing short-circuit failure in 

electronic devices. 

The following sections provide an overview of the key themes addressed in each chapter of the 

thesis, highlighting the significance of the research contributions to the field of nanomaterials and 

electronics. 

 

Chapter 1. Electrodeposition of cellulose nanofibers as an efficient dehydration method 

One of the fundamental challenges in 

nanocellulose film fabrication lies in the 

dehydration of CNF dispersions. The 

pronounced hydrophilicity and large specific 

surface area of CNFs result in significant energy 

and time requirements during conventional 

drying processes. Various dehydration methods 

have been proposed, including evaporation, 

filtration, and centrifugation, but these methods 

often struggle to achieve efficiency and 

scalability.  

This chapter investigates electrodeposition as a novel method for dehydrating CNF dispersions. In 

this process, negatively charged TOCNs are deposited onto an anode under the influence of a direct 

current (DC) voltage, resulting in the formation of concentrated hydrogels. This approach not only 

Figure 7. Overview of the electrodeposition system.  
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enhances dehydration efficiency but also enables structural control of the resulting hydrogels. 

Furthermore, this chapter explores the preparation of transparent nanopaper from the concentrated 

CNF hydrogels, demonstrating the potential of electrodeposition as a scalable and efficient fabrication 

method for nanocellulose-based materials. 

 

Chapter 2. High-Speed Fabrication of Clear Transparent Cellulose Nanopaper by 

Applying Humidity-Controlled Multi-Stage Drying Method   

Transparent nanopaper, a renewable and optically clear material derived from nanocellulose, holds 

significant promise for applications to flexible electronics, displays, and sensors. However, 

conventional drying methods, such as evaporation, are time-intensive and limit the scalability of 

nanopaper production. This chapter delves into the drying behavior of nanocellulose dispersions, 

emphasizing the role of environmental factors such as relative humidity (RH) and temperature.  

Through systematic experimentation, the 

research demonstrates that RH exerts a more 

pronounced effect on drying time and haze 

compared to temperature. Based on these 

findings, a humidity-controlled multi-stage 

drying method is proposed to accelerate the 

fabrication process without compromising the 

optical and mechanical properties of the 

nanopaper. The proposed method represents a 

significant advancement in the high-speed 

production of transparent nanocellulose films, 

paving the way for their broader application in 

electronic devices. 

 

Figure 8. Schematic of a new 

humidity-regularized multi-stage drying 
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Chapter 3. Li counterion-exchanged TEMPO-oxidized cellulose nanofibers as a copper 

electrode seal for short-circuit failure inhibition 

Electronic devices are highly susceptible to 

short-circuit failure caused by water or moisture 

ingress. Traditionally, epoxy resins and other 

synthetic materials have been used to seal 

electrodes and protect against moisture. However, 

the shift towards sustainable materials is crucial for 

reducing the environmental impact of electronic 

manufacturing. This chapter explores the use of ion-

exchanged TOCN films as sealing materials for 

copper electrodes, aiming to prevent water-induced 

short-circuit failure.  

The research evaluates five types of ion-

exchanged TOCNs, examining their performance as 

moisture barriers and their flame resistance. The 

findings demonstrate that TOCN films not only 

effectively inhibit short-circuit failure but also exhibit excellent flame resistance, making them a viable 

alternative to conventional sealing materials. By integrating sustainable nanomaterials into electronic 

devices, this chapter highlights the potential for eco-friendly and high-performance electronics. 

 

This thesis makes several important contributions to the fields of nanomaterials science and 

electronic engineering. First, it introduces electrodeposition as an efficient and scalable method for 

dehydrating CNF dispersions, addressing a key bottleneck in the fabrication of nanocellulose films. 

Second, it develops a novel humidity-controlled drying process that significantly reduces the 

production time of transparent nanopaper while preserving its desirable properties. Finally, it 

demonstrates the feasibility of using TOCN films as sustainable sealing materials for electronic devices, 

offering a green alternative to conventional synthetic materials. 

In conclusion, this thesis lays the groundwork for developing efficient fabrication techniques for 

nanocellulose films and their application in advanced electronic protection. By bridging the gap 

between fundamental research and practical implementation, it contributes to the ongoing transition 

toward a sustainable and eco-friendly future. 

Figure 9. Schematic of TOCN sealing 

on copper electrode and water-drop test 
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Chapter 1: Electrodeposition of Cellulose Nanofibers as an Efficient 

Dehydration Method 

1.1 Introduction  

Cellulose nanofibers (CNFs) have attracted much attention as sustainable nanomaterials due to 

their excellent properties, such as mechanical strength, transparency, thermal resistance, high surface 

area, and biodegradability.1-3 Various application studies with CNFs, including films, filters, hydrogels, 

aerogels, electronic substrates, and composites, have been reported.4-11 CNFs are sustainable functional 

nanomaterials and are expected to be used as alternatives to petroleum-derived materials. In recent 

years, industrial production of CNFs has increased, especially in Japan, and CNF production facilities 

are being expanded for mass production. To achieve mass production and mass use of CNFs, it is 

important to consider the entire life cycle, including the production process and the transportation and 

storage costs. 

CNFs are typically prepared from wood pulp via aqueous fibrillation.1-3 CNF/water dispersions 

have high viscosity even at low concentrations;12 therefore, after preparation, the dispersions contain a 

large amount of water for effective fibrillation and homogenization. To reduce the transportation and 

storage costs, removal of large amounts of water from the CNF/water dispersions is necessary.13-17 

CNFs, which are hydrophilic nanofibers, have a high affinity for water and a high surface area;1-3 

therefore, the removal of water from CNF/water dispersions requires enormous amounts of energy and 

time. Various approaches have been explored for dehydration of CNF/water dispersions, including 

filtration, evaporation, osmotic concentration, freeze‒thaw cycling, and centrifugation.16, 17-22 Vacuum 

filtration is a commonly used technique for dehydration of CNF/water dispersions. However, filtration 

is very time consuming because independently dispersed CNFs, such as 2,2,6,6-tetramethylpiperidine-

1-oxylradical (TEMPO)-oxidized CNFs, form a fine network structure on the filter, preventing 

dehydration. For example, if a 0.2 wt% CNF/water dispersion was dehydrated by filtration, only 52.5% 

water was dehydrated after 24 h (Figure 1-3). Evaporation such as a cast drying method and using a 

rotary evaporator can dehydrate faster than filtration with higher energy consumption due to the heat 

of evaporation. Currently, there are two options: fast dehydration with high energy consumption (e.g., 

evaporation) or low energy consumption for a long time (e.g., filtration, osmotic dewatering). It is not 

easy to achieve both high-speed dehydration and high energy efficiency. 

Electrodeposition of nanocellulose, including CNFs, has attracted much attention in recent 

years.23-27 CNFs dispersed in water are negatively charged.2 When a DC voltage is applied to a 
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CNF/water dispersion, the CNFs are deposited on the anode by electrodeposition.23-27 The deposited 

CNFs form a hydrogel that is several times more concentrated than the dispersion due to 

electroosmosis.27-29 Electrodeposition is a potential efficient dehydration method because it does not 

require water evaporation, which generates energy losses. However, the dehydration efficiency of 

electrodeposition for independently dispersed CNF/water dispersions, which are the most difficult to 

dehydrate, is still unclear. When CNFs are deposited electrophoretically, electrochemical reactions on 

the anode surface convert the counterions of the CNFs.24-27 It has also been suggested that there may 

be inhomogeneous cross-linking between CNFs during hydrogel formation on the anode.27 

Uncontrolled orientations and cross-linking of CNFs limit their use after dehydration.13, 14 Therefore, 

the structural and chemical states of CNFs during electrodeposition should be evaluated in detail. In 

addition, it is necessary to determine reuse efficiency of the concentrated CNF hydrogels after 

electrodeposition. 

Herein, this chapter evaluated the electrodeposition of CNFs as a dehydration method. This chapter 

focused on the dehydration efficiency and the chemical and structural characteristics of the 

concentrated CNF hydrogels at the anode. In addition, a process for preparing transparent nanopapers 

from concentrated CNF hydrogels formed on an anode was investigated. 

 

1.2 Experimental Section 

1.2.1 Preparation of CNF/water dispersions 

TEMPO-oxidized cellulose pulp (carboxyl content: 1.8 mmol/g) was supplied by DKS Co., Ltd. 

The 0.5 wt% TEMPO-oxidized cellulose pulp slurry was homogenized using a high-pressure water-

jet system (HJP-25008, Sugino Machine Co., Ltd., Japan) equipped with a ball-collision chamber. The 

slurry was repeatedly passed through a small nozzle (diameter: 0.15 mm) under a pressure of 200 MPa. 

The resulting dispersion was adjusted to a concentration of 0.2 wt% for subsequent use. 

 

1.2.2. Electrodeposition 

 Two 10 × 10 × 0.5 cm graphite electrodes were placed in an acrylic cell (with a distance of 3 

cm between the electrodes), and the cell was filled with 2 L of a 0.2 wt% CNF/water dispersion. 

Voltages ranging from 1 to 10 V were applied with a source measurement unit (B2902A, Keysight 

Technologies, USA). The CNF/water dispersion maintained the ambient temperature (~25 °C) 
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throughout the entire voltage treatment. The concentration of the formed CNF hydrogel was quantified 

by drying at 110 °C. Voltages of 2.5, 5, and 10 V were required for 1, 3, and 6 h, respectively, to grow 

each hydrogel to a thickness of 5 mm. Squares (20 × 20 mm) were collected from the centers of the 

formed CNF hydrogels and used for structural characterization. Fourier Transform Infrared (FT-IR) 

spectra of CNF films prepared by drying the CNF hydrogels was obtained with an FT-IR spectrometer 

(Frontier TN, PerkinElmer Inc., USA). The cross-sections of the CNF hydrogels were observed 

through a cross-sectional polarized optical microscope (ECLIPSE LV100N POL, Nikon Corp., Japan). 

 

1.2.3 Demonstration of filtration dehydration 

 500 g of 0.2 wt% CNF/water dispersion, the same as used for electrodeposition, was used. A 

PTFE membrane filter with a pore size of 0.1 µm and a diameter of 90 mm was used. Filtration was 

performed by reducing the pressure to 0.04 MPa. The amount of dehydrated water after 1 h and 24 h 

was measured and the dehydration rate from the initial water amount was calculated. 

 

1.2.4 FE-SEM observations 

CNF aerogels were prepared by exchange of the water in the CNF hydrogels with ethanol, 

followed by supercritical drying (SYGLCP-81, JEOL Ltd., Japan). The osmium-treated cross-sections 

of the CNF aerogels were examined with field-emission scanning electron microscopy (FE-SEM S-

4800, Hitachi, Japan) at 2 kV. 

 

1.2.5 Reusability test 

CNF hydrogels prepared with a voltage of 10 V and a deposition time of 1 h were used for the 

reusability tests. For redispersion, the CNF hydrogels were simply homogenized at 8,000 rpm for 10 

min with a homogenizing mixer (MARKII Model 2.5, PRIMIX Corp., Japan) and diluted to 0.2 wt%. 

For neutralization, a 0.1 M sodium hydroxide solution was added to the redispersed CNF dispersion 

until the pH of the dispersion reached 7. The original, redispersed, and neutralized CNF/water 

dispersions were then cast-dried at 10 °C and 90% RH to prepare CNF films (film thicknesses of ~18 

µm). The total light transmittances of the CNF/water dispersions and CNF films were measured with 

a UV‒vis-NIR spectrophotometer (UV-3600 Plus, Shimadzu Corp., Japan). The hazes and total 

transmittances of the CNF films were measured with a haze meter (NDH 8000, Nihon Dempa Kogyo 
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Co., Ltd., Tokyo, Japan). The surface roughnesses were determined with a laser microscope (VK-

X3000, Keyence Corp., Japan). 

 

1.3 Results and Discussion 

1.3.1. Dehydration of CNF/water dispersions by electrodeposition 

A 0.2 wt% TEMPO-oxidized CNF/water dispersion was used as the dehydrating target. The 

graphite electrodes were placed 3 cm from each other in a CNF/water dispersion, and DC voltages 

ranging from 1 to 10 V were applied between the electrodes. The CNF hydrogels formed on the anode 

were collected, and the CNF concentrations of the hydrogels were measured (Figure 1-1 a-c). When 

1 V was applied, no CNF hydrogel formed on the anode, and the concentration of the CNF/water 

dispersion near the anode remained the same as the initial concentration (Figure 1-1 c). When 2.5–10 

V was applied, CNF hydrogels were formed on the anode (Figure 1-1 c), and the CNF concentrations 

of the CNF hydrogels increased beyond the initial concentration (0.2 wt%). When 10 V was applied 

between the electrodes, CNF hydrogels with CNF concentrations of ~1.58 wt% were formed on the 

anode after 1 h, which was approximately 8 times more concentrated than the initial concentration. 

The concentrations of the deposited CNF hydrogels increased slowly as the electrodeposition time was 

extended beyond 1 h (Figure 1-1 c). During electrodeposition, deposition of the CNFs at the anode 

and concentration via electroosmosis proceed simultaneously.24-27 Therefore, even if the 

electrodeposition time was extended, the overall concentration of the CNF hydrogel did not increase 

substantially. The CNF concentration after electrodeposition for 1 h at different voltages linearly 

increased with the rise in the applied voltage (Figure 1-2). These results suggested that repeated short-

term electrodeposition at high voltage and collection of the deposited CNF hydrogel was more 

effective than long-term electrodeposition. 
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Figure 1-1. a) Overview of the electrodeposition system. b) CNF hydrogels were formed 

on the anode by electrodeposition. c) Relationships between the applied voltages, application 

times and CNF concentrations of CNF hydrogels prepared by electrodeposition. 
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Figure 1-2. CNF concentration after electrodeposition at different voltages for 1 h 

 

1.3.2. Comparison of the dehydration energy efficiencies for evaporation and 

electrodeposition 

The energy consumed in dehydrating 1 g of water was calculated based on the amount of deposited 

CNFs, the CNF concentration and the energy consumption (Table 1-1). As a result, the energy 

consumption was ~0.0021 [Wh/g] when 10 V was applied for 1 h. The vaporization energy of water 

(~0.63 [Wh/g], @ 100 °C) was used for comparison.28 These results suggested that electrodeposition 

dehydrated the CNF/water dispersions ~300 times more efficiently than evaporation (Figure 1-4). 

When electrodeposition (@ 10 V) was used to dehydrate a 0.2 wt% CNF/water dispersion, ~87% of 

the water was removed in 1 h with high energy efficiency, making this a promising dehydration method 

for individually dispersed CNFs such as TEMPO-oxidized CNFs. 

Table 1-1. Data used to calculate dehydration efficiency by electrodeposition (@10 V, 1h) 

Hydrogel 
concentration 

[wt%] 

Hydrogel 
weight 

[g] 

CNF 
weight 

[g] 

Dehydrated 
amount 

[g] 

Consumed 
Energy 
[Wh] 

Energy 
Consumption 

[Wh/g] 
1.576 ± 0.50 49.92 ± 8.47 0.78 ± 0.24 338.37 ± 120.40 0.64 ± 0.05 0.0021 ± 0.0007 
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Figure 1-3. Demonstration of filtration dehydration of CNF/water dispersion; it is well 

known that individually dispersed CNFs, such as TEMPO-oxidized CNFs, require an 

extremely long time for filtration. 

 

Figure 1-4. Comparison of the dehydration energy consumed by evaporation and 

electrodeposition 
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1.3.3. Counterion exchange of CNFs by electrodeposition 

During electrodeposition at applied voltages of 2.5 V, 5 V and 10 V, the Na counterions (-COONa) 

of the CNFs were almost completely replaced with H (-COOH) (Figure 1-5).30, 31 Protonation of the 

carboxy groups occurred because of the low pH around the anode caused by water electrolysis.24-27 

The initial pH of the CNF/water dispersion were ~6.8. After electrodeposition at 10 V for 1 h, the pH 

of the dispersion increased to ~10.7. The pH change was caused by water electrolysis and ion-exchange 

of protons (H+) with the counter ion of carboxylate groups of CNFs (Na+). It is thought that the 

hydroxide ions (OH-) produced at the cathode became more abundant relative to protons (H+) by the 

ion-exchange, resulting in an increase in pH. In the case of electrodeposition at 2.5 V, a peak was 

observed that appeared to be from the residual sodium carboxylate groups (-COONa). This implied 

that some Na-type CNFs were not immediately converted to H-type CNFs during electrodeposition in 

the mild water electrolysis reactions. CNF hydrogels were not formed by electrodeposition at 1 V, and 

the Na counterions of the CNFs near the anode remained (Figure 1-5). It has been reported that CNF 

hydrogels were formed even at an applied voltage of 1 V when copper was used as the anode.27 In this 

study, a graphite electrode was used as the anode, and no hydrogel was formed at an applied voltage 

of 1 V. With a copper electrode, CNF hydrogel formation was possible because the CNFs were cross-

linked and fixed by the copper ions dissolved from the anode.27 On the other hand, in the case of the 

graphite anode, electrode dissolution did not occur; therefore, water electrolysis was essential for 

hydrogel formation. 
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Figure 1-5. FTIR spectra of the deposited CNFs after 1 h with different applied voltages. 

 

1.3.4. Structural effects of electrodeposition on deposited CNF hydrogels 

The structural characteristics of the deposited CNF hydrogels were then evaluated. The hydrogel 

deposited at 2.5 V had a clear appearance with no bubbles and a smooth surface (Figure 1-6 a, b). On 

the other hand, the CNF hydrogels deposited at 5 V and 10 V had translucent appearances containing 

bubbles, and the gel surfaces were not smooth (Figure 1-6 c-f). The bubbles were most likely generated 

at the anode during the water electrolysis.24-27 At an applied voltage of 2.5 V, the water electrolysis was 

milder than those at 5 V and 10 V, suggesting that the oxygen diffused into the water before the bubbles 

grew, and the bubbles did not grow to visible sizes.32 Cross-sections of the CNF hydrogels showed that 
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the interiors of the hydrogels deposited at 2.5 V tended to be uniform and oriented horizontally with 

respect to the anode surface (Figure 1-6 b; Figure 1-7). On the other hand, the internal structures of 

the hydrogels prepared at 5 V and 10 V were disordered and showed nonuniform tendencies (Figure 

1-6 d, f; Figure 1-7). There are several possibilities for the changes occurring in the CNF orientations 

and hierarchical structures with applied voltage. Bubbles in the CNF hydrogels may be one factor; 

however, there was a report that the out-of-plane CNF orientation was changed by an applied voltage 

without bubbles.27 The hierarchical structures of the CNFs in a hydrogel is an important parameter for 

several applications, such as film preparation,23, 27 and further investigation of the underlying 

mechanism is needed. 

 

Figure 1-6. CNF hydrogels formed by electrodeposition at applied voltages of a), b) 2.5 

V, c), d) 5 V, and e), f) 10 V and cross-sectional polarized optical microscopy images. 
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Figure 1-7. Cross-sections of CNF hydrogels prepared by electrodeposition at a) 2.5 V, 

b) 5 V, and c) 10 V. 

 

1.3.5. Reuse of concentrated CNF hydrogels by electrodeposition 

 Finally, the reusabilities of concentrated CNF hydrogels were investigated.  When a CNF 

hydrogel was simply diluted and homogenized (Figure 1-8 a), light transmittance of the dispersion 

was maintained at the original level (Figure 1-8 b). When large-scale CNF aggregates remained in the 

dispersion, the light transmittance of the dispersion decreased.33 This confirmed that after 

electrodeposition, the CNF hydrogel was redispersed to some extent by dilution and homogenization. 

CNF films were then prepared by drying the redispersed dispersion (Figure 1-9 a). The appearance of 

the prepared CNF film was clearly transparent (Figure 1-10). The total transmittance of the dried CNF 

film prepared by drying of the redispersed CNF/water dispersion did not decrease (Figure 1-11). 

However, the haze of the film increased, and the film became slightly translucent (Figure 1-9 b). The 

surface roughness of the CNF film was also higher than that of the original dispersion (Figure 1-9 c). 

The carboxyl groups on the surface of the deposited CNF hydrogels were protonated, and the CNFs 

formed a network structure.34 Therefore, simple dilution and homogenization of the CNF hydrogels 

may have left small CNF aggregates, resulting in the increased haze.13, 14 Neutralization was used to 

disintegrate the CNF aggregates. A 0.1 M sodium hydroxide solution was added to the CNF dispersion 

until the pH of the dispersion reached 7. As a result, the haze and surface roughness levels of the dried 

CNF films were returned to those of the original film (Figure 1-9 b, c). These results confirmed that 

the concentrated CNF hydrogel obtained by electrodeposition could be redispersed via a simple 

neutralization process. 
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Figure 1-8. a) Concentrated CNF hydrogels formed by electrodeposition were 

redispersed by a simple dilution and agitation process. b) The redispersed CNF/water 

dispersion exhibited almost the same transparency as the original dispersion. 

 

Redispersed CNF/water dispersion 
Original CNF/water dispersion 
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Figure 1-9. a) CNF film preparation from a redispersed CNF/water dispersion. b) Haze 

and c) surface roughness of the CNF films prepared from the original, redispersed, and 

neutralized CNF/water dispersions. 
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Figure 1-10. CNF films prepared from a) original, b) redispersed and c) neutralized 

CNF/water dispersions. 

 

Figure 1-11. Total light transmittances of CNF films prepared from the original, 

redispersed, and neutralized CNF/water dispersions. 

 

1.4 Conclusions 

Electrodeposition is a promising dehydration method for CNFs. For dilute CNF/water dispersions, 

dehydration by electrodeposition was much more efficient than evaporation. Interestingly, the 

hierarchical structures of the CNFs after electrodeposition varied with the applied voltage. In addition, 

the concentrated CNF hydrogels were reused with neutralization and homogenization processes, and 

clear, transparent films were prepared. In a limitation of electrodeposition, it was found that a long 

time was required to achieve a CNF/water dispersion with a concentration above 2 wt%. Further 

studies are needed to increase the concentration, such as by applying a higher voltage or changing the 
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distance between electrodes according to the degree of dehydration. In the future, the effect of the type 

of CNFs also needs to be examined. While this method is effective for highly charged and nano-sized 

CNFs, such as TEMPO-oxidized CNFs, it might have limited effect on less charged and micro-sized 

cellulose fibers, such as microfibrillated cellulose (MFCs). These results provide new insights into 

dehydration via electrodeposition and the use of electrodeposition for hierarchical control of CNF 

structures. 
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Chapter 2: High-Speed Fabrication of Clear Transparent Cellulose 

Nanopaper by Applying Humidity-Controlled Multi-Stage Drying 

Method 

2.1 Introduction  

Cellulose nanopaper is composed of only cellulose nanofibers, which are mainly generated from 

wood.1,2 The general procedure to produce cellulose nanopaper is as follows. First, the wood chips are 

purified and disintegrated into micro-sized cellulose pulp fibers, and the pulp fibers are then further 

mechanically nanofibrillated in water to obtain a cellulose nanofiber dispersion. Finally, the cellulose 

nanofiber dispersion is dried using evaporation or vacuum-filtration-assisted drying to prepare 

optically transparent cellulose nanopaper.3 The type of cellulose nanofiber dispersion is the key factor 

controlling the transparency of the cellulose nanopaper. The dispersion containing coarse nanofibers 

of microfibrillated cellulose can be dried within 12 h by heating after filtration; however, the obtained 

nanopaper will be translucent because of its low sheet density.4–6 In contrast, if the dispersion only 

contains fine nanofibers of cellulose microfibrils (2–4-nm wide) or bundles of cellulose microfibrils 

(approximately 15-nm wide), a long drying time ranging from overnight to a few days is required.1–

3,7–19 For the case in which the dispersion only contains fine nanofibers, the obtained nanopaper will 

be clear transparent with low haze.7 This outcome is achieved because the fine nanofibers are densely 

packed, resulting in the absence of cavities and thus preventing light from scattering inside the sheet.1 

Because the properties of translucent nanopaper prepared in a short drying time are equivalent to 

those of traditional opaque paper, their applications are limited to layer coatings or additives for 

traditional paper. In contrast, transparent cellulose nanopaper, which requires a long drying time, offers 

various improved properties relative to those of translucent nanopaper, traditional paper, and certain 

polymer films. These improved properties include clear transparency, surface smoothness, high 

dielectric constant, and electrical insulation.20–22 In the near future, flexible electronics will be applied 

owing to their excellent electrical and optical performance. Compared with traditional fossil-based 

materials, such as plastic films, transparent cellulose nanopaper is one of the best candidates for future 

flexible electronic substrates including solar cells, memory, transparent electrodes, sensors, and 

transistors.12,19,22–24 Although various drying processes were developed over the past few years, rapid 

drying processes do not yet meet the desired standards. For the realization of these future applications, 

an in-depth understanding of the correlation between the moisture evaporation of dispersions and the 

cellulose nanopaper microstructure is necessary. 
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The drying mechanism of transparent cellulose nanopaper from fine cellulose nanofiber 

dispersions was recently investigated. Traditionally, the two main drying routes were vacuum-

filtration-assisted drying, in which the dispersion is vacuum filtrated and the obtained wet sheet is 

heated using a hot press or oven drying,1–3,7 and evaporation drying, in which the dispersion is dropped 

onto a flat substrate and then heated via oven drying.3,8–19 Evaporation drying produces cellulose 

nanopaper with relatively superior mechanical properties, optical transparency, and gas barrier 

properties as well as high heat-transfer properties and electrical resistivity owing to the nematic-

ordered and densely packed arrangement of nanofibers.3 Although evaporation drying resulted in more 

desirable properties, it comes at the expense of drying time. Moreover, during evaporation drying, high 

humidity improves the transparency of the nanopaper; however, it also prolongs the drying time.18 

In this work, I report that the drying time of cellulose nanopaper can be reduced while maintaining 

its clear transparency by controlling the drying condition. The essential requirement for clear 

transparency is the use of a fine cellulose nanofiber dispersion. As a typical type of fine cellulose 

nanofibers of cellulose microfibrils that can be easy to disperse in water homogeneously, TEMPO 

(2,2,6,6-tetramethylpiperidine-1-oxyl radical)-oxidized cellulose nanofibers (3–5-nm wide) 25,26 were 

used as the starting materials for the transparent cellulose nanopaper. The transparent cellulose 

nanopaper was prepared using evaporation drying. During the drying process, the dispersion weight 

change was monitored to understand the evaporation mechanism. After drying, the haze and density 

of the cellulose nanopaper were measured to investigate its microstructure. On the basis of these 

findings, this chapter proposed a humidity-controlled multi-stage drying method for transparent 

cellulose nanopaper to reduce the drying time while maintaining its clear transparency. 

 

2.2 Experimental Section 

2.2.1 Preparation of Cellulose Nanofiber Dispersion 

The TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl radical)-oxidized cellulose nanofiber 

dispersion (RHEOCRYSTA I-2SX, DKS Co., Ltd., Kyoto, Japan) was used as a starting material. The 

2 wt % RHEOCRYSTA I-2SX dispersion was diluted to 0.5 wt % and then stirred for 30 min. To 

remove the nanofiber aggregations, the diluted dispersion was passed 10 times at 245 MPa through a 

high-pressure water-jet system (Star Burst, HJP-25008, Sugino Machine Co., Ltd., Toyama, Japan) 

equipped with a ball-collision chamber. The obtained 0.45 wt % dispersion was then degassed using a 

centrifugal mixer (ARV-310, Thinky Corp., Tokyo, Japan), as shown in Figure 2-1. 
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Figure 2-1. Preparation of cellulose nanofiber dispersion. 

 

2.2.2 Preparation of Cellulose Nanopaper by Evaporation Drying 

The conditioned dispersion (0.45 wt %, 22 g) was dropped evenly into a petri dish (9 cm diameter) 

silane-treated with decyltrimethoxysilane (KBM-3103, Shin-Etsu Chemical Co., Ltd., Tokyo, Japan) 

and was then dried at various temperatures (ranging from 45 °C to 85 °C) and relative humidities 

(ranging from 35% to 75%) in an environmental chamber (SH-642, ESPEC Corp., Osaka, Japan), as 

shown in Figure 2-2.  

 

Figure 2-2. Preparation of cellulose nanopaper. 

 

2.2.3 Air Flow System in a Conventional Oven 

The air flow system used in this work was a flat air nozzle (AFTCS15, MISUMI Group Inc., Tokyo, 

Japan) with 13 orifices of 9 mm diameter connected to an air compressor (PC3-5.5TL, YAEZAKI 

KŪATSU Co., Ltd., Tokyo, Japan). The system softly blew air (air flow rate: 0.4–0.5 L/min) toward 

the dispersion to remove the saturated water vapor at the water/air interface (Figure 2-3). When the 

air flow system was blowing, the RH directly above the water/air interface was reduced, thus increasing 
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the evaporation rate. 

 

Figure 2-3. The air flow system used to control humidity in a conventional oven.  

 

2.2.4 Characterization 

Observation by Field Emission Scanning Electron Microscopy  

The diluted TEMPO-oxidized cellulose nanofiber dispersion was dried first, and then was coated 

by platinum using an ion sputtering device (E-1045, Hitachi High-Tech Science Corp., Tokyo, Japan). 

The nanofibers were observed by a field-emission scanning electron microscope (FE-SEM, SU-8020, 

Hitachi High-Tech Science Corp., Tokyo, Japan). 

 

Weight Monitoring and Drying Time Determination  

After 30 min of pre-drying, the weight change of the dispersion was monitored using a balance 

(FX-300i, A&D Co., Ltd., Tokyo, Japan) that placed in the environmental chamber (SH-642, ESPEC 

Corp., Osaka, Japan) every 2 min. After the weight remained constant at approximately 0.1 g (the 

weight of the nanopaper) and stopped changing for more than 30 min, the drying procedure was 

considered complete. The end of the drying time was considered the time at which the dried weight 

changed less than 0.045%. 
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Thickness Measurement 

The thickness of the obtained nanopaper was measured by a digital thickness gauge (G2-205M, 

Ozaki Mfg Co., Ltd., Tokyo, Japan) at 10 different spots for calculating the average value. 

 

Transmittance and Haze Measurement 

Total transmittance of the obtained nanopaper was measured by a UV-vis-NIR spectrophotometer 

(UV-3600 Plus, Shimadzu Corp., Kyoto, Japan).  

The haze of the obtained nanopaper with thickness of 10±1 μm was measured by a haze meter 

(HZ-V3, Suga Test Instruments Co., Ltd., Tokyo, Japan). The haze obtained from the haze meter was 

calculated from the following equation by the machine automatically (Figure 2-4). 

𝐻𝑎𝑧𝑒 [%] = 𝑇𝑑/𝑇𝑡×100 

Td: Diffuse transmittance (%) 

Tt: Total transmittance (%) 

 

Figure 2-4. Schematic of haze meter measurement. 

 



 

40 

 

Crystallinity Index Measurement  

 X-ray diffraction (XRD) patterns were recorded using a Rigaku MiniFlex600 (Tokyo, Japan) with 

Cu–Kα radiation and a scanning angle (2θ) range of 5–40° at 40 kV voltage and 15 mA current. The 

crystallinity index of cellulose I was calculated from the (200) reflection (2θ = ca. 22.6°).14, 27 

 

Surface Roughness Measurement  

The surface roughness of the nanopaper was determined using an atomic force microscope (AFM, 

Nanocute, SII Nano Technology Inc., Chiba, Japan) in the dynamic force mode (measurement range: 

10 μm × 10 μm). 

 

Apparent Density Measurement 

The obtained nanopaper sample (∼50 mg) was placed into weighing bottle and dried under vacuum 

at 105 °C for 3 h for further density analyzing. The weight of the sample was measured by an analytical 

balance with an accuracy of ±0.03 mg for 100 g (BM-252, A&D Co., Ltd., Tokyo, Japan). 

The apparent density was analyzed using a BELPycno helium pycnometer (Bonsai Advanced 

Technologies SL., Madrid, Spain). The weight-measured nanopaper was placed into the chamber with 

a volume of 1 cm3 and exposed to a vacuum (∼0.5 kPa). Then helium gas was purged 30 times at 145 

kPa. The density was measured at 25 ± 0.1 °C when no change of over 0.06 kPa for 30 s was observed. 

The measurement was repeated until a standard deviation of less than 0.5% was achieved for 30 

consecutive measurements, and finally the average of the last five measurements was taken as the 

density of the nanopaper.28 

 

2.3 Results and Discussion 

2.3.1 Key Parameters for Fabrication Time and Haze of Cellulose Nanopaper  

Cellulose Nanopaper Dried in Extreme Temperature 

In this study, 3–5-nm wide TEMPO-oxidized cellulose nanofibers (Figure 2-5) was used for 

preparing cellulose nanopaper. When such fine nanofibers are homogeneously dispersed in water, their 

concentration is usually adjusted to less than 1 wt% because of their high viscosity. Therefore, it took 

12 h at 50 °C using evaporation drying to produce 10-µm-thick cellulose nanopaper (Figure 2-6 a). 

The simplest way to reduce the drying time is to increase the drying temperature. In the extreme case, 
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when the dispersion was heated at 110 °C, the nanopaper was produced in only 2 h. However, when 

the dispersion was heated at a temperature higher than the boiling point of water, the obtained 

nanopaper contained many air bubbles (Figure 2-6 b). From these experiments, it was apparent that 

drying above the boiling point dramatically reduced the drying time but adversely affected the 

transparency. 

 

Figure 2-5. FE-SEM micrographs of TEMPO-oxidized cellulose nanofibers. 

 

Figure 2-6. Appearance of transparent cellulose nanopaper prepared using evaporation 

drying at a) 50 °C for 12 h and b) 110 °C for 2 h. 

 

The Effect of Drying Temperature and Relative Humidity (RH) 

To produce low-haze cellulose nanopaper in a short drying time, the temperature and humidity 

must be carefully designed during the drying process. It is well known that for the same amount of 

water vapor, when the atmospheric temperature is increased in a closed system, the absolute humidity 

remains constant but the relative humidity (RH) decreases. Because the moisture evaporation is 

affected by not only the temperature but also the RH, the effect of temperature and humidity should be 

separately discussed when the drying schedule is determined. Therefore, the cellulose nanofiber 
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dispersion was dried using an environmental chamber that enabled independent control of the ambient 

temperature (45–85 °C) and RH (35–75%).  

Although these two factors can both affect the drying time, the RH plays a more important role in 

determining the haze of the nanopaper. At each temperature, a lower RH reduced the drying time 

(Figure 2-7 a). For example, at 65 °C, decreasing the RH from 75% to 35% reduced the drying time 

from 17.7 h to 6.7 h. In contrast, at each temperature, a lower RH increased the haze (Figure 2-7 b). 

For example, at 65 ˚C, decreasing the RH from 75% to 35% increased the haze from 0.65% to 0.99%. 

These results indicate that a short drying time requires a lower RH, whereas lower haze requires a 

higher RH. Therefore, these contradictory humidity conditions must be taken into account to reduce 

both the drying time and haze.    

 

Figure 2-7. Drying time of nanofiber dispersions (0.45 wt%, 22 g) and haze of nanopaper 

with 10 ± 1 µm thickness under various temperature and humidity conditions. a) Drying time 

and b) haze as a function of drying temperature. 

 

2.3.2 New Humidity-Regulated Multi-Stage Drying Method  

Understanding of Drying Behavior of Cellulose Nanopaper  

Before the contradictory humidity conditions required to achieve the optimal drying time and haze 

could be discussed, the drying behavior needed to be thoroughly understood. While drying the 

dispersions, their appearance drastically changed (Figure 2-8). The sample before drying was liquid-

like at a concentration of 0.45 wt%, and it maintained a liquid-like appearance until the concentration 

increased to 0.85 wt%. However, as the water evaporation proceeded, the sample became paste-like at 

approximately 10 wt% and finally became solid at approximately 100 wt%. These appearance changes 
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have a close relationship with the concentration as well as the drying rate.  

 

Figure 2-8. Change of appearance of cellulose nanofiber dispersion during drying.  

 

The concentration change is plotted as a function of the drying time at 55 °C and 55% RH in 

Figure 2-9 a. The concentration linearly increased when the sample was liquid-like (until 

approximately 8 h), whereas the concentration exponentially increased after the sample became paste-

like (from approximately 8 h).  

These appearance changes also reflect the drying rate (Figure 2-9 b). For the liquid-like state (until 

approximately 8 h), the water evaporation occurred at the sample surface because the surface was rich 

in water. Therefore, the drying rate was constant during this period, which is denoted as the constant-

drying-rate period. When the sample turned paste-like (from approximately 8 h), mainly the internal 

water of the sample evaporated. The evaporation interface proceeded further inward to the sample 

body with extended drying time; therefore, the drying rate decreased, and this period is denoted the 

falling-drying-rate period. Table 2-1 summarizes the three drying times (total drying time, constant-

drying-rate-period time, and falling-drying-rate-period time), the transit concentration from the 

constant-drying-rate period to the falling-drying-rate period, and the haze of the obtained cellulose 

nanopaper for all the drying conditions. For transparent cellulose nanopaper, haze is strongly 

dependent on the internal microstructure, more specifically, the packing of nanofibers with different 

density. 7 Therefore, the haze might be controlled in the falling-drying-rate period, during which the 

water evaporation occurred inside the nanopaper and affected the packing of nanofibers. 
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Figure 2-9. (a) Dispersion concentration and (b) drying rate change as a function of 

drying time at 55 °C and 55% RH. 

Table 2-1 Drying time, transit concentration (the dispersion transit from constant drying rate 

period to falling drying rate period), and haze of obtained cellulose nanopaper. 

Relative 
humidity 

Temperature 
[˚C] 

Total 
drying 

time [h] 

Constant drying 
 rate period 

Falling drying 
 rate period Transit 

concentration  
[wt %] 

Haze 
[%] Period 

time [h] 
Ratio 
[%] 

Period 
time [h] 

Ratio 
[%] 

RH 35% 45 12.8 9.3 73 3.5 27 2.45 1.00 
RH 35% 55 8 5.7 71 2.3 29 2.32 1.02 
RH 35% 65 6.3 4.8 76 1.5 24 2.52 1.00 
RH 35% 75 5.3 3.7 70 1.6 30 2.46 0.96 
RH 35% 85 4.5 3.3 73 1.2 27 2.38 0.99 

 

Relative 
humidity 

Temperature[˚C] 
Total 
drying 

time [h] 

Constant drying 
 rate period 

Falling drying 
 rate period Transit 

concentration  
[wt %] 

Haze 
[%] Period 

time [h] 
Ratio 
[%] 

Period 
time [h] 

Ratio 
[%] 

RH 45% 45 14.6 11.6 79 3.0 21 3.96 0.94 
RH 45% 55 11.7 8.4 72 3.3 28 3.72 0.85 
RH 45% 65 7.6 5.9 78 1.5 22 3.34 0.91 
RH 45% 75 5.8 4.7 81 1.6 19 3.97 0.98 
RH 45% 85 5 3.9 78 1.2 22 4.35 0.95 

 

Relative 
humidity 

Temperature 
[˚C] 

Total 
drying 

time [h] 

Constant drying 
 rate period 

Falling drying 
 rate period 

Transit 
concentration  

[wt %] 

Haze 
[%] Period 

time [h) 
Ratio 
[%] 

Period 
time [h] 

Ratio 
[%] 

RH 55% 45 16.3 13.9 85 2.4 15 4.27 0.75 
RH 55% 55 12.1 10.4 86 1.7 14 4.08 0.76 
RH 55% 65 8.6 6.8 79 1.8 21 4.07 0.78 
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RH 55% 75 7.1 5.8 82 1.3 18 3.46 0.93 
RH 55% 85 4.5 3.3 73 1.2 27 2.38 0.91 

 

Relative 
humidity 

Temperature 
[˚C] 

Total 
drying 

time [h] 

Constant drying 
 rate period 

Falling drying 
 rate period Transit 

concentration  
[wt %] 

Haze 
[%] Period 

time [h] 
Ratio 
[%] 

Period 
time [h] 

Ratio 
[%] 

RH 65% 45 18.9 15.9 84 3.0 16 4.6 0.82 
RH 65% 55 14.5 12.7 88 1.8 12 4.75 0.78 
RH 65% 65 12.9 11.0 85 1.9 15 4.72 0.73 
RH 65% 75 9.7 7.9 81 1.8 19 4.06 0.88 
RH 65% 85 8 6.5 81 1.5 19 4.61 0.74 

 

Relative 
humidity 

Temperature 
[˚C] 

Total 
drying 

time [h] 

Constant drying 
 rate period 

Falling drying 
 rate period Transit 

concentration  
[wt %] 

Haze 
[%] Period 

time [h] 
Ratio 
[%] 

Period 
time [h] 

Ratio 
[%] 

RH 75% 45 25.2 23.7 94 1.5 6 9.33 0.61 
RH 75% 55 20.4 18.9 93 1.5 7 8.72 0.67 
RH 75% 65 17.5 15.3 87 2.2 13 6.98 0.64 
RH 75% 75 12.8 11.5 90 1.3 10 7.28 0.72 
RH 75% 85 11.3 10.1 89 1.2 11 7.82 0.67 

 

 

The Effect of RH on Nanopaper’s Haze during Falling-Drying-Rate Period  

To overcome the contradictory humidity conditions required to optimize the drying time and haze 

of cellulose nanopaper, the effect of the RH on the haze during the falling-drying-rate period was 

evaluated. In these experiments, the drying temperature was set at a constant value of 55 °C while the 

RH was set at 55% during the constant-drying-rate period and 15%, 55%, or 85% during the falling-

drying-rate period (Figure 2-10 a).  

With the same high total transmittances (∼90%) in the visible wavelength range of 400–800 

(Figure 2-11) and similar high crystallinities (∼80%) (Figure 2-12), there exists an interesting 

relationship between the RH in the falling-drying-rate period and the haze of the nanopaper (Figure 

2-10 b, bar). The lowest RH of 15% produced the worst haze of the nanopaper of 1.00%. The RH of 

55% got the better haze of 0.80%, and the highest RH of 85% resulted in the best haze of 0.71%. The 

haze was caused by light scattering inside or at the surface of the transparent nanopaper. The surface 

roughness (Rq) of the resultant nanopaper was about 3.3 nm, 2.9 nm, and 3.1 nm, respectively. 

Therefore, the variations of the obtained haze values were mainly caused by the different porosities of 
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nanopaper. The apparent density in these nanopaper showed a close relationship with the RH during 

the falling-drying-rate period (Figure 2-10 b, dot). When the RH increased in the falling-drying-rate 

period, the apparent densities in the nanopaper increased.  

 

Figure 2-10. a) Drying strategy for investigation of the relationship between the haze and 

RH during the falling-drying-rate period. During the drying process, the temperature was 55 

°C for the entire period, and the RH was 55% during the constant-drying-rate period and 15%, 

55%, or 85% during the falling-drying-rate period; b) Corresponding haze (bar) and apparent 

density (dot) of cellulose nanopaper. 

 

Figure 2-11. Total transmittance of cellulose nanopaper under different conditions. 
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Figure 2-12. X-ray diffraction profiles of nanopaper dried under different conditions. 

 

Hypothesis of Cellulose Nanofibers Assembly during Drying 

These results in last section that a lower RH during the falling-drying-rate period accelerated water 

evaporation from inside the sample, and the inhomogeneous aggregation of the nanofibers during the 

quick fabrication resulted in the formation of more air voids inside the sample. However, a higher RH 

decelerated the water evaporation, which provided the slow formation of interactions between 

nanofibers, thus leading to less air voids remaining inside the sample (Figure 2-13). Therefore, to 

achieve low haze of the nanopaper, the RH should be higher during the falling-drying-rate period. 

  

Figure 2-13. Schematic of cellulose nanofibers’ assembling at different RH during 

falling-drying-rate period. 
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New Humidity-Regulated Multi-Stage Drying Method 

 From these results and discussion, it was apparent that a lower RH reduced the drying time during 

the constant-drying-rate period when the evaporation was mainly from the water-rich interface, and 

the subsequent higher RH during the falling-drying-rate period reduced the haze of the cellulose 

nanopaper when the evaporated water mainly came from inside the sample. Therefore, a new humidity-

regulated multi-stage drying method was proposed. For this new drying method, the RH is kept low at 

constant-drying-rate period and then changed to higher RH for fast fabricating the cellulose nanopaper 

with superior optical properties (Figure 2-14).  

   

Figure 2-14. Schematic of a new humidity-regularized multi-stage drying method.  

 

2.3.3 Applications 

Humidity-Controllable Environmental Chamber  

After clearly understanding the drying behavior of the nanopaper, reducing the drying time and 

haze of nanopaper was attempted in a humidity-controllable environmental chamber. Because the 

constant-drying-rate period accounts for 70–90% of the total drying time (Table 2-1), reducing the 

duration of this period is the most effective way to decrease the total drying time.  

In these experiments, the drying temperature was set at 85 °C for the entire drying time, and the 

RH was set at 35% or 75% during the constant-drying-rate period and 75% during the falling-drying-
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rate period (Figure 2-15 a). When the RH remained at 75% during both periods, as in the traditional 

single-stage drying process, the drying time was 11.7 h (Figure 2-15 b, bar). However, when the new 

multi-stage drying was applied with conditions of 35% RH during the constant-drying-rate period and 

75% RH during the falling-drying-rate period, the drying time was only 7.6 h (Figure 2-15 b, bar), a 

decrease of 35%. 

The RH during the different drying periods played different roles in determining the haze level. 

During the falling-drying-rate period, decreasing the RH led to deterioration of the haze of the cellulose 

nanopaper because the evaporation was mainly from the internal water of the film. In contrast, during 

the constant-drying-rate period, the water evaporation occurred mainly at the air/water interface of the 

dispersion. Therefore, even when the drying rate increased by applying a lower relative humidity 

(35%) during this period, the resulting cellulose nanopaper still maintained a low haze of 0.61%, which 

was comparable to the haze of 0.67% from that dried under a constant higher RH (75% in this case) 

with shorter drying time (Figure 2-15 b, dot). Therefore, this multi-stage drying method satisfies the 

contradictory humidity conditions required to reduce both the drying time and haze. 

 

Figure 2-15. a) Drying strategy for investigation of the relationship between the haze and 

RH during constant-drying-rate period. b) Corresponding drying time (bar) and haze (dot) of 

cellulose nanopaper. During the drying process, the temperature was 85 °C for the entire 

period, and the RH was 35% or 75% during the constant-drying-rate period and 75% during 

the falling-drying-rate period. 

 

Humidity-Uncontrollable Conventional Oven 

To reduce the drying time of the dispersion and the haze of the cellulose nanopaper, a humidity-
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controlled multi-stage drying process using an environmental chamber that can independently control 

the ambient temperature and RH was confirmed. However, in a conventional oven, only the 

temperature and not the humidity can be controlled, and the humidity inside the conventional oven is 

usually quite low. For example, the RH of a conventional oven is approximately 18% at 35 °C and 4% 

at 75 °C when the room temperature and RH are 20 °C and 70%, respectively. Therefore, achieving 

higher RH during the falling-drying-rate periods would be difficult using a conventional oven. 

Theoretically, the vapor pressure of the air vapor directly above the surface of the drying sample always 

remains approximately the saturated vapor pressure when water is evaporated from the sample. Air 

flow to the sample surface decreases the vapor pressure below the saturated vapor pressure, and air 

retention increases the vapor pressure back to the saturated vapor pressure (Figure 2-16).  

 

Figure 2-16. Schematic of RH controlled by air flow.  

 

Therefore, an air flow system was developed in a conventional oven that enables control of the 

RH directly above the surface of the dispersion (Figure 2-17, see also Figure 2-3). When the air flow 

was not applied at 35 °C drying, the saturated vapor pressure was maintained at the dispersion surface 

during all the drying periods. As a result, transparent cellulose nanopaper with 0.64% haze was 

produced in 36.6 h (Figure 2-18 a). In contrast, when the air flow was applied only during the constant-

drying-rate period at 35 °C drying, the vapor pressure of the dispersion surface became lower than the 

saturated vapor pressure, resulting in a faster drying rate and thus contributing to a shorter constant-

drying-rate period; the saturated vapor pressure was maintained during the falling-drying-rate period 

to ensure dense packing. As a result, the total drying time decreased to 18.6 h while maintaining the 

haze of the transparent cellulose nanopaper at 0.65% (Figure 2-18 a). Moreover, when the air flow 

was applied only during the constant-drying-rate period at 75 °C drying, the total drying time decreased 

from 5.7 h to 3.8 h while maintaining the haze of the transparent cellulose nanopaper at approximately 

1% (Figure 2-18 b).  
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These results suggest that the air flow during the constant-drying-rate period increased the drying 

rate and that the air retention during the falling-drying-rate period did not produce more air voids than 

usual. Therefore, the concept of a humidity-regulated multi-stage drying process can be applied not 

only in an environmental chamber, where the humidity can be controlled, but also in a conventional 

oven, where the humidity cannot be controlled. 

 

Figure 2-17. The air flow system softly blew toward the dispersion to remove the water 

vapor at the water/air interface.   

 

Figure 2-18. Drying time of the cellulose nanofiber dispersion and haze of the cellulose 

nanopaper in the conventional oven with and without the air flow system under a) 35 °C 

drying and b) 75 °C drying. 

 

2.4 Conclusions 

This work demonstrates the possibility of reducing the drying time of aqueous cellulose nanofiber 

dispersions while maintaining the low haze of the resulting cellulose nanopaper. When the dispersion 

was dried using an environmental chamber, the drying time and haze were observed to be more 

sensitive to the RH than to the temperature. However, reduction of the drying time and haze required 

contradictory humidity conditions. An increase in RH positively affected haze reduction but negatively 
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affected the drying time. From monitoring the weight change of the dispersion, it appeared that the 

drying procedure consisted of a constant-drying-rate period and a falling-drying-rate period. The RH 

could be kept lower during the constant-drying-rate period, which was related less to the microstructure 

of the nanopaper and more to its drying time because water evaporation during this period mainly 

occurred at the water-rich surface. For the falling-drying-rate period, the evaporated water was mainly 

from internal water, and a relatively higher RH during this period promoted the tight packing of 

cellulose nanofibers, resulting in a lower haze.  

Other than the humidity-controllable environmental chamber, this humidity-regulated multi-stage 

drying process can also be applied in a conventional oven with the addition of a simple air flow system. 

Regardless of the oven type, the air above the surface of the sample always remained at the saturated 

vapor pressure, which inhibited the quick water evaporation. Therefore, when the air flow system was 

applied to the surface during the constant-drying-rate period, thus removing the water vapor above the 

surface, the total drying time was reduced to less than 4 h while maintaining the low haze.  

This humidity-regulated multi-stage drying process demonstrated the effectiveness in the 

nanopaper preparation, and has a great potential for the widespread use of nanopaper-based flexible 

electronics. 
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Chapter 3: Li Counterion-Exchanged TEMPO-Oxidized Cellulose 

Nanofibers as a Copper Electrode Seal for Short-Circuit Failure 

Inhibition 

3.1 Introduction  

Due to the increasing demand for miniaturized electronic products, the distances between 

electronic components, such as printed circuit board traces, have significantly reduced, making 

electronics more susceptible to failure.1,2 Electrochemical migration, one of the most severe corrosion 

issues for electronics, occurs once an electronic device is powered on with water present inside. During 

electrochemical migration, metallic dendrites form and cause short-circuit failures between nearby 

components, leading to device collapse and safety hazards.3–6 To avoid moisture and water ingress and 

further corrosion failure, devices are usually encapsulated with seals to prevent vapor or moisture from 

corroding the interior circuitry of electronics. However, electrochemical migration may be initiated at 

the defects of the seals during practical applications. Additionally, with electronics already playing an 

essential role in almost every part of our daily life, utilizing biodegradable and renewable materials in 

electronics is of great importance for the transition to a green society. Accordingly, there is an 

increasing need to discover a sustainable and more effective approach to the prevention of short-circuit 

failure for electronics.    

Cellulose is well-known as a natural polymer that is mainly found in plants, representing the most 

abundant bioresource on earth. In recent years, nanocellulose materials, such as cellulose nanofibers, 

have attracted tremendous interest for use in electronics.7,8 Although many studies have discussed the 

working performance and biodegradability of cellulose-based electronic devices,9–11 the use of 

cellulose nanofibers to enhance reliability and safety of electronics is still lacks sufficient investigation. 

Recently, Our group reported a cellulose nanofiber coating on the copper electrode to prevent the short-

circuit failure caused by electrochemical migration.12 Instead of conventional waterproof seals, it can 

simultaneously form a hydrogel layer to protect copper electrodes. Moreover, cellulose nanofibers with 

high carboxylate groups, which are known as TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl radical)-

oxidized cellulose nanofibers (TOCNs), were reported to be the most effective at inhibiting short-

circuit failure. For example, bare copper electrodes short-circuited within 5 minutes at 3 V with a water 

droplet. In contrast, TOCN-sealed electrodes did not short-circuit for 24 hours.12 This study 

investigated the mechanism of hydrogel formation and demonstrated the potential of using TOCN to 

prevent short circuits as a new, effective approach. However, a deeper understanding of the underlying 
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mechanism is needed to optimize its use as electrode seals. 

TOCNs are individual nanofibers with homogeneous widths of approximately 3 nm and abundant 

sodium C6-carboxylate groups on their surfaces. The carboxylate content of TOCNs is controllable 

from 0.01 mmol/g to ~1.7 mmol/g.13–15 The carboxylate contents of TOCNs influences their 

characteristics. For instance, an increase in the carboxylate group content improves the transparency 

but decreases the heat resistance of TOCN films.16 The sodium carboxylate groups in TOCNs are 

counterion-exchangeable, transitioning from protonated to various metal and alkylammonium 

carboxylate groups.17 Ion exchange also influences the characteristics of TOCNs, including the 

density18, toughness in polymer composites19, moisture content, oxygen permeability, and flame self-

extinction.20–23 The increase in the carboxylate content during electrochemical migration improves 

inhibition12; however, the effect of counterion exchange has not been reported. In this study, the effect 

of film properties on prevention of short-circuit failures is focused on. This chapter evaluated the 

inhibition of electrochemical migration in five types of counterion-exchanged TOCNs. Additionally, 

an effective TOCN was proposed to prevent short-circuit failures. This chapter evaluated the adhesion 

and flame resistance of the TOCN films as a copper-electrode sealing layer to realize safe and high-

performance electronics using sustainable materials. 

 

3.2 Experimental Section 

3.2.1 Preparation of counterion-exchanged TOCNs 

A TOCN–water paste (RHEOCRYSTA I-2SX, DKS Co., Ltd., Japan) comprising 2 wt% TOCN 

and 98 wt% water was used as the starting material. The paste was diluted to 0.3 wt% with distilled 

water. The resulting TOCNs with sodium carboxylate groups were coded as TOCN–Na. 

TOCN–Na was soaked in a dilute HCl solution at pH 2 and room temperature for 2 h.24 The 

obtained TOCNs with protonated carboxyl groups were denoted as TOCN–H. Following previous 

reports, counterion-exchanged TOCNs were prepared from TOCN–H using lithium hydroxide 

monohydrate, aqueous ammonia solution, and triethylammonium hydroxide,20–22,25,26 which are 

denoted as TOCN–Li, TOCN–NH4, and TOCN–TEA, respectively. After the counterion-exchange, 

these TOCNs were collected by four cycles of centrifugations (12,000 G, 15 min). Their concentration 

was adjusted to 0.2 wt%, and then they were stirred at 8 000 rpm for 10 min (Homogenizing Mixer 

Mark II Model 2.5, Primix Corp., Japan). Their zeta potentials were measured using an ELSZ-2000 

(Otsuka Electronics Co. Ltd., Japan) with a 0.1 wt% water dispersion. 
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3.2.2 Analysis 

TOCN film preparation 

The TOCN films were prepared from five types of TOCN dispersions. Each dispersion (0.2 wt %, 

50 g) was evenly distributed into a petri dish and then dried at 55°C and 50% RH in an environmental 

oven to form the TOCN films (thickness: about 10 μm). 

 

Water-swelling test 

For water-swelling test, the TOCN films were soaked into distilled water for 10, 20, 30, 45, and 

60 s. The percentage of swollen weight was calculated from the film weights before and after soaking 

in distilled water (20 mL) at room temperature using the following equation: 

Swollen ratio%=
ௐೢ ିௐ

ௐ
× 100 

where Ww-weight of the swollen wet TOCN film, Wd-weight of the dried TOCN film. 

 

Redispersion test 

For the redispersion test, the TOCN films were crushed into small pieces (1 mm ×1 mm) and 

soaked in distilled water (kept at the same 0.2wt% concentration with the original dispersion) for 3h, 

followed by 0.5h stirring. The transmittance of the original and re-dispersed dispersions was measured 

by a UV-vis-NIR spectrophotometer (UV-3600 Plus, Shimadzu Corp., Kyoto, Japan). 

 

X-ray diffraction (XRD) test 

For XRD test, X-ray diffraction patterns were recorded using a Rigaku MiniFlex600 (Tokyo, 

Japan) with Cu–Kα radiation and a scanning angle (2θ) range of 5–40° at 40 kV voltage and 15 mA 

current.27 The crystallinity index of cellulose I was calculated from the (200) reflection (2θ = ca. 22.6°) 

as previously described. 28,29 

 

3.2.3 TOCN sealing on interdigitated copper electrodes 

Interdigitated copper electrodes were used (IPC-SM-840 pattern B, L/S = 0.318 mm/0.318mm). 
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The electrodes were ultrasonically cleaned in distilled water for 30 min. After drying, the copper 

electrode board was masked, except for a 30 mm × 30 mm centered square area. A TOCN layer with a 

thickness of 5 μm was deposited on the square area of electrodes by dropwise addition of 2 mL TOCN 

water dispersion on the electrodes, which was followed by drying at 55 °C and 50% RH for 3 h (Figure 

3-1).  

 

3.2.4 Water-drop test for electrochemical migration 

0.5 ml of distilled water (resistivity < 1 μS/cm) was dropped onto the interdigitated copper 

electrodes with a TOCN sealing. A voltage was applied, and the electrical resistance was measured 

using a source measurement unit (B2902A, Keysight Technologies, USA). The applied voltage was 

set at 3 V and the upper current limit was set at 0.1 A (Figure 3-1). The measurement time was 6 h. 

The applied failure criterion was defined as the point at which the interelectrode resistance fell below 

20% of the initial resistance.30 

 

Figure 3-1. Schematic of TOCN sealing on copper electrodes and water-drop test. 
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3.2.5 Crosshatch-adhesion test 

Glass-reinforced epoxy substrate (FR4) and copper substrates were washed with 0.2 wt% NaOH 

solution and acetone. Their surfaces were modified using plasma under vacuum for 30 s (NMR-Gts, 

Sakigake-Semiconductor Co., Ltd., Japan). A TOCN layer was deposited on the substrate by dropping 

water dispersions of 0.5 mL TOCN–Na or TOCN–Li, followed by drying at 55 °C and 50% RH for 3 

h. A crosshatch adhesion test was performed to evaluate the adhesion of the TOCN layer on glass-

reinforced epoxy or copper substrates. The test was conducted by applying and removing a pressure-

sensitive tape (CT-18, Nichiban Co., Ltd., Japan) on the cut areas (30 × 18 mm2) of the film, following 

the ASTM D3359-B standard.23 The crosshatch patterns (1 × 1 mm2) were formed using a cross-cut 

guide (CCJ-1, COTEC Corp., Japan). According to this standard, the highest adhesion strength is 5B 

for no peeling, 4B for less than 5% peeling, 3B for 5-15% peeling, and 0B for more than 65% peeling. 

 

3.2.6 Coefficient of thermal expansion (CTE) test 

The CTE values were measured using a thermomechanical analyzer (TMA/SS6100, SII 

Nanotechnology Inc.). The TOCN–Na and TOCN–Li film specimens (thickness: 40 μm) were 15 mm 

long and 4 mm wide. The measurements were carried out three times with a heating rate of 5°C/min 

in a nitrogen atmosphere in tensile mode under a load of 30 mN. The CTE values were determined as 

the mean values at 20–150 °C in the second run.31 

 

3.2.7 Horizontal flammability test 

Specimens of 0.03 × 10 × 40 mm3 were prepared from TOCN–Na and TOCN–Li films, and 

specimens of 0.5 × 10 × 40 mm3 were prepared from epoxy resin. The edges were exposed to a flame 

for 2 s and was quickly removed.32 

 

3.3 Results and Discussion 

When a voltage was applied to wet copper electrodes, the copper ions that elute from the anode 

migrate to the cathode. These migrated ions were then reduced and deposited at the cathode. As the 

deposited metals grew and reached the anode, the formed dendrites cause short circuits, leading to 

malfunctions of the electric device. Our previous article proposed that the TOCNs accumulate at the 

anode because of electrophoresis. Subsequently, the formed cohesive TOCN layers surrounding the 
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anode inhibited copper ion migration. Moreover, a strong relationship was noted between the short-

circuit failure time and carboxylate content of TOCNs.12 Based on the understanding of hydrogel layer 

formation around anodes, this study focused on the effect of sealing TOCN layer properties on 

protection against water-induced short circuit failure.  

In situ observations revealed that the sealing TOCN layer first swells into a gel as it absorbs water, 

and then the negatively charged TOCNs move towards the anode. In this study, the migration inhibition 

ability of counterion-exchanged TOCNs was considered by focusing on the swelling and redispersing 

performance of the TOCN seal, rather than the electrophoresis speed of dispersed TOCNs. The zeta 

potential of the TOCN water dispersion serves as an indicator of the electrophoresis speed of TOCNs 

under an applied voltage. I used five counterion-exchanged TOCNs with sodium carboxylate groups 

(TOCN–Na), protonated carboxyl groups (TOCN–H), lithium carboxyl groups (TOCN–Li), 

ammonium carboxyl groups (TOCN–NH4), and triethylammonium carboxyl groups (TOCN–TEA). 

These counterion-exchanged TOCNs were prepared from TOCN-Na with a charge density of 1.6 

mmol/g. The Carboxylate groups on the surface of TOCN-Na were first protonated, then the carboxy 

groups of TOCN-H were neutralized by appropriated metal hydroxides and alkylammonium 

(equimolar to the carboxyl groups).24 Therefore, the prepared counterion-exchanged TOCNs have 

similar zeta potentials ranging from −55 mV to −65 mV (Figure 3-2), which indicating similar 

electrophoresis speed after swelling and dispersion in water. 

 

Figure 3-2. Zeta potential of 0.1 wt% water dispersion of TOCN–Na, TOCN–H, TOCN–

Li, TOCN–NH4, and TOCN–TEA. 
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The hydrophilicity of TOCN films has already been evaluated using various methods, such as the 

contact angle of a water droplet, water content under saturated humidity, and saturated water uptake.20–

22,24–26 However, hydrophilicity condition in short-circuit failure or migration inhibition are different 

with these experiments. In particular, short-circuit failures occurred rapidly at <1 min when the 

electrodes became wet. In this study, I assessed the hydrophilicity by measuring the weight change of 

the TOCN films before and after soaking in water for 60 s (Figure 3-3a). When the TOCN–Na films 

were immersed in distilled water, they absorbed 34 and 50 wt% water after 10 and 30 s, respectively. 

The TOCN–Li films exhibited rapid water absorption, reaching 33 wt% and 49 wt% after 10 and 30 

seconds, respectively. However, the TOCN–H, TOCN–NH4, and TOCN–TEA films exhibited 

considerably lower water-swelling ability at less than 4% after 60 s.  

The redispersion test evaluated the redispersibility of counterion-exchanged TOCN films. Dried 

TOCN films were redispersed in water by soaking and stirring, and the light transmittance at 600 nm 

of the redispersed TOCN dispersions was measured (Figure 3-3b and Table 3-1). TOCN-Na and 

TOCN-Li exhibited light transmittance values of over 97% compared to the original dispersion, 

indicating effective redispersion after mechanical disintegration treatment. In contrast, the light 

transmittance of redispersed TOCN-NH4 and TOCN-TEA recovered only to 40.6% and 61.0%, 

respectively, compared to the original dispersions. Under the same mechanical treatment, TOCN-NH4 

and TOCN-TEA were not sufficiently redispersed, leaving aggregated fibers. TOCN-H demonstrated 

even worse redispersibility, with only a 30.4% light transmittance recovery compared to its original 

dispersion. The TOCN-H film was barely redispersed in water, with large pieces observed. Based on 

X-ray diffraction analysis, the crystallinities of TOCN-Na, TOCN-H, TOCN-Li, TOCN-NH4, and 

TOCN-TEA were 58.7%, 65.4%, 59.3%, 63.2%, and 54.9%, respectively (Figure 3-4). The high 

crystallinity of TOCN-H and TOCN-NH4 could explain its low redispersibility, as a high degree of 

intermolecular hydrogen bonding hinders redispersion in water. For TOCN-TEA, the lower 

crystallinity index indicated that the intermolecular hydrogen bonds between the hydrophilic surfaces 

could be inhibited by the bulky TEA ions.33  
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Figure 3-3. a) Swollen ratio of the TOCN films against the immersion time. b) Light 

transmittance at 600 nm of original (solid color) and redispersed (diagonal stripes) TOCN 

dispersions. 

 

Figure 3-4.  XRD spectra of TOCN films. 
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Table 3-1. Light transmittance (LT) at 600 nm and Transmittance recovery ratio for TOCNs 

 
LT at 600 nm (%) Transmittance recovery ratio% 

(𝑳𝑻𝑶𝒓𝒊𝒈𝒊𝒏𝒂𝒍 𝒅𝒊𝒔𝒑𝒆𝒓𝒔𝒊𝒐𝒏 𝑳𝑻𝑹𝒆𝒅𝒊𝒔𝒑𝒆𝒓𝒔𝒆𝒅 𝒅𝒊𝒔𝒑𝒆𝒓𝒔𝒊𝒐𝒏⁄ ) Original 
dispersion 

Redispersed 
dispersion 

TOCN-Na 97.9 96.6 98.7 

TOCN-H 81.3 24.7 30.4 

TOCN-Li 98.6 97.6 99.0 

TOCN-NH4 97.0. 39.4 40.6 

TOCN-TEA 97.4 59.4 61.0 

 

 

Based on these results, the five TOCNs were categorized into three groups. The first was the metal 

counterion group, which included TOCN–Na and TOCN–Li; they exhibited high water-swelling ability, 

high redispersibility, and high electrophoresis speeds. The second was the alkylammonium counterion 

group, which included TOCN-NH4 and TOCN-TEA; they exhibited rather low water-swelling ability, 

low redispersibility, and high electrophoresis speeds. The last was the protonated group of TOCN-H, 

which had the lowest water-swelling ability and the worst redispersibility with low electrophoresis 

speed. I then performed a water-drop test for electrochemical migration inhibition using the three 

groups of TOCN sealings.  

Interdigitated copper electrodes with a line and space of 0.318 mm were sealed with a 5-μm-thick 

layer of TOCN–Na, TOCN–H, TOCN–Li, TOCN–NH4 or TOCN–TEA. Their electrical resistances 

were measured for 360 min under an applied voltage of 3 V with 0.5 mL distilled water droplet. The 

time of failure was recorded when the inter-electrode resistance fell below 20% of the initial resistance 

(Figure 3-5 and Figure 3-6). In the bare copper electrodes without any seal, there was no barrier for 

copper ion migration, and the short circuit occurred immediately at 0.6 min. Conversely, the effective 

swelling of the TOCN–Na layer in water prevented copper-ion migration; a short circuit was not 

observed until 336 min. TOCN–Li showed a similar zeta potential, water-swelling ability, and 

redispersibility as TOCN–Na, the TOCN–Li-sealed electrodes successfully prevented short circuit for 

335 min, which is comparable to that with a TOCN–Na seal. Despite the similar zeta potential of 

TOCN–NH4, TOCN–TEA, TOCN–Na, and TOCN–Li, the lower water-swelling ability and 

rediepseibility of TOCN–NH4 and TOCN–TEA resulted in a shorter failure time of 7.1 and 17.8 min, 

respectively. With insufficient swelling and redispersing, less TOCN can be active in water to help 

prevent short circuits. TOCN–H faces difficulties in preventing copper ion migration. In particular, the 
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TOCN–H-sealed electrodes exhibited a short-circuit at 1.2 min, because of their low zeta potential, 

low water-swelling ability, and low redipersibility.  

These results align our previous assumption of the sealing layer properties to short-circuit 

prevention. Combined with our previous understanding of the hydrogel formation around the anode, I 

can develop a more complete, streamlined mechanism of using TOCN sealings for short-circuit 

prevention: when the dried TOCN seals became wet, they swelled into a gel, redisperse into water, and 

then the negatively charged TOCNs moved to the anode, preventing copper ion migration by forming 

a protective layer. Therefore, the water swelling ability and redispersibility of the TOCN layer are 

crucial parameters for preventing the short-circuit failure of the electrode sealing material, which could 

serve as the fundamental standard for selecting TOCN seals for electrodes.  

 

Figure 3-5. Failure time for the TOCN-sealed interdigitated copper electrodes with water 

droplets.  
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Figure 3-6. Resistance changes referenced to initial resistance during water-drop test. Red dashed 

line indicates 20% of initial resistance. 

 

These experiments revealed the suitable characteristics of the metal counterion group of TOCN–

Na and TOCN–Li layers for preventing short-circuit failures. As sealing materials for device electrodes, 

TOCN layers are required not only to prevent electrochemical migration, but also ensure good adhesion 

with the electrodes. The materials undergo thermal expansion or shrinkage depending on ambient 

temperature changes. In laminated materials with different CTEs for each layer, delamination due to 

temperature changes is a concern. Therefore, the CTE of the glass-reinforced epoxy substrate (FR4) 

was designed to be 10–20 ppm/K, which matched that of the copper foil. At 20–140 °C, the CTE of 

the TOCN–Na and TOCN–Li film were 9.1 and 9.5 ppm/K, respectively (Figure 3-7). Therefore, both 

TOCN layers are of minimal concern for thermal expansion exfoliation from copper electrodes and 

glass-reinforced epoxy substrates. 
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Figure 3-7. CTE of the TOCN films under a nitrogen atmosphere.  

 

Good adhesion is ensured by preventing thermal exfoliation and peeling caused by physical impact. 

The adhesion strength of the TOCN–Na and TOCN–Li layers was assessed using ASTM D3359-B 

standard. The peeling from the glass-reinforced epoxy substrates was 3.6% for the TOCN–Na layer 

and 3.0% for the TOCN–Li layer. Moreover, the peeling from the copper foil substrate was 2.6% for 

the TOCN–Na layer and 2.2% for the TOCN–Li layer. This result corresponds to the 4B level of 

adhesion strength, indicating that both TOCN layers adhered well to the glass-reinforced epoxy 

substrate and conductive copper lines. 

Flame retardancy is an essential requirement for electronic device components. In this study, a 

horizontal flammability test was performed to assess flame retardancy. Epoxy resin is commonly used 

as a sealing material for device electrodes. However, during the horizontal flammability test, the epoxy 

film was quickly enveloped in flame upon ignition. Heavy smoke was emitted, and flames often 

dropped. Ultimately, the epoxy film burned completely after 30 s (Figure 3-8, upper panel). Therefore, 

pure epoxy resin is not suitable as an electrode seal, and flame retardants are commonly added to 

address this. TOCN–Na is known as a highly fireproof material because of its low heat release capacity, 

thermally stable char formation.23 From this experiment, TOCN–Li exhibited rapid flame self-

extinction, similar to TOCN–Na. During the horizontal flammability test, both the TOCN–Li and 
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TOCN–Na films were initially enveloped in flames upon ignition. However, the flames were 

immediately extinguished when the ignition was changed (Figure 3-8, middle and lower panels). 

Finally, the burning was completely halted within 8 s, leaving over 60% of the film intact. 

 

Figure 3-8. Horizontal flammability test. a) Neat epoxy film, b) TOCN–Na film, and c) 

TOCN–Li film. 

 

3.4 Conclusions 

This study investigated the efficacy of various counterion-exchanged TOCN in preventing water-

induced short-circuit failures for copper electrodes. The metal counterion group of TOCN–Na and 

TOCN–Li layers exhibited superior electrophoresis speed, water-swelling ability and redispersibility, 

resulting in significantly prolonged short-circuit prevention times (336 and 335 minutes, respectively). 

In contrast, the alkylammonium counterion group of TOCN–NH4 and TOCN–TEA layers showed 

lower water-swelling and redispersibility, leading to shorter failure times (7.1 and 17.8 minutes, 

respectively), while TOCN–H displayed the poorest performance with a failure time of just 1.2 minutes. 

These results validate the critical role of water-swelling ability and redispersibility in enhancing the 

performance of TOCN layers as protective seals, and expand the mechanism of using TOCN seals for 

short-circuit protection to include sealing layer behaviors. For practical applications, this study also 

proved that TOCN–Na and TOCN–Li layers provide excellent thermal compatibility with copper 
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electrodes and glass-reinforced epoxy substrates, demonstrating minimal concerns for thermal 

expansion exfoliation and robust adhesion strength. Furthermore, both TOCN–Na and TOCN–Li 

exhibited exceptional flame retardancy, extinguishing flames rapidly and maintaining structural 

integrity during flammability tests. These characteristics make TOCN–Na and TOCN–Li promising 

materials for use in electronic device electrode seals, offering not only protection against short-circuit 

failures, but also thermal expansion issues and fire hazards. This work provides a foundational 

understanding of the effect of TOCN sealing layer properties on short-circuit prevention, which can be 

extended to other cellulose nanofibers and sustainable hydrophilic polymers to improve the reliability 

of electronics. 
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Conclusion 

In summary, efficient fabrication processes for nanocellulose films were successfully developed 

using an electrodeposition dehydration method and a new humidity-controlled multi-stage drying 

method. The electronic application of nanocellulose films as seals was also investigated. 

In Chapter 1, electrodeposition was shown to be a promising dehydration method for CNFs. For 

dilute CNF/water dispersions, electrodeposition dehydration was much more efficient than evaporation. 

The hierarchical structures of CNFs varied with the applied voltage. Additionally, concentrated CNF 

hydrogels were reused through neutralization and homogenization, providing new insights into 

electrodeposition for dehydration and hierarchical control of CNF structures. 

In Chapter 2, a multi-stage drying method for high-speed fabrication of clear, transparent 

nanopaper was reported. Drying experiments revealed that the nanopaper drying process has two 

periods. Unlike conventional single-stage drying with constant conditions, our method adjusts relative 

humidity (RH) during these periods. Using a humidity-controllable chamber, this method reduced 

drying time by 35% while maintaining the same haze level. This multi-stage drying method will help 

reduce manufacturing time and promote the use of nanopaper-based flexible electronics. 

In Chapter 3, the application of nanocellulose films as electronic seals was investigated, focusing 

on five types of ion-exchanged TOCNs. Key parameters such as water absorption and swelling ability 

of the TOCN layer are crucial for preventing short-circuit failure. This work lays the foundation for 

using TOCN seals to prevent short circuits and can be extended to other cellulose nanofibers and 

sustainable hydrophilic polymers to enhance electronics reliability. 

This study paves the way for developing efficient fabrication processes for nanocellulose films 

and their electronic applications via electrophoretic deposition. 
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