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Abstract

Cellulosic-based materials were chosen as a substrate for an electro-conductive
device because of environmental friendliness. Then, inkjet printing, as a well-known
technology, was applied to introduce conductive ink onto substrates. In Chapter 2,
cellulose nanocrystals (CNCs) were characterized for further applications as either an
undercoat of paper or main component for transparent film fabrications. The formation
of sulfate groups, which provide negative charge on CNC surfaces, was studied in
controlled acid hydrolysis conditions. This thesis examined whether such strong
negative charge can be a reason for the unique colloidal property and resulting in a well-
dispersed CNC suspension in water. In Chapter 3, CNCs were applied as an undercoat
on a photo-grade inkjet paper to improve the continuity and robustness of conductive
tracks on it. In Chapter 4, the particle surface environment of CNCs was presumed to
exhibit liquid crystal behavior, forming a film with a helical structure which showed a
birefringent pattern by cross polarization. Then, transparent CNC films were fabricated
to be heat-resistant and conductive tracks on the film had a really low resistance after

sintering it.
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Chapter 1

General Introduction

1.1 Motivation

Nowadays, electric devices occur everywhere in daily life, such as antennas,
transistors, displays, capacitors, solar cells, and so on. With a high speed of
technological improvement, the penetration of electric products also has become rapid,
for example, radio-frequency identification (RFID) tags were produced by printing and
used in fashion industry. ['l However, a challenge to end-of-life disposal problems and
environmental concerns is unignorable. Paper is potentially appropriate to deal with
this tough situation and regarded as an optimal material to design and fabricate
conductive substrates. Sustainable electronics based on paper have been drawing strong
interest especially due to its material flexibility and low prices. Besides, a transparent
device is attractive in opto-electronics though usually there is a trade-off between
transparency and conductivity. Cellulose-the main component of a paper— provides
paper with transparency by control of its nanoscale structure in designing the demanded
paper properties./> > Hence, both conventional paper and novel transparent papers were
intended to be taken into consideration in this study to be an excellent substrate for
electroconductive materials. Subsequently, considering that the printing industry
commonly uses paper products, this technique, if established, is expected to fabricate
flexible, cost-effective, environmentally-friendly electronic products with necessary
circuits on it. Also, printed electronics has been tried with a flexible substrate to

3,69

improve flexible electronics for decades.> °! However, it was reported that the usage

of nanocellulose as a substrate for printed electronics was still limited.”®! Thus, this



study focused on the development of a flexible paper- or nanocellulose-based substrate

for electroconductive component fabricated by printing.

1.2 Objective

The aim of this study is to fabricate cellulose-based conductive devices. In Chapter
2, the colloidal surface properties of cellulose nanocrystals (CNCs) as a form of
suspended particles were regarded as an important key factor for uniform dispersion in
an aqueous suspension. In this view, as a homogeneous CNC suspension is known to
exhibit liquid crystal behavior, the birefringence was examined. In Chapter 3, CNCs
were printed initially on a paper substrate as an wundercoat to improve
electroconductivity of silver tracks fabricated on it by printing an aqueous silver
nanoparticles (AgNPs) ink. The undercoat successfully functioned also as a
reinforcement to create robust tracks. Furthermore, in Chapter 4, CNCs and cellulose
nanofibers (CNFs) mixture were used to form transparent films. The unique properties
owing to self-assembly arrangement induced by their surface charge was observed, and
then the films were tested to examine if it was possible to create electroconductive

devices from a conductive AgNPs ink on this substrate.

1.3 Printed electronic device

In this study, piezoelectric “drop on demand” (DOD) technology is used for an
inkjet printer. Print heads with 16 nozzles are driven by a piezoelectric actuator,
releasing ink droplets when forced by applied voltage. Also, this non-contact process
brings a possibility of depositing a thin layer at a high printing speed at relatively high
resolution. A two-stage process involving ink sorption and ink transparentization was
reported to be influenced by the substrate surface properties. [1*]

To create printed electronic devices, the selection of electrically functional

components for ink is the first mission. Conductive polymers such as poly(ethylene-
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dioxythiophene):poly(styrene sulfonate) (PEDOT:PSS), polypyrrole, poly(p-phenylene
ethynylene), and polyaniline (PANI) were reported to be able to print or coat on
cellulosic substrates as inks. [!'"!4 Besides, carbon-based particles like graphene oxide
and carbon nanotubes (CNTs) were tried. >~ Though conductive polymers and
carbon-based particles possess a moderate conductivity, they are reported to exhibit
transparency and flexibility and thus became an interesting choice of screens. !
Moreover, the high intrinsic electrical mobility and high mechanical strength, as well
as the high transparency, are characteristic of graphene and CNTs, and beneficial for
the low-cost printed electronics development.

Metallic inks made from silver, gold, and copper have been popular in providing
opaque tracks with a conductivity hundred times higher than conductive polymers and

7.9.10. 14, 20-23] A fter sintering, an interconnected phase among

carbon-based particles. [
metallic particles is formed, resulting in a high conductivity. Although metallic inks are

preferred in terms of conductivity, annealing is a required process which is also a

challenge faced by the substrate.

1.4 Cellulose-based substrate

As is well known, paper is attractive in terms of flexibility, cost, and environmental
friendliness in the inkjet printing industry. For a longtime, people have printed various
information on paper. Nevertheless, paper has been used as a substrate for pigment and
ink deposition, it is still a challenge to apply paper as a substrate of conductive inks.
The porous structure, roughness, and complicated surface chemistry of paper lead to
difficulties with functional applications like printed electronics. Ihalainen et al. P!
mentioned that reduced roughness led to a lower resistivity, whereas Hrehorova et al.
(241 reported that after calendering, a decreased surface roughness decreased

conductivity. Though a lower surface roughness brought advantages to improve



conductivity [°!, a higher roughness at high frequencies might also improve conductivity
by increasing ink anchoring.

Though it is still difficult to tell the proper “roughness scales” effect on
conductivity [®) the dimension of fillers or fibers were suggested. > 2! In addition,
lamination of a plastic layer or surface coating was reported to enhance the advantages
of a paper substrate by adjusting porosity, roughness or improving moisture barrier
properties. [ ) Polyethylene terephthalate (PET) is usually coated on paper to realize
an optimal surface property. However, it is reported to be incomparable to CNF-based
films, which are more compatible with epoxy coating or acrylic resin matrix. [26-27]

Other than the proper porosity and roughness, an important factor influencing ink
penetration and ink-film continuity is the interaction between ink and constituents of
paper. Excessive interactions were reported to result in the agglomeration of ink and
ununiform distribution of the ink. ?®) According to the combination of ink and substrate,
ink fixation agents were chosen as well. Poly(diallyldimethyl-ammoniumchloride) (p-
DADMAC) was applied with PEDOT:PSS ink; however, it was reported to result in a
decreased conductivity due to the cationic property of p-DADMAC. ! TEMPO
(2,2,6,6-tetra-methylpiperidine-1-oxyl)-oxidized CNCs (TEMPO-CNCs) were also
tried as a coating on paper. Even though a TEMPO-CNCs coating increased roughness,
ink anchoring was improved. [**) Then, as mentioned in the last part of section 1.3,
metallic inks provide the highest conductivity by sintering. In this case, the substrate
must withstand high temperature.

In an overall consideration, beside paper, CNCs and CNFs were focused in this
study. With hydroxyl groups, intra- and inter-molecular hydrogen bonds are formed.
Thanks to the hydrogen bonds, cellulose chains are arranged in a highly ordered
crystalline region, whereas the remaining disordered structure is called an amorphous

region. The extracted crystalline regions comprised of nano-scale cellulose is called
4



CNC:s. Cellulose materials with nanometer-scales in width and a large aspect ratio are
called CNFs. Both CNCs and CNFs have recently gained attention owing to the
potential to serve as a functional reinforcement material, providing enhanced thermal,
mechanical, optical, and gas-barrier properties, as a result of their highly ordered
nanostructure. %! However, when cellulose chains are broken down to nanoscale by
either a chemical method or a mechanical method, not only amorphous regions decrease
but also crystalline regions decrease to a certain degree. In other words, small-sized
products undergo more reduction in the crystallinity. Thus, the key point is to
maintain the crystallinity in CNCs preparation even during the reduction in size of
cellulose.

The crystallinity was reported to be dependent on the source. Bacterial and tunicate
CNCGCs provide a higher crystalline fraction than wood CNCs, or the CNCs from pure
cellulose provided a crystallinity index (Cr.l) higher than those prepared from
wastepaper. ! 32} However, the pretreatment of cellulose materials before acid
hydrolysis such as alkali extraction and bleaching also played a role to change Cr.1.. %!
Thus, with a careful proper pretreatment, even a by-product of kraft pulping was proven
to reach high crystallinity as CNCs. [** Besides crystallinity, the cellulose source was
also reported to affect the CNC length. Wastepaper or a softwood pulp was treated with
a sulfuric acid hydrolysis process, and the products with a length of approximately 200
nm were obtained. **7 Then, sulfuric acid hydrolysis is a common way to extract
CNCs with grafted negatively-charged sulfate group. With sulfate groups, CNCs induce
electric repulsion between each other in an aqueous system; moreover, they exhibit self-

assembly arrangement at a certain concentration, inducing liquid crystal behavior.
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Chapter 2
Surface Charge of Cellulose Nanocrystals and its

Characterizations

2.1 Abstract

An effect of surface charge of cellulose nanocrystals (CNCs) on their behavior in
an aqueous system was investigated in this chapter. Sulfuric acid hydrolysis was applied
for studying the graft of sulfate groups in various hydrolysis environments. Elemental
analysis and composition were investigated; then, surface functional groups, assumed
to be sulfate groups, were examined. After confirming the presence of sulfate groups
which caused a negative-charged surface, the surface charge density was calculated
based on potentiometric titration. Finally, colloidal behavior of CNCs was studied by
focusing on the model-fitting of electrophoretic mobility. CNCs prepared via strong
hydrolysis conditions such as a high sulfuric acid concentration or a high hydrolysis
temperature suggested a more significant presence of sulfate groups than the others.
Furthermore, the result of model-fitting pointed out an unignorable relaxation effect

caused by the highly charged surface from sulfate groups.

2.2 Introduction

Cellulose is a sustainable bioresource and is abundant in nature. Because of the
unique characteristics, CNCs with functional groups have recently gained considerable
global attention in the field of materials science, particularly in exploring and applying
such materials for industrial use. It was reported that, generally, higher acid
concentrations would result in CNCs with higher surface charges and smaller sizes.

Higher hydrolysis temperatures and longer hydrolysis durations would result in smaller
9



CNCs as well. "> However, dried CNC powder is preferred because of its efficient
delivery, preference for further analysis, and antibacterial and antifungal effects, though
it has been reported to be difficult to re-disperse in water. ! To obtain a better re-
dispersibility, the counterion exchange for neutral monovalent cations was
recommended. [ Chemical hydrolysis, particularly acid hydrolysis, has been proven as
an effective solution for generating highly pure CNCs. [ 819 The review literature
suggested that chemical groups introduced on CNCs were dependent on the type of acid.
[8. 11131 Phosphoric acid hydrolyzed samples showed a low surface charge. [ Besides,
hydrochloric acid hydrolyzed samples exhibited more intermolecular hydrogen
bonding. 13!

Owing to the steric effect, the hydroxyl groups on cellulose chains exhibit different
reactivity characteristics. With the numbering system of carbon atoms, the locations of
hydroxyl groups are determined in an anhydroglucose unit of cellulose. Thus, hydroxyl
groups on the surface of cellulose can react with various chemicals and become
derivatives with designed functions. The hydroxyl group at the C6 position as a primary
alcohol with only one alkyl group bonded, whereas the hydroxyl groups at the C2 and
C3 positions act as a secondary alcohol with two alkyl groups bonded. The hydroxyl
group at the C6 position was found to have a reactivity 10 times faster than that at the
C2 and C3 positions. ! This rapid reaction implies that the hydroxyl groups on the
surface of cellulose can react with hydrolysis agents, becoming derivatives with
designed functions.

Sulfate groups were grafted onto CNCs prepared via sulfuric acid hydrolysis at the
C6 position. Rod-like CNC particles were well dispersed in an aqueous system due to
repulsive electric double layer force. !> Thus, the understanding of the surface potential
() due to the charge of sulfate groups on the surface and an electrical double layer

surrounding a CNC particle has become important to evaluate the stability of CNC
10



suspensions. In addition, the ability to form chiral nematic ordered phase was
influenced by the surface charge, which is dependent on the acid chosen for hydrolysis.
[16]

Electric potential decreases with an increasing distance from the particle surface
in an electric double layer. Zeta potential ({), defined as the potential at the slipping
plane in an interfacial double layer, can be used to evaluate the level of dispersion in a
colloidal suspension; this is usually calculated considering the present electrolytes,
solvent and other suspended particles, and temperature, among other factors. Several
equations have been formulated to obtain { from electrophoretic mobility (1) because a
value of [ can be easily obtained as the ratio of the velocity of particles to the applied
electric field. For this purpose, Smoluchowski's equation (eqn (1)), which is suitable

for large spherical particles with a low ¢, was widely used in previous studies. [!7-1%]

Er

¢
Ksmot = ;0 (1),

where 7 is the solvent viscosity, €, and ¢, are the dielectric constants of vacuum
and water, respectively, and { is the zeta potential. However, CNCs are nanoscale thin

rod-like particles with a { of approximately -25 mV [!8]

or with a surface charge density
of approximately -0.1 C/m? ['), When the surface charge is high and the size is small,
Smoluchowski's equation is no longer available because of retardation and relaxation
effects.

To consider the high surface potential and the resulting relaxation effect of a
cylinder, Ohshima (2015) derived equations with a consideration of the relaxation effect
based on equations provided by van der Drift et al. (1979), which account for cases of

high surface potential. [** 2!] With consideration of the valence of counterions (Z) and

dimensionless ionic drag coefficient (m+), eqn (2) is the u for a cylinder in the
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perpendicular orientation with the relaxation of the double layer (named “Ohshima-

Overbeek perpendicular equation”). The averaged u, “Ohshima-Overbeek averaged

LI 00 _ (Flsmol+2HJ_00) . .
equation”, is represented by g, ~ = — 5 according to Ohshima (2015).

These equations are applicable to low to moderately high { (< 100 mV).

00 _ &r&of 1 _
Hi " = 2n {1 + [ 2.55 ]2}
ka{l+exp(—ka)}
2&r80¢ (Z_e()2 [ ka(ka+0.162)
3n kgT 2{(ka)3+9.94(ka)2+18.7(ka)+0.147exp(—-9.41ka)}

(m+ +m_) 9ka{ka+0.361exp(—0.475ka) +0.0878}] (2)
2 8{(xa)3+10.8(ka)2+18.2(xa)+0.0633}

The theories mentioned above consider different aspects of the properties of the
particles such as cylindrical shape, surface potential, and the relaxation effect and thus
are suitable for estimating the charging properties of CNC colloidal particles. In this
equation, x, the Debye—Hiickel parameter is introduced. The Debye length—thickness
of double layer—is defined as an inverse of the Debye—Hiickel parameter (x'). The
theoretical relationship between x™! and the concentration of the added 1-1 electrolyte

is defined as eqn (3) 1%

—1 __  |&r&okBT
k== \‘ 2N 4ce? 3)

where &y and &, are the dielectric constants of water and vacuum, respectively,
kg s the Boltzmann constant, 7' is the absolute temperature, N4 is the Avogadro number,
e 1s the elementary charge, and c is the concentration of 1-1 electrolyte. Therefore, the
product of x and the particle radius (a), xa, could be regarded as the ratio of the particle
radius to the Debye length, which is related to the contribution of curvature due to the

thin cylindrical shape and plays a critical role in colloidal systems.
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In this study, sulfuric acid was chosen to produce products with a high aspect ratio
and with a negatively charged surface so that the resulting CNCs were expected to
disperse in an aqueous system due to electrostatic repulsion between the particles. 123~
251 With the purpose to expand the possibilities in the pulp and paper-making industry,
we intended to clarify and justify the factors of the preparation conditions in considering
CNC properties with the raw material of wood pulp. Elemental analysis, structure
analysis, as well as electrophoretic mobility theoretical equations fitting were

conducted to study CNC in terms of the shape and surface charge.

2.3 Experimental

2.3.1 Material

CNCs extracted from wood pulp, referred-to “P-CNCs”, were taken for studying
the relationship between the resulting properties and the hydrolysis conditions.
Commercially available CNCs, (C-CNCs; Freeze-dried, University of Maine, Orono,
ME, USA) were analyzed and set as the reference standard for evaluation of laboratory-
made P-CNCs.

The bleached, dry hardwood pulp applied here (provided by Chung Hwa Pulp
Corporation, Taiwan) was a mixture of eucalyptus (Eucalyptus spp.) and bixa (Bixa
spp.). The chemical composition of the applied dry hardwood pulp was mainly cellulose
(85-89%) and hemicelluloses (8—10%) with small impurity levels of lignin (<1%), ash
(<0.5%), and lipid (<0.5%). Sodium hydroxide (NaOH; Showa Chemical Co. Ltd.,
Japan) was used for pretreatment and neutralization after acid hydrolysis. Sulfuric acid
(95-98%, w/w) (Scharlau, Barcelona, Spain) was prepared into various concentrations

for hydrolysis. The water used for this purpose was double-distilled water (DD water).
2.3.2 CNC preparation

The bleached hardwood pulp was first to cut into strips, alkaline extraction was

performed as a pretreatment for the dry hardwood pulps. Strips of pulp were treated
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with 3% (w/w) NaOH at 50 °C for 2 h, which would remove fatty acids, residual lignin,
hemicelluloses, resin, and other impurities. Simultaneously, the amorphous region
would also swell so that it would improve the effectiveness of acid hydrolysis later.

Products gained from the first step were filtered by using an aspirator (A100-S,
EYELA, Tokyo, Japan) and a glass filter. Then, the pulp was hydrolyzed in air in a
variety of conditions, as shown in Table 1, including sulfuric acid at concentrations of
46% and 63% (w/w), hydrolysis temperatures of 45 and 65 °C, and hydrolysis durations
of 0.5, 1, and 2 h. The weight ratio of hardwood pulp to acid solution was set to 1:20
(g/mL), and P-CNCs were obtained after acid hydrolysis. After hydrolysis, 300 mL of
DD water was added to stop the reaction. Then, a third step was conducted to remove
the free acid. The suspension was transferred to a 50 mL centrifuge tube and then
centrifuged at 5000 rpm for 10 min at least 3 times.

Titration was then conducted with a 10% (w/w) NaOH solution to gain
redispersible P-CNC suspensions before dialyzing against water through membranes
with a cutoff molecular weight of 12,000-14,000 (Membrane Filtration Products Inc.,
Seguin, TX, USA). Freeze-drying was chosen in this study because it has been reported
as a way to dry samples without forming significantly larger aggregates than those seen
in air-drying or spray-drying. *! Thus, P-CNC powders were obtained by freeze-drying
(Kingmech Co. Ltd., Taipei, Taiwan) after ultrasonication for 20 min (Crest Ultrasonics

Corporation, Ewing Township, NJ, USA).

14



Table 1 Hydrolysis conditions and sample names in P-CNCs.

Sample name

Concentration (w/w%) Temperature (°C) Duration (h)

SA4645-0.5PN
SA4645-1PN
SA4645-2PN
SA4665-0.5PN
SA4665-1PN
SA4665-2PN
SA6345-0.5PN
SA6345-1PN
SA6345-2PN
SA6365-0.5PN
SA6365-1PN
SA6365-2PN

46
46
46
46
46
46
63
63
63
63
63
63

45
45
45
65
65
65
45
45
45
65
65
65

0.5
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2.3.3 Dimensional measurement

Two methods were applied for determining dimensional properties. Transmission
electron microscopy (TEM) (JEM-1200 EXII, JEOL, Japan and H7650, Hitachi, Japan)
was used to measure the dimension of CNCs after drying on a TEM grid. A
hydrodynamic size distribution was measured based on the dynamic light scattering
technique (Zetasizer Nano-ZS, Malvern Instruments, England). For TEM
measurements, CNC suspensions at 0.1% (w/w) were dropped on 20 mesh carbon
coated TEM copper grids for TEM observations at 60 kV in accelerating voltage. The
particle dimensions were analyzed using ImageJ (https://imagej.nih.gov/ij/index.html)
for at least 30 different particles. Only individual particles with clear edges were
measured. The length and width were determined as the distance between the two ends
of each particle along the length axis and distance between the edges across the axial
center, respectively.

The Stokes-Einstein equation introduces a relationship between the hydrodynamic
size and the diffusion coefficient by Brownian motion. Then, the particle size and
hydrodynamic size distribution of CNC particles were determined from the diffusion
coefficient of particles indicated by the rate of fluctuation of the signal intensity

analyzed by autocorrelation built in the instrument.
2.3.4 Elemental analysis

Contents of N, C, S, and H were determined by elemental analysis (Elemental
analyzer: elementar vario EL cube, Germany). CNCs were packed into a tin-capsule
and incinerated at a higher temperature than 1000 °C in the presence of oxygen to obtain
oxides of N, C, and S. Subsequently, the mass of the oxides was detected and converted

to the composition.

2.3.5 Surface chemistry information
An electron probe micro analyzer (EPMA; JXA-8530F, JEOL, Tokyo, Japan) was

applied to investigate the elemental composition at the surface of CNCs. Samples were
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coated with carbon and measured at an accelerating voltage of 10 kV. On the other hand,
diffuse reflectance infrared Fourier transform spectroscopy (FT-IR; FTS-40, BIO-RAD,
Hercules, CA, USA) and x-ray photoelectron spectroscopy (XPS; JPS-9010TR, JEOL,
Tokyo, Japan) were applied to detect the surface functional groups and chemical bonds

of CNCs.
2.3.6 Potentiometric titration

The surface charge of CNCs was measured by potentiometric acid-base titration
with a pH meter integrated with a burette (Easy pH, Mettler Toledo, USA). A blank
solution was prepared by mixing 25 mL of 0.01 M NaCl with 10 mL of 0.01 M HCL
Then, a titration curve of the blank was constructed by using 0.01 M NaOH under a
CO»-free system with continuous stirring and bubbling argon gas. A CNC suspension
at approximately 0.3% (w/w) with 0.01 M HCI was then added into the blank sample
and titrated again. Titration curves of the blank and CNCs were plotted with pH values
calibrated by Gran's plot. The surface charge density (o) was calculated from the
volumes of the titrant added to blank and the suspension of CNCs at the same pH, CNC

density at 1.6 g/cm® ?7], and the specific surface area.

2.3.7 Zeta potential calculation

If the surface charge density is constant irrespective of pH or electrolyte
concentration as expected from sulfate groups on CNCs, one can evaluate the surface
potential as a function of the electrolyte concentration by using the solution following
the Poisson-Boltzmann (PB) equation. {ieorericat 0f CNCs 1n the 1-1 electrolyte solution
was estimated by solving the PB equation as an electric potential at the slipping plane
in an electrical double layer with the idea reported by Ohshima (1998). 1281 The
relationship between the surface charge density, o, and the surface potential, g, is

approximated as eqns (4-6):
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o = T 5 sinh (%) [1 +(5-1) le(yf)rm)

¥ = 12 (5)
_ Ko(ka)
ﬁ - K]_(Ka) (6)’

where K,(x) is the modified Bessel function of the second kind of order n.
Then, when the distance from the surface of a cylinder to an assumed slipping

plane is decided as X, ¥(X;) could be written as

1/)(X ) _ 2kBT I(1+DC) l ( )

(1 DC)
where

Kolk(a+Xs)]

¢= Ko(ka)

()

and
tanh(25)(1+p)

D= 9).

1
1+[1-(1-42) tanh2(%5)]2

Thus, (imeorericar could be approximated as the surface potential located at X from

the particle surface.

2.3.8 Zeta potential and electrophoretic mobility measurement

Charged particles can electrophoretically migrate in solution in an applied electric
field. The migration velocity of particles under these conditions is measured by laser
Doppler velocimetry. The measured electrophoretic mobility (umeasured) Was then
calculated from a ratio of the migration velocity to the electric field intensity, reflecting
the surface potential of colloidal particles. { of CNCs under different conditions were
calculated based on the pmeasures using theoretical equations such as Smoluchowski’s

theory (eqn (1)). Solid polarization was reported to significantly affect electrophoretic
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mobility only when an applied electric field was strong and a dielectric permittivity
ratio of particle to solution was large. ?°! In this study, however, the applied electric
field was weak, and the dielectric permittivity ratio was small. Thus, the solid
polarization effect is negligible. Data of pmeasurea Were collected at 20 °C using a
Zetasizer from 20 data points after 3 runs, and the conversion for {smo1 was based on

Smoluchowski’s theory.

2.4 Result and discussion

2.4.1 Dimensional information of dried CNCs

Figure 1 shows a TEM micrograph of C-CNCs with information about dimensions.
Spindle-shaped particles captured in this TEM image were analyzed, and their average
length (L) and width (D) were determined to be 168+3 nm and 13.5+0.5 nm,
respectively. Based on this information, the aspect ratio of C-CNCs (L/D) was
calculated to be approximately 12.4.

Then, in contrast to the width, a significant difference of length between P-CNCs
was noticed. When the concentration of sulfuric acid was as low as 46% (w/w), the
hydrolysis temperature and duration influenced the length of the observed P-CNCs,
which might not achieve complete hydrolysis to small-crystallized particles. P-CNCs
obtained from hydrolysis for 0.5 h were longer than those hydrolyzed for 2 h; they were
shorter after being treated at 65 °C compared with those treated at 45 °C. P-CNCs
prepared using a high sulfuric acid concentration (63%) were shorter in length than
those obtained using a low concentration (46%). The preferred length of CNCs is
shorter than 500 nm; therefore, a sulfuric acid concentration as high as 63% (w/w) was

suggested for use in the P-CNC preparation procedure (Figure 2).
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Figure 1 Transmission electron micrograph of C-CNCs.
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Figure 2 TEM observation of P-CNCs prepared with different sulfuric acid concentrations: (a) 63%; (b)
46%.
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In summary, the resulting P-CNCs revealed an average length shorter than 500 nm
for samples prepared at a high sulfuric acid concentration (63%, w/w). Similar
conditions were also chosen in the literature, with the purpose of obtaining an ideal

length.
2.4.2 Surface morphology

Commercial pulps are known to contain minerals because native ash and tap water
washing are used. The mineral impurities might return to insoluble ash, though they
should be dissolved during sulfuric acid hydrolysis. The minerals in the dry hardwood
pulp contained magnesium, silicon, calcium, chlorine, and potassium, as shown in the
resulting diagram from EPMA. Thus, careful pretreatment was deemed a necessary
process, even though bleached pulp was chosen.

Silica, aluminum, and Magnesium were detected in hardwood pulp and in the
sample prepared by 46% sulfuric acid, as suggested by EPMA results. Then, P-CNCs
hydrolyzed with a 63% sulfuric acid at 45 °C for 2 h also had remaining magnesium
and silicon residues (Figure 3), which meant they were removed by neither alkaline
extraction nor hydrolysis at such a high sulfuric acid concentration. Less sulfate and
sodium remained on the surface of P-CNCs hydrolyzed at 65 °C, as indicated by very
weak peaks even under a high-resolution scan. Thus, a high temperature is not
recommended for preparing re-dispersible P-CNCs. However, the P-CNCs hydrolyzed

with 46% sulfuric acid showed the presence of other impurities such as calcium.
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Table 2 Summary of hydrolysis conditions and the resulted properties.

Raw Sulfuric agld Hydrolysis Hydrglysw Yield Length
Sample material concentration temp. (°C) duration (%) (nm)
(%, wiw) p- (min) °
C-CNCs Wood - - - - 168 + 3
pulp
SA6345-2PN ;Iflrpdw""d 63 45 120 78 224423
SA6345-1PN ;Iflrpdwo"d 63 45 60 79 229452
SA6345-0.5PN ;Iflrpdwo"d 63 45 30 77 271442
SA6365-2PN Hardwood 65 120 51 210
pulp
SA4645-2PN Hardwood ¢ 45 120 82 472
pulp
Reid- AITF 3 sglfrt)w""d 63 45 120 - 134 + 56
Reid- Lab-made ! Cotton 64 45 45 - 132+ 55
Beck-Candanedo- s bleached o, 45 45 - 12045
softwood
Beck-Candanedo- S1 4 Bleached 64 45 25 - 141 +6
softwood
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Then, surface functional groups were detected by both FT-IR and XPS. In the
results of FT-IR, characteristic peaks of cellulose were observed with C—O vibration at
1080 cm™!, C-O—C in ring structure at 1130 cm ™!, and cellulose I and cellulose 1I at
around 1400 cm ™. A slightly increased intensity of the C—O—C bond with a decreased
hydrolysis temperature was observed because of the removal of the amorphous region
(Figure 4), though no significant changes in the FT-IR spectrum suggested no secondary
products formed.

The sulfate groups introduced via sulfuric acid hydrolyzation were measured at a
binding energy around 170 eV by XPS. An increased value of sulfate in SA6365-2PN
was observed at a higher acid concentration and hydrolysis temperature (Figure 5). Also,
a peak contributed by sodium at around 260 eV was detected in CNC samples and
sample C, but not in hardwood pulp (the star mark in Figure 5), which suggested the
existence of similar structure of the produced CNCs. However, the O1s peak of P-CNCs
(taking SA6345-2PN as an example) shifted to the left, suggesting that P-CNCs
contained sodium salts and absorbed more moisture %32 (Figure 6). However, neither
SA6345-2PN nor SA4645-2PN showed an obvious sulfate peak. Instead, a high C/O
ratio of SA6345-2PN (0.82) and SA4645-2PN (0.91) was found when it came to overall
areas of Ols and C1s XPS signals. Whereas, C/O ratios of 0.78 and 0.61 were calculated
for SA6365-2PN and sample C, respectively, which showed a peak of sulfate, indicating
the presence of non-cellulosic materials as sulfate groups. Considering the results from
both EPMA and XPS, the detected sulfate and sodium was more significant in SA6345-
2PN, and most of them were suggested to exist as salts rather than forming sulfate
groups on the surface. Not only might the efficiency of composite manufacturing be
influenced, but the extra remaining salt might also lead to disadvantages, such as too
much moisture absorption. For a longer shelf life and further usage, an improved

preparation process is needed to remove most of the salt.
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2.4.3 Charging behavior and surface environment of C-CNCs

Sulfate groups dominated the colloidal behavior of CNCs with a pH-independent
¢ value. Accordingly, potentiometric acid-base titration was applied to determine the
charging behavior, which might be influenced also by sulfate groups. Surface charge of
CNCs resulted in a difference between titration curves of the CNC suspension and blank
solution. The surface charge density was defined with the specific surface area of 304.2
m?/g obtained by dimensional information from TEM and an assumed cylindrical shape,
with the assumption of a non-aggregated state.

Figure 7 shows that the surface charge density of CNCs was determined to be
approximately -0.1 C/m? after avoiding possible error from the strongly curved titration
curve at low pH, which is close to that of sulfate group grafted CNCs prepared via
sulfuric acid hydrolysis. ') As shown in Table 3, the detection of sulfur by elemental
analysis also suggested the presence of sulfate groups on the surface of CNCs. By
counting backward with the relationship between the surface charge density and sulfur
content, entire dissociation of sulfate groups of CNCs were derived from the

approximately same level of %S between the two methods. [ 33!
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Table 3 Elemental composition of C-CNCs.

Element N C S H

Ratio (wt.%) 0.26 39.63 0.97 6.27
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2.4.4 Analysis of electrophoretic mobility of C-CNCs

In the calculation of electrophoretic mobility from theories (umeorerica), it Was
assumed that the surface charge density was constantly -0.1 C/m? as shown in Figure 7
and previous studies!'® ** 34, Subsequently, the theories regarding orientation and the
relaxation effect as well as the shape and surface potential of CNCs (eqns (1-3))
provided theoretical curves of ymeoreiicai. Figure 8 exhibits those theoretical curves for
fitting to the tmeasurea ON the condition of the slipping plane located 0.60—0.75 nm away
from the particle surface.

At low electrolyte concentrations, the Ohshima-Overbeek averaged equation and
Ohshima-Overbeek perpendicular equation curves fairly fitted the data points better
than the others. This confirmed the assumption that CNCs have highly charged surfaces,
indicating that the relaxation of the double layer reduces u. To be more exact, however,
neither the Ohshima-Overbeek averaged equation nor the Ohshima-Overbeek
perpendicular equation fitted the data points, but the experimental data remained
between both equations.

The Ohshima-Overbeek perpendicular equation did not fit the data points exactly
due to the cylindrical shape of CNCs, suggesting a possible orientation effect. pg,,°°

considers the orientation effect of CNCs, however, does not consider the end effect

(0] (0]

sufficiently. As mentioned before, 1,,°° uses p,; %9 as the perpendicular orientation

with a relaxation of the double layer, but adopts zsmor, in which the parallel part ignored
the relaxation effect. This means that the Ohshima-Overbeek averaged equation is not
completely suitable for cases with the significant end effect. The data points of zumeasurea

fell close to pg,°°

at higher electrolyte concentrations or at higher xa values. With a
relatively small double layer and a xa value greater than 3.5, a trend similar to the

theoretical prediction was shown in experimental data, which meant that the end effect
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became less pronounced. On the other hand, cellulose nanofibers are shaped as a long
cylinder with relatively low ¢, if mechanically prepared, than CNCs and are reported to
exhibit behavior predicted by "Ohshima-Overbeek perpendicular equation"*>], whereas
the relatively short length and high surface zeta potential characteristic of CNCs was

O  In addition, a

responsible for the difference between pmeasurea and pig,°
misinterpretation of the partial end effect consideration in the case of a relatively thick
double layer when the same equations were applied was reported, and it was suggested
that the end effect played a significant role in this situation. *") Thus, another estimation
was suggested in this reference to deal with such a short cylinder with a thick double
layer and a non-negligible end effect, all characteristic of CNCs.

O as g9 (xa) and replace usmor with p, %% (kL/2),

A concept to keep u,°
where L is the length of the CNC particle, for a cylinder model oriented parallel to the
field in calculating the averaged u from Ohshima's equation (eqn (5)) proposed by

00 (L) — (HJ_OO(%L)"'ZH.LOO)
3

Bakker et al.*?! was applied. Then, a motivation of g, was
calculated and named as "Ohshima-Overbeek (length) equation”. Figure 9 shows that
this theory presented a much better fitting than Smoluchowski's theory for the parallel
part. Nevertheless, the experimental data points were close to the Ohshima-Overbeek

(length) equation, where the Ohshima equation was applied to both perpendicular and

parallel parts for the cylinder mobility to account for the end effect.
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Figure 8 Fitting of theoretical equations when the surface charge density and distance between the

particle surface and slipping plane are assumed to be -0.107 C/m? and 0.65 nm, respectively.
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Figure 9 Fitting of theoretical equations including the Ohshima-Overbeek (length) equation as the best

fitted approximation.
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In addition, considering CNCs with various lengths, the “Ohshima-Overbeek
(length) eq.” curve was confirmed to become closer to “Ohshima-Overbeek averaged
eq.” with an increasing CNC length, suggesting that the end effect plays a major role
for shorter CNCs.

Finally, our result suggests that the use of Smoluchowski's equation leads to the
underestimation of { in magnitude. The relaxation effect and the end effect are crucial
for parallel and perpendicular mobilities of CNCs due to high charge and a relatively

small aspect ratio.
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Figure 10 An effect of the CNCs length depicted with “Ohshima-Overbeek (length) eq.” with an

assumption that the radius, zeta potential, and surface charge density are constant (independent with the

length of CNCs).
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2.5 Conclusion

Dry hardwood pulps were used to prepare CNCs under controlled conditions. To
introduce sulfate groups on CNCs, a high hydrolysis temperature (65 °C) was preferred
to produce redispersible CNCs with successfully grafted sulfate groups. Through the
results of potentiometric titration and elemental analysis, sulfate groups introduced via
sulfuric acid hydrolysis were proposed to possess such a strongly negative surface
potential. At lower electrolyte concentrations (< 25 mM), the double layer remained
relatively thick and the suspensions did not aggregate. In this situation, theoretical
results such as the Ohshima-Overbeek averaged equation and the Ohshima-Overbeek
perpendicular equation explained the experimental data more accurately than
Smoluchowski's equation, owing to the cylindrical shape of CNC colloidal particles
and the relaxation effect caused by the highly charged surface from sulfate groups. The
reason that neither the Ohshima-Overbeek averaged equation nor the Ohshima-
Overbeek perpendicular equation fitted the experimental data accurately might be the
end effect, which became remarkable in the case of a short cylinder with a remarkable
surface charge. Dealing with this problem, we successfully determined ¢ more exactly
from ¢ by a new method based on the Ohshima-Overbeek (length) equation that has

never been applied to CNCs before.
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Chapter 3
Development of Robust Conductive Tracks by

Undercoating Cellulose Nanocrystal-formulated Ink

3.1 Abstract

Coatings are usually applied on paper for improving ink penetration or pigment
retention. To deal with the complex surface environment of paper which might bring
disadvantages to the adhesion among conductive ink particles, the applicability of
cellulose nanocrystals (CNCs) were tested as a pre-treatment of paper surface. A CNC
suspension, exactly like an aqueous-based ink, was printed on a paper surface to be a
few layers. Then, the CNC-undercoated substrates were examined on the silver
nanoparticles ink (AgNPs ink)-wettability, surface texture, and roughness. Resistance
of the printed silver tracks was measured, and a friction test were conducted to evaluate

the adhesion.

3.2 Introduction

In several research practices, inkjet printing was selected to introduce functional
inks onto paper substrates for the reduced cost, controllability, high throughput, and
milli- to micro-meter scale patterning. ['3] As inkjet is not a new technology in the
world, the operation method of inkjet printing has been developed well with an easily
controlled system and a potential for high throughput. In addition, it is possible to
deposit different materials simultaneously by inkjet, which is advantageous in mixing
multiple solutions in small quantities. [ 3

With the consideration of environment and demand of flexible devices, paper is

regarded as a suitable material being the substrate of printed functional inks. However,
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as mentioned in Chapter 1, the porous structure, rough surface, and complex surface
chemistry would decrease the performance of functional applications like printed
electronics. Other problems such as increased cost and difficulty in recycling would
occur through a plastic film is laminated on paper to deal with the disadvantages of
paper surface. (¢! Also, pigments and surface coating on commercially-available inkjet
paper might decrease the thermal stability of the whole paper, which is not suitable for
conductive ink printing.

The aim of this study is to seek an eco-friendly surface treatment of paper
substrates to prevent the drawbacks caused by the roughness and uncertain chemical
environments. Nano-scaled bundles of crystalline regions of cellulosic chains, CNCs,
was chosen to be introduced on paper as an undercoat. Comparing with the complex
surface chemistry environment of paper, CNCs have the potential to improve the
robustness of the tracks thanks to the identified structure. Moreover, CNCs prepared
via sulfate acid hydrolysis exhibit excellent dispersibility in water. Highly charged
sulfate groups of CNCs with the extracting process of sulfuric acid hydrolysis induced
an electrostatically stability in aqueous solution as investigated in Chapter 2. That
means CNCs have potentials to be applied as an aqueous ink, which is non-toxic and
eco-friendly.

Contact angles between ink and the surface of substrates were measured to
evaluate the ink-wettability. As the surface smoothness is also important, the roughness
of a paper surface with or without CNCs printed was measured with a scanning probe
microscope (SPM). In the measurement, the sample surface was scanned with a probe
to compose profile images. An interaction between the probe and sample surface
influences the normal attractive force occurring between them. By monitoring the
changes in the amplitude of the attractive force, the surface topography can be obtained.

Furthermore, cross-sections of CNCs-printed paper samples were observed, and a
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friction test was conducted to study the adhesion between the conductive ink and

substrates.

3.3 Experimental

3.3.1 Sample preparation
Commercially available CNCs prepared by sulfuric acid hydrolysis (University of

Maine, USA) was used as a functional ink after homogenizing in water. Inkjet printing
was done by using a material inkjet printer (Dimatix DMP-2831, Fujifilm, Japan). To
prevent curling of paper samples due to high contents of moisture absorbed from CNC
inks and strong shrinkage force resulting during drying, photo-grade inkjet paper with
silica formed on a resin coat base was chosen. Thus, “EPSON CRISPIA” was chosen
as the substrate owing to a high picking resistance, quick absorption of inks and high
dimensional stability.

A CNC suspension with a concentration of 0.1% (w/w) was loaded into a cartridge
and the ejection voltage was set to 40 V to print CNC coatings to 1, 5, 10, and 15 layers
(C1-C15) on paper substrates. Additionally, a silver layer was introduced on the CNC
coatings with the water-based silver nanoparticles ink (W-AgNPs ink; NBSIJ-MUO1,

Mitsubishi paper mills Ltd., Japan) (Figure 11).
3.3.2 CNC properties

The outward appearance of CNCs was investigated by transmission electronic
microscopy (TEM; JEM-1200 EXII, JEOL, Japan). CNC suspensions at 0.1% (w/w)
were dropped on 20 mesh carbon coated TEM copper grids for TEM observations at 60
kV. The particle dimensions were analyzed using ImageJ
(https://imagej.nih.gov/ij/index.html) for at least 30 different particles. Only individual
particles with clear edges were measured, and the width was determined as the diameter

in the center of each particle.
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3.3.3 Ink-wettability of CNC pre-printed samples

Ink-wettability was studied by measuring the contact angle by a contact angle
meter (DMs-401, Kyowa Interface Science Co., Ltd., Japan). The contact angles
between a 0.5 uL. W-AgNP drop and substrates were measured by image analysis each

100 ms by a contact angle meter (DMs-401, Kyowa Interface Science Co., Ltd., Japan).

3.3.4 Topographical observation of CNC pre-printed samples
SPM (E-sweep, Hitachi High-Tech Science, Japan) was used for the surface profile

observation. The dynamic force mode (DFM) and a cantilever “SI-DF20” was chosen
for 10 pum square samples that were measured at various magnifications. In addition,
the sampling intelligent scan (SIS) mode was applied when the intervals between data
points were too small to achieve high quality and prevent the damage of the probe as

well. Then, the roughness value (Ra) was collected after scanning.

3.3.5 Surface appearance

A field emission scanning electron microscopy (FE-SEM; SU-8020, Hitachi-
hightech, Japan) was applied to observe the surface structure of paper, CNC-printed
surface, and W-AgNP-printed surface. Samples were cut into small pieces and attached
onto a SEM sample holder with a double-sided, conductive, and adhesive carbon tape.
Then, platinum was sputtered to coat samples to ca. 12 nm in thickness. The
accelerating voltage of FE-SEM ranged from 1 mV to 10 mV in observation for whole
viewing and detail observation. to observe the ink penetration depth, cross sections of
samples were cut at 45° (Figure 12), placed onto a sample holder with a carbon tape,

and then coated with sputtered platinum.

3.3.6 Evaluation of the improved W-AgNP area

The adhesive property between silver tracks and paper substrates was studied by
the friction method as shown in Figure 13. A #3000 sandpaper was attached to the
bottom of the arm with a 50 g weight. Then, the movable stage was moved back and

forth to rub a sample against the sandpaper for several times. Pictures of the W-AgNP-
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remaining area after 1, 3, 5, 10, 20, 30, 40, and 50 strokes of frictions were captured
and compared to those before friction. At the same time, the electric resistance of

printed W-AgNP area was measured with a four-point resistance meter.

3.4 Result and discussion

3.4.1 Ink-wettability of samples

The paper surface with CNCs was found to have higher ink-wettability from the
measurement of the contact angle between the W-AgNPs ink and paper surfaces. Even
on only one layer of CNCs (“C1”), the contact angle was approximately 33°, whereas
that without CNCs (“no CNC”) showed a contact angle approximately 45°, as shown
in Figure 14. This result is in agreement with the previous study that paper surface with
multiple layers of CNCs had a more polar component and enhanced the wetting by a

polar liquid such as W-AgNPs ink. [7]

3.4.2 Roughness evaluation

With several printed CNCs, a lower roughness than photo-grade inkjet paper
(named “no-CNC” in Figure 15) was observed. One to ten-layers were recommended
for CNC pre-printing to maintain or decrease the surface roughness. In other words, a
small amount of CNCs is capable of decreasing the surface roughness. Consequently,
optimal ink-wettability was realized by printing CNCs on paper surfaces to obtain

higher smoothness. This improvement was achieved by the nanoscale of CNCs.

3.4.3 Interaction between a silver track and printed CNCs

The robustness of the silver layer printed on the underlaid CNCs was measured
and a reinforcement owing to CNC undercoats was suggested (Figure 16). With an
increasing number of CNCs undercoats, more silver nanoparticle layer remained after
frictions. The composition of the W-AgNPs ink is supposed to contribute the interaction
with CNCs, and there might be intermolecular force that occurs between silver and

cellulose.
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Figure 11 Side view of printed samples.
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Figure 12 Schematic of SEM samples without CNCs (a) and with CNCs (b).

48



Weight (50 g)

Sandpaper(#3000
Sample ( _ paper( )

Figure 13 Schematic of how to subject W-AgNP-printed surface to friction.
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3.4.4 Electrical performance of printed silver area

With the increased number of CNCs layers, the resistance of the silver layer
increased before friction but obviously decreased after friction with a minimum at five
layers (Figure 17). Furthermore, silver on 5-layer of CNC undercoats (AgC5) kept the
highest conductivity. Consequently, CNC undercoats helped to form a robust layer of

silver and thus kept the conductivity.
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Figure 14 Contact angles of W-AgNPs ink on photo-grade inkjet paper with no CNCs (No CNC), 1
layer (C1), 5 layer (C5), 10 layer (C10), and 15 layer (C15) CNCs printed.
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Figure 16 Area ratio of silver nanoparticle layer remaining after frictions.
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3.4.5 Surface appearance

Different surface textures among three different top layers: an ink-receptive layer
of the inkjet paper, printed monolayer CNCs (C1), and printed mono-layer W-AgNPs
ink on CNCs (AgC1) were observed by SEM as shown in Figure 18. Paper surfaces are
covered with mesoporous silica particles with a diameter of approximately 50 nm,
CNCs spindles, and aggregated W-AgNPs, respectively.

Large cracks might have been caused when the cross section was cut; however,
Figure 19 implies there are sufficiently large pores between silica particles to absorb
the solvent through a CNC layer to solidify it by capillary force. Figure 20-a shows that
a cross section of a W-AgNP layer ca. 6 um in depth printed on CNCs. Then, a deeper
penetration of W-AgNPs ink was found with a more CNC layer, suggesting an
anchoring effect happened between CNCs and W-AgNP layer (Figure 21).
Consequently, a CNC layer was found to build a dense structure owing to capillary
force, and then ink anchoring was improved owing to CNC undercoats.

Also, during the sample cutting, the razor blade damaged the cross section and
caused breakup. Some strap-shaped connecting structures are observed between silver
and CNC layers as denoted by arrows. However, neither silver layer nor the connecting
structure between silver and paper was found on the surface with CNCs unprinted.
Silver printed directly on the paper was broken in cutting the cross section. Figure 22
showed that the surface mesoporous silica maintained its structure after the W-AgNP
layer peeled off (Figure 22-c), suggesting a weak connection between the W-AgNP

layer and paper surfaces.
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Figure 18 Surface structure of the three areas: (a) paper surface, (b) printed CNCs, and (c) printed W-
AgNPs.
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Figure 20 Cross section between CNC-printed area (C1)/AgCl1: (a) whole view and (b) close-up of the

red rectangle in (a) with strap-shaped structures denoted by arrows.
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Figure 21 Penetration of W-AgNP ink on different layers of CNC undercoats.
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Figure 22 Silver without printed CNCs: (a) damage caused by cutting, (b) Silver layer peeled off, and

(c) inkjet paper surface after the silver layer peeled off.
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3.5 Conclusion

Undercoating of a reinforcement on the photo-grade inkjet paper was tried to
support a printed silver layer with high electroconductivity and resistance to
deformation. CNCs were chosen to apply on the inkjet paper surface as an adhesive
between paper and ink. Because of a strong surface charge density and nano-scale
dimensional smallness, CNCs were successfully applied as a water-based ink, letting
them be easily used to create undercoats on paper surfaces by inkjet printing technology.
Printed CNCs provided a better W-AgNPs ink receptivity to inkjet paper surfaces.
Moreover, CNC undercoats facilitated W-AgNPs ink penetration and thus produced a
firm and robust W-AgNP layer because of anchoring effect, reducing a better adhesion
between the W-AgNPs ink and the substrates. An adequate amount of CNCs, five layers
of CNCs for this case, was presented to control roughening of the paper surface and
lead to a robust conductive track by penetration of a certain portion of the ink.
Consequently, CNCs helped with W-AgNPs ink penetration and thus induced a firm
and robust silver layer; therefore, for a better conductive performance of paper-based

conductive layers, CNCs were suggested to be applied as a functional undercoat.
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Chapter 4
Fabrication of Cellulose Nanocrystal-based Transparent

Conductive Device

4.1 Abstract

Instead of commercially available paper, cellulose nanocrystals (CNCs) were used
as the main material to cast transparent films in various grammage and additional
cellulose nanofibers (CNFs) in this Chapter. The fabricated films were characterized by
transparency, mechanical property, as well as wettability. Then, oil-based conductive
ink was printed on the films and annealed at 110°C. The resistance of tracks printed on

the films were low enough to apply as a circuit.

4.2 Introduction

Considering a wider application of a transparent conductive device and an optimal
conductivity brought by metallic inks which form interconnected phase after annealing,
commercially available photo-grade inkjet paper used in Chapter 3 was not
recommended. Instead, pure cellulosic material in nanoscale like CNCs, are expected
to fabricate transparent and heat resistant casting films.

CNCs were believed to show liquid crystal behavior under certain concentration
owing to the electric repulsion between CNC particles which promotes the orientation
of them. ! In Chapter 2, it was shown that sulfate groups with a strong negative charge
were introduced onto CNCs during preparation with sulfuric acid hydrolysis. A high
surface charge and small aspect ratio of CNCs were confirmed to obscure the chiral
morphology and lead to the formation of a nematic phase. !! It was reported that the

onset concentration for liquid crystalline ordering of a CNC suspension was shifted to
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higher concentrations than the predictions based on Onsager model. ! In the Onsager
model, the required volume fraction for liquid crystal formation and the aspect ratio of
a cylinder is inversely proportional. However, in Chapter 2, it was suggested that a high
surface charge caused electrostatic repulsion between the charged CNC cylinders and
thus increased the effective volume fraction. On the other hand, ions interact strongly
with the surface of CNC cylinders, and that might also be the reason that the effective
cylinder shape and size of CNCs were outside the scope of the Onsager model. [

Furthermore, a cholesteric helix ordering was developed while casting CNC
suspensions because of the maintaining of alignment. [?! The influence of electrostatic
repulsion was suggested to not only take place on liquid crystal formation but also on
the pitch of cholesteric helix. ['! Pan et al. (2010) ™! reported the drying process of a
CNC film and the formation of chiral nematic phase roughly are as below: During
drying, when the concentration of CNCs was increased, a chiral nematic phase was
formed, displaying characteristics of a cholesteric liquid crystal. After the critical
concentration was reached, the disruption of the cholesteric phase in CNC suspensions
formed helically twisted cylinders. Then, owing to the increased suspension
concentration, the formation of more anisotropic phase was promoted. Upon full drying
of the suspension, the cylinders were found to remain in the arrangement, and the
interference with the interaction of CNC cylinders did not take place during drying
process. An increased pitch was observed in the films; whereas the effect on
crystallinity was not significant.

The aim of this study is to seek an eco-friendly material as the base of a transparent
electric circuit without the drawbacks caused by a limited thermal stability and
uncertain chemical environment like commercially-available inkjet paper. Regarding to
the literature review above, CNC-films with interest optical properties and thermal

stability have potentials to be produced by casting a CNC suspension. CNCs are
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reported to bare a high temperature, and the sulfate groups are suggested to act as flame
retardants when the temperature reached 300°C 1. Such an ideal thermal stability also
suggests CNCs be used as a substrate for conductive inks which exhibit an excellent
conductivity but require annealing. However, CNCs were reported as short cylinders
with a low aspect ratio above. Dimensional limitation is suspected to bring a
disadvantage in mechanical strength to a pure C-film. Considering the compatibility
between the hydrophilic CNCs and reinforcement, TEMPO (2,2,6,6-tetra-
methylpiperidine-1-oxyl)-oxidized cellulose nanofibers (CNFs) were selected and
expected to bring improved mechanical properties of a CNC-CNF-mixed film.

In order to characterize the resulted films, transparency, thickness, and tensile
strength of the resulting films were measured. Then, surface topography of the film and
conductive layer were observed by both scanning probe microscopy (SPM) and focused
ion beam-scanning electron microscopy (FIB-SEM). Furthermore, the -electric
conductivity was measured after annealing the oil-based conductive ink which was

applied onto the film by inkjet printing.

4.3 Experimental

4.3.1 Sample preparation
Commercially available CNCs prepared by sulfuric acid hydrolysis (University of

Maine, USA) was homogenized in water, then the suspension was casted in a petri dish
to obtain a CNC film (C-film; C-series). For some samples, a mixture of TEMPO-
oxidized wood pulp-based cellulose nanofibers (CNFs; TEMPO-CNFs 1% in weight
ratio, Nippon paper industries co. Itd., Japan) and CNCs was applied to CF-film
fabrication (CF-series). A 4% (in weight ratio) of CNC suspension was prepared by
dissolving CNCs in distilled water. Dried C-films with different grammage (g/m?) were
prepared by adjusting the amount of CNC suspension, and dried CF-films were

prepared by mixing CNC suspension with CNF slurry (Table 4). The grammage of CF-
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films was controlled to be similar with “C-40”, which is around 7080 g/m?. After all,
oil-based silver nanopaste (O-AgNPs ink; NPS-JL, Harima Chemicals Group, Inc.,
Japan) was introduced onto films by an inkjet printer (Dimatix DMP-2831, Fujifilm,

Japan).
4.3.2 Characterization of films

Film thickness (Tozai seiki co. Itd., Japan) was measured from 10 positions each
of three test specimens. Then, a zero-span (ZS) tensile tester (Pulmac inc., USA) was
used for evaluating the mechanical property of films. The specimen for ZS tensile
strength was cut into 2 cm %8 cm to fit the pressure blade (Figure 23), and the ZS tensile
load was obtained at a clamping pressure of 60 psi. The reading value was calibrated to
failure load by following its manual. Then, failure load was divided by the width to
obtain ZS tensile strength. After divided ZS tensile strength by grammage, ZS tensile
index was calculated. Then, folding endurance was measured with a tester (Toyo Seiki
Seisaku-sho Ltd., Japan) by folding the specimen left and right both at 135°at a certain
speed with a 1 kg weight on the top of the plunger, and then the number of double-fold
until it fractured was counted. Folding endurance was calculated by converting the
number of double-folds (fold number) to the logarithm (to the base of ten).

Measurements above were conducted in a conditioning room at 20°C and 50% in
relative humidity (RH). Wettability of the films was studied by collecting the contact
angle of a 0.5 pLL water-drop on the films each 100 ms in 6000 ms (6 seconds) by a

contact angle meter (DMs-401, Kyowa Interface Science Co., Ltd., Japan).

4.3.3 Structure of films and oil-based conductive tracks

O-AgNPs ink was introduced onto films by an inkjet printer (Dimatix DMP-2831,
Fujifilm, Japan) and the resistance was measured after annealing at 110°C for 45
minutes. The surface structure was observed by field emission scanning electron

microscopy (FE-SEM; SU-8020, Hitachi-hightech, Japan) and a FIB-SEM (600i,
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Helios NanoLab, USA). Owing to FIB-SEM, the cross section was made by an ion
beam (the place circled by dash-line in Figure 24-a, b); thus, the thickness of O-AgNP
layer as well as the interface between O-AgNPs and film were observed. Then, SPM
(E-sweep, Hitachi High-Tech Science, Japan) was used for the topographical
observation with a dynamic force mode (DFM) and a cantilever “SI-DF20” with a tip

radius smaller than 10 nm.
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Table 4 List of C-films and CF-films.

Sample name  CNC: CNF (in mass.) Thickness (mm)

C-20 100:0 0.02
C-40 100:0 0.04
C-60 100:0 0.08
C-80 100:0 0.10
CF-9-40 90:10 0.05
CF-8-40 80:20 0.05
CF-7-40 70:30 0.05
CF-6-40 60:40 0.06
CF-5-40 50:50 0.05
CF-4-40 40:60 0.05
CF-3-40 30:70 0.05
CF-2-40 20:80 0.05
CF-1-40 10:90 0.05
CF-0-40 0:100 0.05

68



F

.MMMMmimmmmmmmm

ZS tensile test, 2x 8 (cm?)

ZS tensile test, 2x 8 (cm?)

C-film or CF-film

Figure 23 ZS tensile strength measurement.
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Figure 24 Observation of cross section by FIB-SEM. First, a brick of platinum was coated, as the

arrows point in (a) and (b), in front of an ideal place where circled by the broken line in (a). Then, the

hole as (b) was dug by an ion beam.
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4.4 Result and discussion

4.4.1 Characterization of films

C-film and CF-film casts were successfully fabricated by drying at 50°C until the
weight became almost 0 (Figure 25). A chiral nematic texture was observed at the cross
section of a C-film (Figure 26) by SEM. As reported in references, this structure
suggested that with a slow evaporation of solvent, chiral nematic self-assembly
happened to form such a helical structure - /. Also, the films were observed by setting
them between cross polarizers. Light passed through cross polarizers with a film
between them because of the supposed chiral nematic ordering of CNCs (Figure 27-a).
Because of different refractive indices for polarization along and perpendicular to CNC
particles, a birefringent pattern was observed in each film (Figure 27-b, d). CNFs were
also reported to dispersed in alignment through surface carboxylation like TEMPO-
oxidization U"l; however, it was found to be darker as shown in Figure 27-c and d,
suggesting the alignment of CNFs is limited. With a CNC composition less than 60%,
CF-films were not suggested to exhibit specific ordering and thus the light didn’t pass-
through two polarizers (Figure 28). Fibers with relatively large aspect ratio was pointed

out to result in the limitation of CNF alignment. 1]
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Figure 25 Fabricated C-films and CF-films. (b): Transparent C-film (Take “C-40” as example). (¢):
Transparent CF-film (Take “CF3-40” as example).
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Figure 26 Cross section view of a C-film.
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Figure 27 A C-film (a, b) and CF-film (¢, d) were put between cross polarizers. In (a) and (c), the left
side is the place without films inside but “C-40” and “CF9-40” was put in the right side of (a) and (¢)

respectively. Then, (b) and (d) are close-ups of the red rectangles in (a) and (¢), respectively.
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Figure 28 CF-films were put between cross polarizers: from (a) to (j) are CF-0-40, CF-1-40, CF-2-40,
CF-3-40, CF-4-40, CF-5-40, CF-6-40, CF-7-40, CF-8-40, CF-9-40. The left side in each photo is the

place without films inside.
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4.4.2 Mechanical property and wettability of films

Tensile strength was calculated from the ZS tensile load divided by the grammage.
A higher the value is, a relatively stronger ZS tensile load it can bare in a same unit of
area. Based Figure 29-a, a decreasing of tensile strength was observed with an increased
grammage of a C-film. However, with an addition of CNFs (Figure 29-b) but keeping
the grammage as same as “C-40”, tensile strength was improved, suggesting that CNFs
reinforce the film while the grammage kept low. On the other hand, the folding
endurance of CF-films was also improved with CNF addition. It showed a positive
correlation between the CNF ratio and folding endurance (Figure 30). In the case of a
pure CNF film (CF-0-40), a folding number as high as 777 times was measured. Then,
there was no significant difference of contact angle between samples when taking a
look at the averaged contact angle within 6 sec. Each of them showed a contact angle

above 40° but lower than 90°, suggesting a hydrophilic surface.
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Figure 29 (a): ZS tensile strength and grammage of films
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Figure 30 Folding endurance and CNF ratio.
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4.4.3 Topographical observation of films and O-AgNP areas

A 1 pm square of film surfaces was scanned and observed by SPM. Spindle-like
CNC cylinders were found to arrange randomly on the surface, which might be
regarded as the isotropic phase formed on the top while the phase separation occurred
during drying (Figure 31-a). CNF were found to entangle with each other (Figure 31-
b).

Then, the O-AgNP area showed a parched earth on films both under SPM
observation (Figure 32-a) and FIB-SEM (Figure 32-b). Fortunately, the layer of O-
AgNPs was not destroyed due to the parch-earth-structure resulted by drying. A2-pm-
thick O-AgNP layer was introduced on films by inkjet printing. A clear interface
between an O-AgNP layer and a surface of film, pointed out by arrows in Figure 33,
was observed in each sample. “C-40”, a film without the addition of CNF, showed an
O-AgNP layer of 1.420 um in averaged. As to a CF-film, with a higher proportion of
CNCs, a thinner O-AgNP layer was noticed: “CF10-40” showed an O-AgNP layer of

1.276 pm, whereas the layer on “CF9-40” was 2.118 um, in averaged.
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Figure 31 (a): Surface of a C-film (“C-40” as an example). (b): Surface of “CF-0-40".
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Figure 32 Ground of O-AgNPs on a film (“C-40” as an example).
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Figure 33 Thickness of an O-AgNP layer on (a) “C-40”, (b) “CF10-40”, and (c) “CF9-40".
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4.4.4 Electrical performance of O-AgNP tracks

Circuit was prepared by putting pieces of copper tape on the designed location of
a film. Copper tape was used at the conjunction place with resistance, light-emitting
diode (LED,) and batteries. Then O-AgNPs ink was printed onto the film with some
overlaps between the ink and copper tape and then annealed as the way explained in
4.3.3. After annealing, crocodile clips were used to connect the printed tracks with
resistance, LED, and batteries (Figure 34). All the C-films and a CF-film, CF-9-40, was
tried. All of them showed a resistance of 0 Q, thus suggesting an optimal potential to

be used as electric circuits in display, antenna, etc.
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Figure 34 Design of the circuit on a film.
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4.5 Conclusion

Thin transparent C-film and CF-film were fabricated by casting CNC/CNF
suspension on a petri dish. CNF reinforced C-film to bear a higher tensile load and
exhibit a higher folding endurance. Both chiral nematic ordering and helical structure
were observed in a C-film and a CF-film with more than 60% of CNCs. O-AgNPs
showed a parched earth on both C-film and CF-film. The O-AgNP layer was thicker on
a CF-film than a C-film. Resistance of O-AgNP tracks on C-film and CF-film were low

enough to be applied as a circuit.
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Chapter 5

Overall Conclusion

Inkjet-printed electronic devices with a cellulose-based substrate were reviewed,
and the problem caused by complex surface environment of paper was noticed. Thus,
cellulose nanocrystals (CNCs), a nano-scale cellulosic material with a high crystallinity
and unique optical properties was focused in this study.

Dry hardwood pulps were used to prepare CNCs with a variety of hydrolysis
conditions. A high hydrolysis temperature (65 °C) or stronger sulfuric acid
concentration (63%) was preferred to produce redispersible CNCs with successfully
grafted sulfate groups. Then, negative surface potential was observed for CNC particles
owing to sulfate groups introduced via hydrolysis. Moreover, at a high electrolyte
concentration, CNCs had a thin double layer, and thus the end effect was not very
significant during electrophoresis. Instead, at lower electrolyte concentrations (< 25
mM), the double layer remained relatively thick, suggesting the Ohshima-Overbeek
averaged equation and the Ohshima-Overbeek perpendicular equation explain the
experimental data more accurately than Smoluchowski's equation. With the
consideration of cylindrical shape and the end effect, which became remarkable in the
case of a short cylinder with a remarkable surface charge, a new method based on the
Ohshima-Overbeek (length) equation that has never been applied to CNCs before was
suggested.

Then, water-based CNC suspensions were suggested as a pretreatment material of
photo-grade inkjet paper, improving a linkage between paper and water-based silver
nanoparticles ink (W-AgNPs ink). An enhanced wetting surface of W-AgNPs ink was

suggested with pre-printed CNCs. Also, a facilitated W-AgNPs ink penetration and
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resulted firm and robust tracks were developed with CNCs. Hence, an achievement on
a better conductive performance of paper-based conductive area was reached owing to
a CNC undercoat.

Considering a wider application of a transparent conductive device, and an optimal
conductivity brought by metallic inks which form interconnected phase after annealing,
CNCs won the admiration to fabricate transparent and heat resistant casting films.
Transparent films with unique optical properties thanks to the chiral nematic ordering
and helical structure were prepared with a proportion of CNC higher than 60%. Each
film was suggested as the substrate of O-AgNPs. The O-AgNP layer was thicker on a
CNF-auditioned film than a pure CNC film though, O-AgNP tracks on both were low

enough to be applied as a circuit.
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