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Abstract

In this study, a facile method was developed to obtain transparent nanocomposites of
immiscible native hydrophilic nanocelluloses and hydrophobic resin based on the concept of
emulsification of oil and water. The method, called Pickering emulsification method, allowed
to uniformly disperse the resin monomer in micro-droplet forms into the network of native
nanocelluloses in the water medium. The dual role of the nanocelluloses, i.e., as the emulsion
stabilizer and the resin reinforcing element, was exploited. The effect of the emulsion
formulations, nanocellulose content, length, and crystallinity was investigated in terms of the
emulsion morphology (resin droplet size), and the corresponding microstructure and properties
of the nanocomposites resulted from the Pickering emulsification method. The nanocomposites
uniquely combine 3D-moldability in macro-, micro- and nanoscale, and a high mechanical,
optical, and thermal-stability performances compared to the nanocomposites prepared by
impregnating the same resin into the nanocellulose-paper having a similar content of
nanocelluloses. The unique behavior of the nanocomposites from Pickering emulsion was
attributed to their self-assembled distinctive hierarchical microstructure originated by
aggregation of the nanocellulose-network-encapsulated resin micro-droplets. Geared from the
outstanding results obtained in the thermal stability of the nanocomposites, a highly thermally
resilient silver nanowire transparent electrode was demonstrated using the nanocomposite as a
substrate. This study, therefore, provides significant insights to fabricate unique transparent
nanocomposites reinforced with native nanocelluloses by using facile Pickering emulsification

technique for the application in next-gen advanced optical materials.
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Chapter 1

General Introduction

1.1 Background of the study

Nanocelluloses, i.e., semi-crystalline cellulose nanofibers (CNFs) and their crystalline
parts called cellulose nanocrystals or nanorods (CNCs or CNs), are one of the marvelous nature
materials mainly produced in the plant cell walls. With their strength several times stronger
than steel, CNFs not only support the huge body of a tree, but also offer an incredible potential
as the sustainable and eco-friendly reinforcement material for man-made polymer
nanocomposites. Also, the crystalline parts of a CNF have an incredible thermal-dimensional
stability, and therefore, CNFs are highly effective to reduce the extreme thermal expansion of
the polymers. Another advantage is that the thickness of the nanocelluloses are much smaller
than the wavelength of the visible light, therefore, are free from light scattering in a transparent

polymer matrix.

Despite the enormous potential of the nanocelluloses as the reinforcing component for
polymers, @ the processing of nanocomposites suffers from the difficulty of uniformly
dispersing “native” hydrophilic nanocelluloses in a hydrophobic resin matrix (most
commercially available resins are hydrophobic). To be noted, a uniform dispersion of
nanofillers in the matrix is an important factor in order to define good mechanical and optical
properties of a nanocomposite. Therefore, many surface modification techniques have been
employed to produce hydrophobically “modified” nanocelluloses, which make the composite
fabrication process long, and often require expensive and hazardous chemicals. In 2005, Yano
et al. offered a very simple method to produce transparent hanocomposite by impregnating
hydrophobic resin monomer into a nanopaper of the native (non-modified) CNFs [1]. The
impregnation of the resin monomer into the nano-voids in the nanopaper was due to the
capillary action, and therefore, the hydrophilic-hydrophobic interaction was not a limiting
factor. Because the CNFs were distributed uniformly in the nanopaper, and thus, in the
impregnated nanocomposite, the nanocomposite was several times stronger, stiffer, and
thermal-dimensionally stable than the neat polymer. Also, the optical transparency was
maintained as high as the neat polymer. This transparent nanocomposite caught attention as the

substrate for flexible optoelectronic devices due to the combination of desirable properties, of
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which high transparency, flexibility and thermal-dimensional stability like glass were highly
important. However, later it was found that @ the impregnation process is only limited to
produce flat nanocomposites, i.e., three-dimensionally (3D)-molded transparent materials are
not obtainable. This was because of the high stiffness of the nanopaper bestowed by intensive
hydrogen bonding among the native CNFs. Therefore, many exciting applications of the
nanocellulose-reinforced transparent nanomaterials, such as the substrate for smart-contact

lenses and 3D-curved displays, could not be realized.

Aimed to address the above two issues, this dissertation describes the devising of a very
simple water-based method by exploiting the idea of emulsification of oil and water, and its
potential to fabricate structurally hierarchical, highly transparent, strong, tough, thermally-
stable and macro-to-micro-moldable nanocomposites of hydrophilic ‘native’ nanocelluloses

and hydrophobic resins for application in the next-generation optical materials.

1.2 Nanocelluloses: The nature’s wonder material

Cellulose, the long-chain polymer of B-D-glucose, is found in nature as the extended semi-
crystalline fibrils which primarily serve the mechanical function in the trees, plants, marine
creature tunicates, algae, and bacteria. Cellulose-rich materials such as wood, cotton, linen etc.
have been used as engineering materials from ancient era. Their present use is still
unprecedented in our modern civilization as endorsed by the enormous growth of industries in
forest products such as construction materials (wood, timber, lumber, glued laminated timber,
impreg, compreg, wood-composites, etc.), pulp-paper and packaging, textiles, and so on. These
are often called “first generation or traditional cellulosic materials” that took advantages
derived from the natural hierarchical design, which covers nano- to macro-scale dimensions
[2]. The hierarchical design of the wood, the mostly used cellulosic material, is illustrated in

Figure 1.1.

On the smallest length scale, about 20-50 cellulose chains are stacked parallel by van der
Waals and intermolecular hydrogen bonds between hydroxyl groups and oxygens of the
adjacent cellulose molecules that form about 3-5-nm-thick fibrils [2-5]. These are called
elementary fibrils or microfibrils (MFs) (Fig. 1.1). The MFs are further aggregated into 15-50-
nm-thick and several micrometers long fibrils called MF bundles [2]. The MF bundles are

further arranged into lamellar structure (layers) surrounded by the matrix substances (hemicell-
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Figure 1.1. lllustration of the hierarchical structure of the wood on different length scales.

uloses, lignin etc.) to form the wall of the fibers (cells) — the building blocks of the plant body
[6-8]. Given their diameter below 100 nm, the ‘cellulose MF bundles’ including the elementary

fibrils (MFs) are presently termed as ‘cellulose nanofibers (CNFs)’.

The CNFs are semi-crystalline, that is there are regions where the cellulose molecules are
arranged in a highly ordered fashion called crystalline region, and regions that are disordered
called amorphous region (Fig. 1.2). The amount of crystalline region varies from plant to plant.
The crystallinity can be 90-100% in plant-based fibers (for example, cotton) and 60 — 70% in
wood-based fibers [9]. The crystalline regions contained in the CNFs can be retrieved by acid
hydrolysis resulting in cellulose nanocrystals or nanorods (CNCs or CNs) (Fig. 1.2b) [9,10].
The cellulose molecules in the crystalline regions are intimately packed by the intra- and inter-
molecular hydrogen bonding network that bestows the CNFs and CNCs a high axial stiffness.
Therefore, the semi-crystalline CNFs constitute the main reinforcement phase for trees and
plants.

-4 -
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Figure 1.2. (a) Model CNFs with the semi-crystalline configuration, and (b) CNCs that can be
retrieved after the removal of amorphous (disordered) regions via acid hydrolysis [2]. Adapted
with permission from ref. 2 © 2011 The Royal Society of Chemistry.

The nanocelluloses, i.e., CNFs and CNCs or CNs, have many unique properties. The
crystalline parts of semi-crystalline CNFs, having an extended structure of parallel cellulose
chains, is extremely stiff with an axial elastic modulus of ~140 GPa [2,11-14]. The elastic
modulus is comparable to Kevlar, and even comparable to some species of carbon fibers (see
Table 1.1). CNFs having a comparatively low density, they weigh only 1/5" the weight of the
steel, yet the tensile strength is roughly 4 to 19 times higher than that of the different species
of steels (Table 1.1). When normalized with respect to density, the specific elastic modulus
(i.e., specific stiffness) of CNFs is about 3 times higher than that of stainless steels (Table 1.1).
Another fascinating property of the crystalline nanocelluloses is their very low linear thermal
expansion coefficient (CTE) at about 0.1 ppm K™ [15]. Put another way, their CTE is about
1/50™ that of the ordinary glass and comparable to quartz crystals [16,17].

Therefore, the expression “nature’s wonder material’” is truly plausible for the
nanocelluloses with their fascinating material properties described above. These ‘green’ high-
performance material is abundantly and sustainably extractable from plants including trees,
considering a global production of approximately 100 billion tons per annum through
photosynthesis [16]. Hence, nanocelluloses are presently being regarded as the novel ‘green’
reinforcement components for the production of ‘next-generation cellulosic materials’ to meet

the demands of the modern sustainable society for the high-performance materials.
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Table 1.1. Properties of crystalline cellulose and various other reinforcing materials. Adapted with permission from ref. 2 © 2011 The Royal

Society of Chemistry.

Material Density ~ Tensile Axial elastic ~ Transverse elastic  Coefficient of thermal  References
strength modulus modulus expansion (CTE)

(gem®)  (GPa) (GPa) (GPa) (ppm K?)
Kevlar-49 fiber 14 3.6-4.1 124 - 131 2.5 -2.0 [18,19]
Carbon fiber 1.8 1.5-55 150 — 500 - -0.6 [19]
Mild steel — 0.4-0.6 194 — 243 - - [20]
High strength steel - 0.8-0.9 207 — 242 - - [20]
Stainless steel 7.8 04-1.38 193 - 204 - 10.2-17.2 [19]
Clay nanoplatelets - - 170 - - [21]
Carbon nanotubes - 11-63 270 — 950 0.8-30 - [22,23]
Boron nanowhiskers - 2-8 250 — 360 - - [24]
Crystalline cellulose 1.6 2-1.7 ~140 10-50 0.1 [11-15,25-30]
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1.3 Isolation of nanocelluloses

1.3.1 Isolation of CNFs

The source materials of CNFs include wood [31], plant [32,33], tunicate [34,35], algae
[34,36], and bacteria [34,37—39]. However, the most common and commercially viable sources
are the woods and plants which comprise about 0.1 trillion tons of cellulose on the earth.

The simplified extraction routes of CNFs from wood and plants are shown in Figure 1.3.
The extraction of CNFs from lingo-cellulosic materials (wood and plants — in particulate form)
starts with the chemical purification to liberate the cellulose fibers (also called pulp fibers) from
the matrix of lignin and hemicelluloses. The process is well-known in the pulp and paper
industries as the ‘Kraft process or sulfate process’ or ‘sulfite process’; the most common
laboratory purification process is called ‘Wise method’, where repeated treatment of the lingo-
cellulosic particles with acidified sodium chlorite (NaClO.) and potassium hydroxide (KOH)
is done to remove the matrices [40,41]. The purified cellulose fibers can then be directly nano-
fibrillated by mechanical treatment in a never-dried condition either using grinder [41], high-
pressure homogenizer or microfluidizer [42-46], or high intensity ultrasonics [47,48].
Typically, purified cellulose materials are fed several times (i.e., number of passes) through the
mechanical disintegrator. After each pass, the particles gradually get smaller and more uniform
in width. Abe et al. [41] pioneered in extracting the CNFs in native (unmodified) state with a
uniform width of 15 nm by feeding the purified wood-cellulose fibers only one-time through a

grinder having two grind-stones assembled in a rotor-stator configuration (Fig. 1.4a).

To facilitate nano-fibrillation of the purified cellulose materials, a chemical or enzymatic
pretreatment can be applied before the mechanical treatments (Fig. 1.3-2a and 2b)
[4,45,46,49,50]. Those pretreatments help swell the fiber-wall that effectively loosen the
interfibrillar hydrogen bonds and hence facilitate the extraction of the finer fibrils during the
subsequent mechanical treatments. The enzymatic treatment does not modify the cellulose
because it only attacks the amorphous regions of the cellulose microfibrils, and thus reduces
the energy requirements during the mechanical fibrillation by a homogenizer/microfluidizer
[45,46,50]. A chemical treatment usually introduces charges to the cellulose (i.e., modifies its
surface), which helps the fiber to swell more. For example, TEMPO (2,2,6,6-
tetramethylpiperidine-1-oxyl radical)-mediated oxidation can introduce carboxylate charges to

the cellulose by oxidation of the hydroxyl groups (oxidation of primary alcohols) [4,49]. After
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Figure 1.3, Simplified extraction steps of CNFs from wood or plants,

TEMPO pretreatment of the cellulose fibers followed by disintegration via a mild magnetic
stirring, the CNFs can be obtained with a width of 3-5 nm (Fig 1.4b). Therefore, the TEMPO

treatment helps liberate CNFs in their elementary dimensions (Fig. 1.1.).

The width of the CNFs may vary from 3 nm to 50 nm depending on the extraction steps
used and the biological source of the cellulosic materials. The fibrils can be obtained

approximately 500 nm to >2 um in length, thus have very high aspect ratio [2,51].

Figure 1.4. (a) Native cellulose nanofibers with 15 nm width obtained after one-pass grinder
treatment [41], and (b) TEMPO-oxidized cellulose nanofibers (surface modified; carboxylate
content 1.5 mmol g) with 3—4 nm in width obtained after mild magnetic stirring [4,49]. Both
nanofibers were prepared under a never-dried condition. Reproduced with permission from (a)
ref. 41 and (b) ref. 49 © 2007 American Chemical Society.
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1.3.2 Isolation of CNCs

The crystalline regions contained in the MFs (i.e., CNFs) can be retrieved by acid
hydrolysis resulting in cellulose nanocrystals CNCs (Fig. 1.2 and 1.5) [9,10]. CNCs are rod-
like or whisker-shaped in appearance with tapering ends, therefore, are often called cellulose
nanowhiskers or cellulose nanorods (CNs). The CNCs can be obtained from any cellulosic
source materials such as wood and non-wood fibers, bacteria, algae, tunicate, microcrystalline
cellulose (MCC), microfibrillated cellulose (MFC) and CNFs.

Figure 1.5. (a) CNCs retrieved from wood fibers, and (b) CNCs retrieved from tunicin [2].
Reproduced with permission from ref. 2 © 2011 The Royal Society of Chemistry.

Acid hydrolysis preferentially attacks and removes (hydrolyze) the amorphous parts
(disordered regions) within the cellulose MFs. Sulfuric acid (H2SO4) [52], hydrochloric acid
(HCI) [53,54], maleic acid [55], formic acid [56] etc. have been used to obtain CNCs. Among
them, H2SO4 is most widely used because it can create a harsh condition that can effectively
remove the amorphous parts of the cellulose MFs. So, the CNCs can even be obtained directly
from the bigger particles of cellulosic materials. H2SO4 hydrolysis also modifies the CNCs by
introducing sulfonate ester groups on their surface [2,10], the negative charge of which leads
to a stable CNC/water suspension [2]. In contrast, HCI hydrolysis does not introduce any

surface groups, hence, CNCs can be obtained in unmodified state [10].

The width, length and crystallinity of the retrieved CNCs highly varies depending on the
cellulosic source, and the hydrolysis condition such as the concentration of acids, time and
temperature. The width may vary from 3 nm to ~20 nm. The typical length is below 500 nm,
but may vary from 50 nm to 4000 nm [2]. The CNCs are highly crystalline, for example, the

- 9 -
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crystallinity of CNCs obtained from wood- and plant-based cellulose sources is reported to be
54-88% [2]. The CNCs obtained from tunicate can have crystalline of 85-100% [2].

1.4 Nanocellulose-reinforced composites

The concept of utilizing nanocelluloses as the reinforcement fillers in the composites (i.e.,
nanocomposites) has been derived from the prospect of exploiting their many unique properties.
Nanocelluloses have high strength, stiffness and aspect ratio, low thermal expansion, and
excellent functionality (such as, ability to form strong network via hydrogen bonding,
amenable to chemical modification, etc.), and perhaps most importantly, in the context of
environmental concerns, they are bio-derived. One of the earliest introductions of
nanocelluloses in the form of nanowhiskers (from tunicates) with width 10-20 nm and lengths
ranging from 100 nm to several micrometers in the polymer matrix was reported by Favier et
al. in 1995 [57,58]. The cellulose nanowhiskers were mixed with the copolymer latex of styrene
(35% wiw) and butyl acrylate (65% w/w). A 6 % (w/w) nanowhiskers content in the film-
casted composite showed more than two orders of magnitude higher mechanical properties

than that of pure copolymer film.

Nanocellulose-reinforced composites are usually fabricated either by mixing the
nanocellulose suspension (in water) with a polymer matrix followed by film-casting, or by
impregnating the curable monomer/polymer into the porous nanocellulose network, such as a
CNF-nanopaper. In the case of mixing method, the polymers usually chosen are hydrophilic to
have a good miscibility between the components in order to ensure a uniform dispersion of the
nanocelluloses. A high quality dispersion of the nano-fillers is inevitable for the maximum
performance of the composites [59-62]. On the contrary, had it been the case of hydrophobic
polymer matrix, the uniform dispersion of the nanocelluloses would have obliterated, because
the nanocelluloses tend to agglomerate [63-65]. The hydrophobic polymers are the most
commonly used matrix material; more than 85% of the Japanese plastic market is occupied by
the hydrophobic polymers [66]. Therefore, the surface of nanocelluloses is often modified
(acetylation is the most common chemical surface modification) to give them hydrophobicity

in order to improve the dispersion and adhesion in the hydrophobic matrix [64,65].

As an alternative to surface modification, nanocelluloses can be self-assembled in a 3D-
network-structure by making a nanopaper or gel, and then the matrix polymer can be imbibed,

directly (in the case of nanopaper) or followed by a solvent-exchange procedure (in the case of

-10 -
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gel), into the network by immersion in the monomer/polymer solution [1,67—69]. The process
is straight-forward, broadly applicable, and permitting the fabrication of ‘native’ nanocellulose-

based nanocomposites with otherwise immiscible components.

In 2005, for the first instance, Yano and his research group developed a fascinating
optically transparent CNF-reinforced flexible nanocomposite by impregnating transparent
monomer resin into the CNF-nanopaper followed by polymerization of the monomer (Fig.
1.6a,b) [1,67]. Generally, composite materials lose transparency due to the non-matching
refractive indices (RI) of the components that cause light scattering to happen. However, the
research group pointed out that because of the one-tenth width of the CNFs (i.e., about 20-50
nm) than that of the visible light wavelengths, the effect of the non-matching RI and hence the
associated light scattering was minimized. Of note, they impregnated acrylic resins (RI1=1.488,
1.532 and 1.596) and epoxy resin (RI= 1.522) into the CNF-nanopaper; the RI of cellulose is
1.544 in the transverse direction and 1.61 in longitudinal direction [1,67,70]. The
transparencies of those nanocomposites were more than 80%, which were merely 8% lower
than that of the pure polymers used. A mechanical strength five times than that of the
engineered plastics with a drastically low CTE was obtained. The CTE obtained was as low as
6 ppm K1, which was 8 to 33 times lower than that of the most transparent plastics (50 to >200
ppm K1), at a nanofiber content of 70 wt% [1,71,72]. The CTE was comparable to glass (7-10
ppm K1), the mostly used transparent substrate in the optoelectronic devices [73]. Considering
the unique material properties of the CNF-reinforced transparent nanocomposite films and their
amenability as a flexible substrate for the “roll-to-roll” processing, they caught attention as the

potential innovation in the optoelectronic industries (Fig. 1.6¢) [17,74,75].

1.5 Emulsion and ‘Pickering’ emulsion

1.5.1 Emulsion

Emulsion is a type of colloidal dispersion [76,77]. A basic colloidal dispersion consists of
two phases: dispersed and continuous phase, either of which can be a gas, liquid or solid. The
dispersed phase consists of a dispersion of small particles, droplets, or bubbles, having
dimensions (at least one) in the order of a few molecule in size to a few micrometers [76,77].
Depending on the forms of the dispersed and continuous phases, i.e., either a gas, liquid or
solid, a colloidal system can be termed as an aerosol, foam, emulsion or a suspension (Table
1.2) [77].

-11 -
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il vision.soy,

‘

Figure 1.6. (a) A bacterial cellulose nanofiber (BC)-reinforced acrylic resin nanocomposite [1],
(b) a wood-CNF-reinforced acrylic resin nanocomposite [67], (c) an organic light-emitting
diode (OLED)-display fabricated on a flexible, low-CTE and optically transparent wood-
CNF/acrylic resin nanocomposite [74]. Reproduced with permission from (a) ref. 1 © 2005
John Wiley and Sons, (b) ref. 67 © 2005 Springer Nature, and (c) ref. 74 © 2009 Elsevier.

Table 1.2. Types of colloidal dispersion [77]. Adapted with permission from ref. 77 © 2006
John Wiley and Sons.

Name Continuous phase Dispersed phase
Liquid aerosol Gas Liquid

Solid aerosol Gas Solid

Foam Liquid Gas

Emulsion Liquid Liquid

Sol, suspension Liquid Solid

Solid foam Solid Gas

Solid emulsion Solid Liquid

Solid suspension Solid Solid

-12 -
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A colloidal system can either be thermodynamically stable or metastable. The
thermodynamically stable colloids are formed spontaneously. But, the metastable colloidal
system requires an extra energy input to form. There are two ways to obtain a metastable
colloid: (1) nucleation and growth (including precipitation), and (2) fragmentation of the
dispersed phase. In either cases, the dispersed droplets or bubbles tend to coalesce due to the
non-equilibrium behavior of this colloidal system. The non-equilibrium nature probably arises
because of the different surface energies of the constituent dispersed and continuous phases.
Therefore, specific surface active agents, called surfactants, are usually recruited to stabilize
the interfaces of the fragments or growing nuclei of the dispersed phase into the continuous
phase to prevent coalescence [76].

Emulsion is a dispersion system of two immiscible liquids — in general, oil and water (i.e.,
hydrophilic and hydrophobic liquids) [76-82]. The dispersed phase consists of a numerous
droplets of one liquid in another liquid, i.e., continuous phase. Emulsions are produced by
applying a shear force (blending, high-pressure homogenization, or pressurization through a
membrane/microchannels) to two immiscible liquids, resulting in the fragmentation of one
liquid into the other, in the presence of surfactants (Fig. 1.7). Emulsion, therefore, is an example
of metastable colloids. Emulsion droplets exhibit all classical behaviors of metastable colloids:
Brownian motion, reversible phase transitions as a result of droplet interactions, and
irreversible transitions that generally involve the destruction of the emulsion [76].

“'EmuEﬁ;r ¢

Surfactant)

Hydrophobic

Droplets Emulsion
(Dispersed phase)

Figure 1.7. The process of emulsion formation — ‘Emulsification’.
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1.5.2 Types of emulsions

Emulsions are generally classified according to the spatial presence of the constituent
phases [83], i.e., dispersed and continuous phases, either oil (O) or water (W), relative to each
other, and by the size and distribution of the droplets [83,84]. Depending on the spatial presence
of the constituent phases, emulsion is classified in two board types: (1) primary emulsion, and

(2) secondary or double or multiple emulsion.

(1) Primary emulsion contains one-component dispersed phase (Fig. 1.8), for example, oil-in-

water emulsion (O/W) and water-in-oil emulsion (W/O) [77,82,83,85]. Milk is an example of
O/W emulsion. An oil-in-oil (O/O) emulsion can happen if it contains a polar oil (such as,
propylene glycol) dispersed in a nonpolar oil (such as, paraffinic oil), and vice versa [81,82].
A ‘mixed emulsion’ where dispersed droplets of two different origins that do not mix in a

continuous medium can also be obtained [82].

Figure 1.8. Primary emulsions — an oil-in-water emulsion (O/W) (left) and a water-in-oil
emulsion (W/O) (right).

(2) Secondary or double or multiple emulsion contains two- or multi-component dispersed

phase (Fig. 1.9), for example, oil-in-water-in-oil (O/W/O) and water-in-oil-in-water (W/O/W).
These are obtained by making a primary emulsion followed by adding a continuous phase, and

hence called ‘emulsions-of-emulsions’ [77,82,83,85,86].

- 14 -



—— Chapter 1 General Introduction ——

Figure 1.9. Secondary or double emulsions — (a) a water-in-oil-in-water emulsion (W/O/W),
and (b) an oil-in-water-in-oil emulsion (O/W/O) (top right). Figures (c—k) show the examples
of the multi-component double emulsions [86]. Reproduced with permission from ref. 86 ©
2012 The Royal Society of Chemistry.

Meanwhile, the emulsion depending on the droplet diameter can be divided into four (4)
groups. However, the range of the droplet diameter in each group varies from literature to
literature [77,82-84,87-90].

(1) Macroemulsions: Emulsions that consist of dispersed droplets with diameter more than 1
pum [84].

(2) Miniemulsions: These emulsions contain droplets ranged between 100 nm to 1 um [84].
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(3) Microemulsions: Microemulsions are those having droplets of less than 100 nm diameter

[77,84]. However, the range is specifically given between 5 and 50 nm in many literatures
[78,79]. Whereas, other emulsions are metastable, i.e., not thermodynamically stable, the
microemulsions are thermodynamically stable. This means that they form spontaneously given
a sufficient time. The spontaneous emulsion formation may happen when a co-surfactant is
added to an oil/water/surfactant system that causes the interfacial tension to drop to near zero,
often on the order of 1010 mN m?, resulting in very small droplets [77,90]. Because of
the much smaller droplet diameters than the visible light wavelengths that minimize light

scattering, the emulsion is optically transparent [83].

(4) Nanoemulsion: is fairly a “new term” that consists of very small droplets with the mean
diameter between 20 and 100 nm [82,83,87-89]. By virtue of the smaller droplet size than the
wavelength of light, nanoemulsions also tend to be transparent or translucent. Due to very small
droplet size, they have much better stability to gravitational separation and aggregation than
the conventional emulsions (macroemulsion and miniemulsion), and hence are considered
kinetically stable [87,88]. However, as oppose to microemulsions, nanoemulsions are still
thermodynamically unstable systems because the separate oil and water phases have a lower
free energy than the emulsified oil and water phases (as similar to the conventional

macroemulsion and miniemulsion) [83].

In addition, according to the distribution of the droplet diameter, an emulsion can be
classified as the monodispersed or polydispersed [76]. The monodisperse emulsion contains
almost equal-sized droplets as shown in Figure 1.9c—k. The polydisperse emulsion contains
droplets of different radii (Fig. 1.10).

Figure 1.10. An example of a polydisperse emulsion [91]. Reproduced with permission from
ref. 91 © 2013 The Royal Society of Chemistry.
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1.5.3 Surfactant or emulsifier

In order to disperse one liquid in another immiscible liquid, a surface-active agent is
required [76-84,90,92]. It is called as surfactant or emulsifier. Surfactants are usually long-
chain molecules and are amphiphilic in nature, i.e., they combine both hydrophilic and
hydrophobic moieties in a single molecule as shown in Figure 1.11. During emulsion formation,
these molecules adsorb (or locate) at the interfaces of oil and water, thereby alter the surface
and interfacial properties significantly. The orientation of the moieties of these molecules is
naturally driven by their greatest affinity to the liquid of similar character. Put another way, the
hydrophilic end will orient towards the water and the hydrophobic end will orient towards the
oil droplets (Fig. 1.11), thereby stabilize the droplets in the emulsion and ensure that they do
not coalesce. Surfactants lower the interfacial tension and surface energy of the dispersed phase,
which in turn cause a reduction in the droplet size. The surfactant or emulsifying agent has a
key role not only in the formation of the emulsion but also for its long-term stability [76—

84,90,92].
/
Surfactant

Hydrophoblc end  Hydrophilic end

o f

/\/\A/\/Wo Na*

Sodium stearate

Figure 1.11. Schematic representation of surfactant molecules having an amphiphilic property.

The characteristic of the surfactant can also govern the occurrence of the phases, i.e., either
the oil or the water would constitute the dispersed phase or the continuous phase. The character
is often determined by the hydrophilic-lipophilic balance (HLB) of a surfactant. The HLB is a
measure of how much hydrophilic or hydrophobic a surfactant is, and is determined by
calculating the molecular weights of the different parts of a surfactant molecule [92-95].
Griffin's equation [94] for calculating the HLB value of a non-ionic surfactant is:

Mp
HLB =20 x — (1.1)
M
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Where, M is the molecular weight of the hydrophilic part of the surfactant molecule, and
M equals the total molecular weight of the surfactant molecule. The equation gives HLB value
from 0 to 20 that corresponds to a completely hydrophobic (lipophilic) to a completely

hydrophilic molecule. Figure 1.12 below shows the function of a surfactant based on the HLB

18
Solubilizing agents
-
15

values.

Hydrophilic
(water soluble) Detergents
12 >~ O/W emulsifying agents
9
Water ~ Wetting and
dispersible spreading agents
6
W/O emulsifying agents
Hydrophobic 3
(oil soluble) Antifoaming agents
0

Figure 1.12. HLB scale showing classification of surfactant function. Adapted from ref. 92.

1.5.4 Pickering emulsion

Pickering emulsion is described as an emulsion in which the dispersed phase is stabilized
by the solid particles. The emulsion stabilizing effect of solid particles was first recognized by
Walter Ramsden in 1903 [96]. However, the phenomenon was explained by S. U. Pickering in
1907, thereby called ‘Pickering stabilization’ and such stabilized emulsions are called

‘Pickering emulsions’ [97].

Solid particles of sizes ranging from several nanometers to several microns (for example,
colloidal silica) strongly adsorb onto the interfaces of oil and water (Fig. 1.13a). The adsorption
happens irreversibly at the interfaces, as oppose to conventional surfactants that adsorb and
desorb quickly with thermal fluctuations, consequently form a mechanical barrier that
effectively prevent droplet coalescence [77,98-100]. Particles that are to be used as the
emulsifying agents must have wettability by both liquids. Particles that completely wetted by

water (i.e., completely hydrophilic) or oil (i.e., completely hydrophobic) remain dispersed in
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either of the phases, and hence no emulsion will be obtained. Therefore, the solid particles with
intermediate wettability are desired [76,77,84,98-103].

The wettability of particles is expressed as the contact angle, 0, which they make with the
oil-water interface through the water phase (Fig. 1.13b,c). Preferentially, the liquid that wets
the particles most will constitute the continuous phase in the emulsion. Considering an
emulsion to be formed with equal parts of oil and water, the relatively hydrophilic particles,
where 6 < 90°, will make an O/W emulsion (Fig. 1.13b). Whereas, relatively hydrophobic
particles with 6 > 90° will form W/O emulsion (Fig. 1.13c). Particles that are partially
hydrophobic or hydrophilic, i.e., 6 = 90°, are better emulsion stabilizers because they are
partially wettable by both liquids, and therefore anchor better to the surface of the droplets. The
energy required to stabilize the system in this case is minimum [76,84,98,100-103].

There are plenty of particles, both inorganic and organic, that have partial wetting ability
for most common oils. For example, silica [102], calcium carbonate and barium sulfate [104],
clay particles such as montmorillonite [104,105] and laponite [106], carbon black [107-109],
latex [110,111], magnetic particles [112], carbon nanotubes [113], block copolymer micelles
[114] and so on. Pickering emulsion stabilization ability of proteins, chitin nanocrystals, and
starch nanocrystals have been also reported [115-119]. Many of these particles are nanometric
in size having diameter <100 nm such as laponite, block copolymer micelles, starch and chitin
nanocrystals; whereas, many are submicron to several micrometer in size such as latex, fumed
silica etc. There are many particles that are very hydrophilic and required to be incorporated a
partial hydrophobic moiety (mostly by means of chemical modification) in order to ensure the

partial wetting by both water and oil [103].

a‘.

Figure 1.13. (a) Schematic of the adsorption of solid particles at the oil-water interface. (b,c)

b / oil € % e W
Paw =N
o 7~ water o Water

The contact angle, 0, of a particle adsorbed at the water—oil interface, where the particle is
preferentially wetted by (b) water and (c) oil [76]. (b,c) Reproduced with permission from ref.
76 © 2007 Springer Nature.
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1.5.5 Applications of emulsions

Emulsions are widely used in a variety of industrial applications. One of the most
important applications is in medicine and drug-delivery — droplets of oil in water allow
transport oil soluble medicines and ultimately release them on a chosen target in certain
dosages. Many personal care and cosmetic products, such as hand-creams, lotions, hair-sprays
and sunscreens, are emulsions. Foods such as mayonnaise, salad creams, deserts, butter and
beverages are also emulsions. Milk is a natural emulsion of fat (oil)-in-water stabilized by
protein and other compounds (calcium and phosphorus). In fact, the word ‘emulsion’ comes
from the Latin word "to milk". Emulsions are often used in pharmaceuticals (capsules, syrups)
and agrochemicals (pesticides, herbicides). Because, the active ingredients are usually water
insoluble, therefore their emulsions with water in effective dosages are used [76,77,81,82].

Emulsification is one of the effective methods in fire-fighting, especially at extinguishing
fires on small, thin-layer spills of flammable liquids (e.g., hydrocarbons). The water containing
emulsifying agents is applied on the fire through a high-pressure nozzle. Emulsifying agents

encapsulate the flammable liquids and trap into the water phase [120].

Another important application of emulsion technology includes all kinds of surface
treatments such as painting, paper coating, road surfacing, and lubricating. In painting, paper
coating, and lubricating processes, emulsion technology allows to avoid organic solvents by
dispersing hydrophobic substances into water. This reduces the risks to the environment from
organic solvents. Upon application of emulsion on a surface, water is safely evaporated to the
environment, while the dispersed phase concentrates to form a desired hydrophobic film.
Meanwhile, many hydrophobic substances are almost solid at room temperature. Dispersing it
as small particles in oil followed by emulsification with water helps keep it fluid at room

temperature. Bitumen used for road surfacing is a good instance [76,77,81,82].

Emulsion technology is highly used in petroleum and mining industries probably
throughout all stages of the process. For example, oil-recovery, pipeline transportation, refinery
process, and so on. Emulsification is often used to transport crude oils over a large distance.
The advantage of emulsification is that it helps avoiding the use of diluents or heat which would
otherwise be required to decrease the oil viscosity sufficiently for pumping through the pipeline
[76,77,81,82].

Oil spillage is a significant cause of marine environment pollution. The spilled oil, in
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addition to drifting and evaporation, may form O/W emulsion by the help of water turbulence
due to wind and wave energy. Emulsion formation helps disperse oil into the water column and
keeps the oil away from sensitive shorelines. The oil droplets usually get weathered,
accumulate sea water-suspended fine solids, and finally settle down. Therefore, the authority
usually promotes emulsion formation, if there is a case of oil spillage [76,77,81,82].

Recently, Pickering emulsions have gained much attention in different fields including
cosmetics formulation, food engineering, pharmaceuticals, and nanocomposite materials [100—
103]. The significance of Pickering emulsion arises from the fact that the harmful organic
surfactants can be completely avoided as desirable in the cosmetic and pharmaceutical fields,
and replaced by environmental friendly particulate materials with added functionalities.

Pickering emulsification towards the fabrication of nanocomposite materials is of
particular importance. It offers an easy water-based fabrication approach, where the uniform
dispersion of nanoparticles in an incompatible matrix is difficult to achieve. Also, this approach
offers the possibility for the development of high performance nanocomposites with a well-
controlled and well-designed nanostructure. Haaj et al. reported the preparation of
mechanically improved acrylic and latex nanocomposites reinforced with starch nanocrystals
via film-casting of their Pickering emulsions [119,121]. Highly conductive composites have
been prepared by stabilizing latex particles of different polymers such as poly(methyl
methacrylate), poly(styrene-co-acrylonitrile), poly(methyl methacrylate/butyl acrylate), etc.
using graphene as the stabilizer followed by evaporation of the water [120]. Recently, Shams
and Yano fabricated a novel double-curved chitin nanofiber-reinforced transparent composite
via vacuum-filtration of Pickering emulsion [122]. These works demonstrate that the Pickering
emulsions can even be dehydrated via film-casting or vacuum-filtration without any leakage of
the oil phase. This is because of the nanoparticles that create a strong protective layer around
the oil droplets. It is even possible to remove the oil phase to obtain a micro/macroporous
materials such as foams [99]. Therefore, Pickering emulsification has received a heavy recent

attention as the facile approach in order to create novel nanocomposite materials.

1.6 Nanocelluloses as the stabilizer of Pickering emulsions

Recent studies have shown that the nanocelluloses are exceptionally effective in
stabilizing O/W emulsions by irreversible adsorption at the oil-water interface [123-137].

These sub-micron-sized cellulose particles are preferred over micron-sized cellulose particles

-21 -



Chapter 1 ~ General Introduction

such as MFC to stabilize Pickering emulsion [124]. The MFCs are bigger in size compared to
the size of the droplets that produce aggregates instead of individual droplets. A major drive
for the consideration of nanocelluloses in stabilizing emulsions includes their low toxicity and
biocompatibility [125].

The surface properties and morphology of the nanocelluloses are particularly important in
stabilizing the oil-water interface. Literally, the crystals of cellulose are not completely
hydrophilic. Rather, their different crystal planes show varying affinity to water. Kalashnikova
et al. studied the crystalline orientation of BC nanocrystals (cellulose Ia) and cotton CNCs
(cellulose IP) at the oil-water interface [126]. They identified four crystallographic planes
responsible for varying surface properties (Fig. 1.14). The two most broad crystal planes in
terms of surface exposure contain hydroxyl groups that are responsible for the hydrophilic
property, (1-10)p/(100)a and (110)B/(010)a. Another two planes are located at the corners of
the cellulosic crystals and have a small surface exposure. One of which are hydrophobic

(200)B/(110)a. plane with having C-H moieties, and another is hydrophilic (010)p/(110)a. plane.

Therefore, the reason for O/W interface stabilization can be assigned to their amphiphilic
character arising from the existence of more hydrophilic and less hydrophobic characters at the
surface of the CNCs [126,127]. The crystals adopt an orientation in which hydrophobic planes
are directed towards the oil phase, and hydrophilic planes towards the water phase (Fig 1.14).
Another advantage of CNCs as emulsion stabilizer comes from their rod-like shape and high

aspect ratio that leads to higher adsorption energy [128,129].

I

a ol I' water b My water
/ Hydrophlc planes/v
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Figure 1.14. (a—c) Schematic representation of the CNCs (cellulose Ip) at the O/W interface
[126,136]. The hydrophobic plane (200) is oriented towards the oil phase. (a) Reproduced with
permission from ref. 126 © 2012 American Chemical Society. (b,c) Artwork from Prof.

Orlando J. Rojas, Aalto University, Finland [136].
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Meanwhile, long thin CNFs with very high aspect ratio have also been studied as the
Pickering emulsion stabilizer. Kalashnikova et al., in a different study, reported that the long
high-aspect-ratio nanocelluloses (length: ~4 um; aspect ratio: ~160) promote the formation of
interconnected network in the emulsion (Fig. 1.15) [130]. The dense network in water traps
and stabilizes the oil (hexadecane) droplets without coalescence. Winuprasith and
Suphantharika fibrillated cellulose fibers by increasing number of passes through a high-
pressure homogenizer; the more fibrillated fibers as happened with increasing number of passes
promoted stronger three-dimensional network structures, and hence, more stable O/W
emulsions with smaller soybean oil droplets [131]. Ougiya et al. compared the O/W emulsion
stabilizing ability of BC nanofibers with MFC and MCC [124]. Since BC nanofibers consisted
of thinner fibrils than MFC and MCC, they formed a strong network, and adsorbed on and
covered a larger surface area on the oil (vegetable oil and kerosene) droplets to form a strong
mechanical barrier. Thus, interrupted the coalescence of the oil droplets in order to stabilize
the emulsion without reducing the interfacial tension. The emulsions stabilized by CNFs show
excellent stability against fluctuations in ionic strength, pH and temperature, as oppose to the
conventional emulsifying agents such as sorbitan monolaurate [124,132].

Length: ~189 nm Length: ~855 nm Length: ~4 um
Aspect ratio: 13 Aspect ratio: 47 Aspect ratio: 160

Figure 1.15. Schematic representation of the emulsions stabilized with nanocelluloses of
various length and aspect ratio. The short nanocelluloses promote the formation of individual
droplets, whereas, long thin nanofibrils promote an interconnected network system [130].

Adapted with permission from ref. 130 © 2013 The Royal Society of Chemistry.
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Nanocelluloses have also been surface modified in order to bestow them more
hydrophobic characteristic. These hydrophobized nanocelluloses have been used to form stable
W/O emulsions. Xhanari el al. modified CNFs by silylation and proposed that the strong
network forming ability of CNFs is the main factor to prevent coalescence of water droplets in
toluene [133]. Lee et al. also proved the formation of a stable high-internal phase W/O emulsion
(water-in-toluene) using modified BC nanofibers [134]. The BC nanofibers were
hydrophobized by esterification with organic acids of various chain lengths, e.g., acetic (C2),
hexanoic (C6), and dodecanoic (C12) acids. In another study, the surfaces of CNFs and CNCs
were hydrophobically tailored with lauroyl chloride (C12) [135]. These nanocelluloses were
able to stabilize W/O (water-in-hexadecane) emulsions. The combination of native and
modified nanocelluloses led to the formation of O/W/O double emulsions where nanocelluloses
were the sole stabilizer of the both interfaces. Furthermore, it was demonstrated that the long
nanofibers lead to an increased stability of the emulsions.

Although, the long thin CNFs are also composed of crystals, having a semi-crystalline
configuration (Fig. 1.2a), the orientation of their crystalline regions at the oil-water interface
still remains elusive. However, most of the literatures emphasized on the strong network
forming ability of these elongated nanocelluloses that effectively trap and stabilize the
emulsion droplets without any coalescence (Fig. 1.15). The amount of CNFs required to
stabilize a Pickering emulsion is less than that of the amount required for CNCs. For example,
a completely stable emulsion (oil:water = 30:70) was obtained by using only 0.2% long thin
nanocelluloses (aspect ratio 160), whereas, a stable emulsion was formed after using 0.5%

CNCs (aspect ratio 13 or 47) [130]. Notably, the oil phase was consisted of hexadecane.

Therefore, it is conspicuous that the nanocelluloses are highly effective stabilizer of oil-
water interfaces. The nanocelluloses are able to form a strong and non-leaking encapsulation

shell around the oil or water droplets, thereby, produce highly stable O/W or W/O emulsions.

1.7 Objectives of the study

Nanocellulose-reinforced optically transparent nanocomposites have a unique
combination of high strength and stiffness, incredibly low CTE, and high mechanical flexibility.
However, fabrication of these nanocomposites by impregnation method restricts their 3D-
molding due to the generation of strong H-bonding among the nanocelluloses in the nanopaper

(Fig. 1.16). When a nanopaper of nanocelluloses is impregnated by a resin, the nanopaper still
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remains intact inside the resulting nanocomposite (Fig. 1.16b). The nanocelluloses in the
nanopaper (network) almost remain locked in position by the strong and recoverable H-bonds,
and if the nanopaper is deformed, new positions of the nanocelluloses are locked in upon
unloading [138-142]. This makes the nanopaper and its impregnated composite substantially
stiff (low strain-to-failure), and hence, difficult to mold into a 3D-curved material. Therefore,
many exciting applications of the nanocellulose-reinforced optically transparent and flexible
materials, e.g., substrate for smart contact lenses and 3D-curved displays, microlens arrays,

etc., could not be realized.

Immersion into
transparent
resin monomer

- l , = Stainless-steel die
3 | =

Molding
& Bk -
Polymerization E 3 \

Figure 1.16. (a) The impregnation method to prepare transparent CNF-reinforced
nanocomposite and its limitation to obtain a 3D-molded material. The scanning electron
micrograph of CNFs is reproduced with permission from ref. 41 © 2007 American Chemical
Society. (b) The fracture surface of an ‘impregnated nanocomposite’ showing a three-layer
structure. The middle layer consists of an intact CNF-nanopaper, the nanopores of which are
impregnated by the resin. The outer two layers are composed of the neat resin. The CNF-
content of this nanocomposite was ~20 wt%.
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To accomplish 3D-molding with optical transparency, the hypothetical key was to
minimize H-bonding by mixing nanocelluloses with resin monomer in the water medium
followed by evaporation of the water and polymerization of the monomer under compression
in a 3D-shaped die. However, as mentioned earlier, hydrophilic “native” nanocelluloses that
are usually suspended in water and hydrophobic resin (most commercial resins are
hydrophobic) are typically immiscible, and hence, their homogeneous dispersion is difficult to

achieve.

Therefore, the main objective of this study was to exploit the potential of the Pickering
emulsification approach to directly and homogeneously disperse the native nanocelluloses into
the hydrophobic resin monomer in a water medium (i.e., to form resin-in-water emulsion
stabilized by nanocelluloses), hence to minimize H-boning among the nanocelluloses, in order
to facilitate the fabrication of 3D-molded transparent nanocomposites. One hypothesis was that
the encapsulated monomer micro-droplets in the nanocellulose-network will minimize the H-
boding among the nanocelluloses even after dehydrating the emulsion. Another hypothesis was
based on the consideration that the nanocelluloses can form a non-leaking encapsulation
network around the monomer micro-droplets that can be collected on a filter membrane to
obtain a monomer/nanocellulose film, which then easily can be 3D-molded in the macro- or

micro-scale before polymerization.

Another objective was to explore the potential of the Pickering emulsification approach to
generate self-assembled hierarchical structure in the transparent nanocomposites. Hierarchical
structure is often found in nature materials, such as wood, crustacean shells (crab, shrimp etc.),
nacre (mollusk shells) etc., which offers excellent structural and mechanical functionalities,
e.g., rare combination of strength, stiffness, and toughness, but is usually absent in man-made
composite materials. The hypothesis was that the resin micro-droplets that are individually
encapsulated by the nanocellulose network will form another bulk network during their
aggregation in a nanocomposite film, thereby, a two-tier hierarchical network of nanocelluloses
will be formed. Based on this hypothesis, an important objective was to compare the structure,
property, and their relationship in the nanocomposites prepared via Pickering emulsion method

versus impregnation method.

Additional objective was to investigate the mechanical, thermal, and optical performances
of the nanocomposites in relation to resin droplet diameter, nanocellulose content, and

nanocellulose morphology and crystallinity (i.e., CNFs versus CNCs).
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Finally, transparent conductive electrodes based on the nanocomposite substrate were
prepared in an objective to demonstrate the potential application in the smart optoelectronic
devices, and their performances compared to the electrodes prepared on the neat polymer film

were investigated.

This study, therefore, provides significant insights to fabricate unique nanocomposites
reinforced with nanocelluloses by using facile Pickering emulsification technique for the
application in next-gen advanced optical materials.
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Chapter 2
Development of Pickering Emulsification Method
for Facile Fabrication of Transparent and 3D-

molded CNF-Reinforced Nanocomposites

2.1 Introduction

Geared from the outstanding ability of nanocelluloses in stabilizing Pickering emulsions,
recently, there has been a growing interest to create new composite materials by exploiting this
advantage. For instance, Blaker et al. fabricated nanocomposite foams from the W/O Pickering
emulsion solely stabilized by the hydrophobized BC nanofibers [1]. They first prepared water-
in-soybean oil Pickering emulsion and then replaced the soybean oil by acrylated epoxidized
soybean oil (AESO) monomers followed by ultraviolet (UV)-polymerization of the monomers
and evaporation of water. The pore walls of the resulting foams were reinforced by the BC
nanofibers. EI-Mabrouk et al. prepared film-forming nanocomposite particles of poly(styrene-
co-hexylacrylate) and polybutylmethacrylate latexes covered by CNCs from the CNC-
stabilized Pickering emulsions containing styrene-ethylhexylacrylate and butylmethacrylate
monomers in the oil phase, respectively [2,3]. The polymerized nanocomposite particles were
then film-casted to prepare films with high mechanical strength. For example, at a content of 5
wt % CNCs, about 500% increment in the storage modulus of poly(styrene-co-hexylacrylate)
above the glass transition was recorded. In a recent study, Li et al. demonstrated a thermal
regulating nanocomposite that was prepared by encapsulating paraffin wax droplets in the
TEMPO-oxidized-CNFs network from their O/W Pickering emulsion [4]. The paraffin wax is
a phase change material (PCM) that solidifies upon cooling and liquefies upon heating,
therefore, stores and releases heat in response to change in temperature. In an interesting study
by Svagan et al., a photon energy upconversion nanopaper was prepared from an O/W
Pickering emulsion of hexadecane oil containing photoactive sensitizer and emitter compounds
using a mixture of CNFs and CNCs as the emulsion stabilizer that resulted in the formation of
oil-core capsules, which were then embedded in the TEMPO-oxidized-CNFs film [5]. The
nanopaper film could harvest the energy of the whole deep-red sunlight region. In another study,

Nypel0 et al. reported the fabrication of polystyrene-core and hollow microcapsules with CNC-
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CoFe204 hybrid shells with magnetic functionality [6]. The hollow magnetic microcapsules
were then used to separate methylene blue dye from water with the help of a magnet, which
they considered as a model application for wastewater decontamination. Svagan et al. in a
different study reported the formation of liquid-core microcapsules with strong CNF/CNC
shells from the Pickering emulsion [7]. In this case, the CNFs and CNCs in the shells were
cross-linked with isophorone diisocyanate (IPDI) forming a strong network structure. These
liquid-core microcapsules might be useful in medical applications such as drug-delivery.
Recently, Shams and Yano fabricated a novel double-curved chitin nanofiber-reinforced
transparent composite via vacuum-filtration of the chitin nanofiber-stabilized resin-in-water

Pickering emulsion [8].

Contemporary to this present study, Fujisawa et al. fabricated a transparent, strong, and
thermally stable polystyrene/TEMPO-oxidized-CNFs nanocomposite from the styrene-in-
water emulsion [9]. First, they prepared Pickering emulsion stabilized by TEMPO-oxidized-
CNFs followed by polymerization of the styrene directly in the emulsion. The TEMPO-
oxidized-CNFs-encapsulated polystyrene particles were then precipitated by adding methanol
and HCI, collected on a filter membrane, and finally, hot-pressed to melt the polystyrene

particles to form a nanocomposite film.

From the above description, it is conspicuous that the nanocelluloses are highly effective
stabilizer of not only O/W or W/O Pickering emulsions, but also resin (monomer)-in-water or
water-in-resin (monomer) Pickering emulsions. The nanocelluloses are able to form a strong
and non-leaking encapsulation shell around the monomer resin droplets. Therefore, the
Pickering emulsification method offers an easy water-based fabrication approach to obtain

nanocellulose-based unique materials for advanced applications.

Hence, in the current study, in order to fabricate CNF-reinforced novel transparent
composites such as a 3D-molded curved material or even a surface-micro-molded composite,
the potential of the Pickering emulsification approach was explored by exploiting the dual role
of the CNFs — stabilizer of the resin-in-water emulsion and reinforcing components of the resin.
As the first step of the study, this chapter reports the detailed method of the Pickering emulsion
preparation, the formulation of emulsions and its effect on the droplet morphology, emulsion
viscosity and the stability, and thereby, on the properties of the resulting flat/planar
nanocomposites. The advantage of the Pickering emulsification method in generating

hierarchical structure in the nanocomposites and the corresponding high mechanical properties
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compared to the nanocomposites prepared by impregnation method are discussed. Finally, the
successful fabrication of transparent 3D-molded (in macro- and micro-scale) nanocomposites
and the underlying reason thereof are presented.

2.2 Materials and method

2.2.1 Preparation of CNFs

CNFs were prepared from wood powder of Chamaecyparis obtusa (Japanese cypress,
Hinoki) sieved through 60 mesh. Literally, the process reported by Abe et al. was followed
[10]. First, the extractives were removed by toluene/ethanol (2:1) azeotrope extraction in a
Soxhlet apparatus for 6 h. After that, the solvent-extracted wood powder was chemically
purified to remove matrices (hemicelluloses and lignin) by following “Wise method” [11].
About 50 gm of extracted wood powder was dispersed in 1.5 L of distilled water and treated
with acidified sodium chlorite (NaClO>) at 80 °C for 4 h to remove lignin (20 gm NaCIlO; and
2 ml acetic acid were added in the reaction in each hour). The reacted powder was then washed
thoroughly with distilled water followed by re-dispersing in distilled water to a total weight of
800 gm. Six (6) wt % potassium hydroxide (KOH) treatment was done at 90 °C for 2 h in order
to leach hemicelluloses. The product was again thoroughly washed and treated with acidified
NaClO; at 80 °C for 3 h to remove any residual lignin (20 gm NaClO2 and 2 ml acetic acid
were added in the reaction in each hour). After washing, a white purified wood powder
dispersed in water was obtained that virtually contains pure cellulose. The a-cellulose content
of the wood powder purified by this process can reach more than 85% [10]. The concentration
of the purified wood powder slurry was adjusted to 0.8-1% and passed through a grinder
(equipped with two grind-stones assembled in a rotor-stator configuration; see Figure 2.1) for
two times to obtain water-dispersed “native” CNFs at ~0.5-0.7 wt% concentration. The
grinding treatment was performed at 1,500 rpm with a clearance gauge of —2 (corresponding

to a 0.2 mm shift) from the O position.

A sample from never-dried CNFs was subjected to oven-drying at 110 °C. The dried CNF
sample was platinum coated in an ion sputter coater and imaged by a JEOL JSM-6700F field-
emission scanning electron microscope (FE-SEM). X-Ray diffraction (XRD) analysis was also
performed to determine the relative crystallinity of cellulose before and after grinding treatment.
The CNFs suspension were freeze-dried and then pressed at 1.4 MPa to get pellets that were

mounted on to the sample holder and irradiated with nickel-filtered CuKa (A= 0.154 nm)
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radiation generated by an UltraX 18HF X-Ray diffractometer (Rigaku Corporation, Tokyo,
Japan) operating at 40 kV and 300 mA. The scattered radiation was detected in the angle range
of 5°—40° using a goniometer that collected the data at a scan rate of 1° min! with an increment
of 0.02° in the reflection mode. The crystallinity indices were determined from the normalized
diffraction profiles using the method developed by Segal et al. [12].

Figure 2.1. Photographs of the grinder and stones (MKCAG6-2, stone type: MKGC6-80,
Masuko Sangyo, Japan) used to prepare CNFs.

2.2.2 Transparent resins

For most of the experiments (in the current and subsequent chapters), acrylic resin ABPE-
10 (2.2-bis[4-(acryloxypolyethoxy)phenyl]propane; EO 10 mol) obtained from Shin-
Nakamura Chemical Co. Ltd., was used. The chemical structure is given in Figure 2.2. It is a
photo-curable transparent liqguid monomer. The density, viscosity, refractive index, molecular
weight (MW), and T of this resin are 1.14 g cm™ (25 °C), 550 mPa.s (25 °C), 1.516 (25 °C),
776.89 g mol* and —12 °C, respectively. The surface tension (y) is approximately 48 mN m?,
measured at 25 °C by Drop-weight method (Equation 2.1) [13,14]. A photo-initiator, 2-
hydroxy-2-methylpropiophenone, was mixed with ABPE-10 before use at a concentration of
0.25 wt% to polymerize the monomer under UV light (20 J cm™; F300S UV lamp/LC6 bench-

top conveyer, Fusion UV Systems).

mg

2nr(¢l%)
V3

Surface tension, y = (2.1)
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Where, m is the mass of a single drop of a liquid, g is acceleration due to gravity, r is the
radius of the tip of the glass pipe through which the liquid drop was dripped, and ¢ # is the

empirical correction factor (V is the volume of one drop of the liquid). The value of the
correction factor was estimated from the previous experimental results [15-18].

H,C. _CHs
o, [0 O O o) o
o o

Figure 2.2. The chemical structure of ABPE-10, where m+n= 10; MW= 776.89 g mol .

To verify the adaptability of the Pickering emulsification process to various resins in order
to fabricate transparent nanocomposites reinforced with CNFs, a bis-phenol A-type epoxy resin
(D.E.R.332) purchased from Sigma-Aldrich was also used. It is not only different in kind than
the acrylic resin ABPE-10, but also a heat-curable transparent liquid monomer. HN5500
(Hitachi Chemical Company Ltd.) and 1,8-diazabicyclo[5.4.0]undec-7-ene (Sigma-Aldrich)
were respectively used as a curing agent and catalyst. The curing agent (10.1 g) and catalyst
(116 mg) were mixed with the epoxy resin (10 g) before use. The chemical structures of the

epoxy resin, curing agent, and catalyst are shown in Figure 2.3.

HyC. ,CHs
c[)>/\o O O 0’\4)

Epoxy resin D.E.R.332

O
N
0
/. Xy
H5C 0

HN5500 1,8-diazabicyclo[5.4.0Jundec-7-ene

Figure 2.3. The chemical structures of epoxy resin (MW= 340.41 g mol™?), curing agent, and

catalyst.
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2.2.3 Preparation of Pickering emulsions

The acrylic resin-in-water Pickering emulsions were prepared by direct shearing of the
mixture of CNFs/water-suspension and resin (Fig. 2.4). The shear force was given by a high-
speed blender (Vita-Mix Absolute 3, Osaka Chemical Co. Ltd.). Pickering emulsions with
several formulations were prepared. The amount of the CNFs to the resin was kept constant at
10 wt% (on dry-weight basis), but the formulation was changed by changing the water content.
This was done to investigate the effect of the viscosity on the droplet formation, and hence, the
effect on the properties of the nanocomposites containing identical CNFs content. The detailed
formulations are given in Table 2.1. To obtain an emulsion, first, a CNF-suspension containing
0.5 gm CNF (on dry-weight basis) was poured into the blender. Acrylic resin of 4.5 gm was
then added. Water content was adjusted to the desired formulation. An initial blending at 5000
rpm for 2 min was performed to disperse the resin as much as possible. After that, the speed of
the blender was adjusted to 37000 rpm and blended for 15 min with a 5 min interval after 7.5
min. The interval allowed to reduce the temperature that reached about 80 °C during blending.
The obtained emulsions were stored in dark to avoid any undesirable polymerization of acrylic

resin droplets.

CNF-suspension

Acrylic resin (ABPE-10)

Figure 2.4. The resin-in-water Pickering emulsions were prepared by direct shearing of the

mixture of acrylic resin and CNF-suspension using a high-speed blender.

2.2.4 Microscopic observation of the droplets

Emulsion samples were UV-cured immediately after preparation to keep the size and
shape of the droplets intact. The cured emulsions were then dried over-night at 40 °C in an
oven. A thin film was formed that was either cut by a sharp knife or cryo-fractured in liquid
nitrogen to observe the droplets by a JEOL JSM-6700F or a JEOL JSM-7800F Prime FE-SEM

after platinum coating. The diameter of the droplets was measured by an image processing
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software (ImagelJ) directly from the FE-SEM images. The diameter of about 200 droplets was

measured.

Table 2.1. Formulations of the emulsions.

Nomenclature ~ CNF (dry weight)  Acrylic resin ~ Water CNF CNF to resin

g g g % %
PE1 495 0.1
PE2 245 0.2

0.5 45 10
PE3 161 03
PE4 120 0.4

* Note: The amount of CNFs and resin was kept same.

2.2.5 Viscosity measurement

The viscosity of the emulsions was measured at 25 °C by a viscometer (Visco Basic Plus
R, Fungilab S. A.) according to ISO 2555 and ISO 1652 standards. The viscosity of the CNF-

suspensions with concentrations from 0.1 wt% to 0.4 wt% was also measured.
2.2.6 Emulsion stability test

Samples of emulsions were taken into small glass bottles soon after the preparation and
kept in a dark place. The photographic images were taken at a desired frequency of hours, days,
and months. The stability of the emulsions were visually inspected to check any occurrence of

the phase separation.
2.2.7 Fabrication of transparent nanocomposites from Pickering emulsion

The CNF-stabilized acrylic resin-in-water Pickering emulsions formulated by high-speed
blending were subjected to vacuum-filtering to remove water in order to obtain a transparent
nanocomposite. A PTFE filter-membrane (Advantec) with 0.1 um pore-size was used. To keep
the CNFs content identical, 45 gm, 22.5 gm, 15 gm, and 11.25 gm emulsions were taken for
PE1, PE2, PE3, and PE4, respectively (please see Table 2.1 for emulsion formulations). The
filtration time was about 8 h, 5 h, 3 h, and 2 h, respectively. After filtration, the wet CNF/resin
nanocomposites (35 or 75 mm in diameter) were dried in an oven at 40 °C for 3 h to remove

residual water. The nanocomposites contained 90 wt% liquid resin monomer, but were free-
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standing. Unexpectedly, the nanocomposites were not optically transparent even after
polymerization of the monomer. Therefore, these nanocomposites containing liquid monomer

were termed as “CNF/resin mat”.

To obtain optically transparent nanocomposites, the mats were hot-pressed by placing
between glass slides followed by polymerization using an UV light (Fusion UV Systems). The
pressing temperature and pressure were 150 °C and 5 MPa, respectively. The hot-pressing time
was 10 min plus an extra 5 min under a circulating cooling water (the cooling system was
integrated with the hot-press). The moisture content of the composites was between 1 to 3%.
The thickness of the composites was ~150—180 um.

For fabricating 3D-molded transparent composites, a lens-shaped stainless steel die was
used. First, the CNF/resin mat was placed on the female-part followed by placing the male-part
on the top. A hollow cylinder was used as guide during hot-pressing (150 °C and 5 MPa). The
picture of the die is shown in Figure 2.5. The composites were UV-cured immediately after
hot-pressing.

Figure 2.5. Photograph of stainless steel die for fabricating 3D-curved transparent

nanocomposite (left). Photograph of the assembly of the die placed in a hot-press (right).

For surface micropatterned composites, a Patterned Sapphire Substrate (PSS) was used to
copy the micro-pattern on the CNF/resin mat. The PSS was a kind gift from SAMCO Inc.,
Kyoto, Japan. Its surface is patterned with numerous lenses of about 2 um in diameter (circular
base) and 1.5 pum in height (Fig. 2.6). The mat was placed on the PSS and sandwiched with a
glass slide, and then hot-pressed (150 °C and 5 MPa) followed by UV-curing. Given the PSS
substrate consisted of convex lenses, the composites obtained were having concave

micropatterns. Similarly, neat PMMA (poly(methyl methacrylate)) films with concave

-46 -



— Chapter 2 Development of Pickering Emulsification Method for Facile Fabrication of
Transparent and 3D-molded CNF-Reinforced Nanocomposites

micropatterns were prepared using the PSS, and subsequently used as the substrate for

obtaining nanocomposites with convex micropatterns on the surface.

Figure 2.6. SEM images of the Patterned Sapphire Substrate (PSS) for in-situ micro-molding
of the CNF/resin mat (SAMCO Inc., Kyoto, Japan).

2.2.8 Fabrication of transparent nanocomposites using impregnation method

The impregnation method was adapted from the work of Yano et al. and lwamoto et al.
[19,20]. The impregnated nanocomposite was fabricated to compare its properties with the
nanocomposites prepared via Pickering emulsification method. First, the CNF-suspension was
diluted with distilled water at a fiber content of 0.1 wt%, and then stirred for 3 h. Forty grams
of the CNF-suspension was vacuum-filtered using a PTFE membrane with a 0.1-um pore size
to produce a wet thin sheet of 35 mm in diameter. The wet sheets were dried at 110 °C under
2 MPa pressure for 20 minutes to obtain a CNF-nanopaper of 38 um thick. The CNF-nanopaper
was immersed into the acrylic resin monomer under —0.1 MPa pressure for 6 hours. The resin
impregnated CNF-nanopaper was then sandwiched between glass slides and finally cured by
UV light. The thickness and CNF-content were ~120—140 pum and ~20%, respectively.

2.2.9 Electron microscopy imaging of the nanocomposites

FE-SEM imaging of the fracture surface of the nanocomposites was performed using a
JSM-6700F or a JSM-7800F Prime (JEOL) after platinum coating. Transmission electron
microscopy (TEM) observation was carried out using a JEM-1400 Plus (JEOL) after
embedding the ultrathin nanocomposite samples in epoxy resin followed by staining with solid

osmium tetroxide (OsQa).
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2.2.10 Measurement of light transmittances

Total and regular transmittances were measured in the wavelength range from 300 to 800
nm using an UV—vis spectrophotometer (U-4100, Hitachi) by placing the samples respectively

at and 25 cm apart from the entrance port of the integrating sphere (60 mm in diameter).

The light transmittances were normalized to 100 um thickness, because the thicknesses of
the nanocomposites were varied depending on the hot-pressing conditions; the thickness have
profound effect on the light transmittance of a material. The normalization was done according

to the following equations:

I (2.2)
"
I; =1,(1-R)2¢ehBd (2.3)
_ (ns— 1) (2.4)

T (ng +1)2

Where, T = transmittance, It = incident light that have transmitted through a material, 1o =
initial incident light, R = reflectivity/reflectance, g = linear absorption coefficient, d = thickness

of the material (mm), and ns = refractive index (RI) of the material.

ns was calculated according to the Maxwell-Garnett Effective Medium Approximation

equation [21]:

Ng—Mm  __ 5 ni—Nm (2.5)

Ng+2n, n; + 2ny,

l

Where, 6= fraction of inclusions (CNFs), ni= refractive index (RI) of inclusions (RI of
CNF is 1.544 in transverse direction [22]), nm= Rl of matrix (Rl of ABPE-10 is 1.516).

2.2.11 Tensile test

The tensile test was carried out using an Instron 3365 universal testing machine (Instron)
with a span length of 20 mm, at a crosshead speed of 1 mm min™. Stress—strain data were
recorded for five rectangular nanocomposite specimens (5 mm x 35 mm). Prior to testing, the
specimens were maintained in a controlled room at 23 °C and a relative humidity of 50% for
24-48 h.
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2.2.12 Measurement of the thermal expansion

Thermal expansion properties were obtained using a thermomechanical analyzer TMA/SS
6100 (Seiko Instruments) in tensile mode with a 20 mm span and a ramp of 5 °C min™* under
a N2 atmosphere. The measurements were run three times during elongation at a load of 3 g.
The CTE values were determined in the temperature range of 20—150 °C in the second run.

2.2.13 Thermogravimetric Analysis (TGA)

TGA was carried out to determine the CNF-content of the nanocomposites using a TGA
Q50 instrument (TA Instruments). TGA was performed from room temperature to 600 °C at a
heating rate of 10 °C min. Approximately 5-10 mg samples were used in the analyses. The
samples were allowed to equilibrate at 110 °C for 20 min to remove moisture. The flow rate of
nitrogen gas was maintained at 100 ml min* throughout the test.

2.2.14 Preparation of Pickering emulsion and transparent nanocomposites using epoxy

resin

To verify the adaptability of the Pickering emulsification process to various resins in order
to fabricate transparent nanocomposites reinforced with CNFs, the epoxy resin-in-water
Pickering emulsion was also prepared by blending the mixture of CNFs/water-suspension and
resin using a T25 digital ULTRA-TURRAX homogenizer (IKA). An ice-bath was used to keep
the emulsion cool during the blending. The PE2 formulation was used (see Table 2.1). After
filtering the emulsion, the resulting mat was oven-dried at 40 °C for 3 h and then pressed at 2—
5 MPa and 50 °C for 5 min followed by increasing the temperature at 100 °C for 30 min. The
nanocomposite was then removed from the hot-press and cured further in an oven at 110 °C
for 2 h. The nanocomposite containing epoxy resin was only prepared to verify the potential of
the Pickering emulsification method to adapt different transparent resins to obtain transparent

CNF-reinforced nanocomposites.

2.3 Results and discussion

2.3.1 Characterization of CNFs

The CNFs were prepared by grinding treatment of lignin- and hemicelluloses-removed

wood powder in a never-dried condition. After the grinding treatment, the obtained wood-
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material became highly viscous and homogeneous colloidal-like dispersion, suggesting that
comminution of original cellulose fibers occurred drastically with a high surface-to-volume
ratio in water. Figure 2.7 shows the FE-SEM images of the oven-dried slurry of the CNFs with
an average diameter of 23 £8 nm. The length of the fibrils was >2 pum. However, the actual
average length of the CNFs is difficult to measure, because they have very high aspect ratio
and tend to entangle leaving almost no conspicuous ends. The CNFs have the similar

morphology as fabricated by Abe et al. [10].

Figure 2.7. FE-SEM images of oven-dried CNFs under different magnifications (left: 30000x;
right: 50000x).

The XRD patterns shown in Figure 2.8 suggest that the native cellulose-I crystal structure
remained intact even after mechanical nanofibrillation. However, the crystallinity reduced to
64.2% (CNFs) from 81.4% (original fibers), which suggest that the intense mechanical
comminution partially destroyed the crystalline aggregates of the cellulose fibrils. The findings

from previous studies also support this result [23-25].

200
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——Before grinding

—— After grinding

Intensity (a. u)

5 10 15 20 25 30 35 40
28 (Degree)

Figure 2.8. XRD patterns of purified wood powder before and after (CNFs) grinding treatment.
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2.3.2 Formation of CNF-stabilized resin-in-water Pickering emulsions

The mixture of CNFs, acrylic monomer and water was mechanically sheared by a high-
speed blender at 37000 rpm. After the intense blending, the mixture was turned into a
homogeneous and milky colloidal-like dispersion (Fig. 2.9a). The blending treatment
disintegrated the liquid acrylic monomer into numerous droplets of spherical shapes (Fig. 2.9¢c—
f). The FE-SEM images of the UV-cured and oven-dried emulsion reveal that the droplets are
covered by the dense network of CNFs (Fig. 2.9c—f). Kalashnikova et al. also reported a similar
finding for hexadecane oil-in-water Pickering emulsion that was stabilized by the long, high
aspect ratio nanocelluloses (length ~4 pum; aspect ratio ~160) (also see Fig. 1.15) [26]. The
CNFs prepared in this study also have a high aspect ratio of about 100 with a length of >2 pm.
The dense network of the long thin CNFs in the water trapped and encapsulated the resin
droplets, thereby, effectively stabilized the emulsion with almost no coalescence of the droplets
[27,26,28-32].

2.3.3 Effect of emulsion formulations on droplet size

The FE-SEM images shown in Figure 2.10a—d suggest that all of the emulsions prepared
were polydispersed regardless of the formulations. With the increase in solid content (i.e., the
percentage of CNFs plus resin in water), the diameter of the droplets and their polydispersity
were increased (Fig. 2.10e,f). Although, the amount of CNFs and resin were kept constant in
the formulations, but the difference in solid content was resulted from varying water content.
A low solid content resulted in low viscosity of the emulsion (Fig. 2.10g), which probably
produced a more uniform distribution of the shearing energy during blending. As a result, the
emulsion with the PE1 formulation produced more uniform and smaller droplets compared to
the emulsion with PE2 formulation, and similarly, PE2 formulation compared to PE3
formulation, and PE3 formulation compared to PE4 formulation (Table 2.2). The viscosity,
thus droplet size and polydispersity of the emulsions, was found to be governed mainly by the
concentration of the CNFs, because the viscosity of the emulsion was lower than that of the
CNF/water suspension, both of which were having a same CNF content (Fig. 2.10g). This is
probably due to the fact that the resin droplets in the emulsion provided low friction in the
suspended CNFs network. The effect was minimum at diluted condition. The effect increased
gradually with the increase in droplet size, probably because the bigger droplets helped sliding

the network more effectively, thereby, profoundly reduced the viscosity of the emulsion.
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Figure 2.9. (a) Appearance of the emulsion produced after blending. (b) A digital microscopic
image of the emulsion taken in situ. (c—f) FE-SEM images of the UV-cured followed by oven-
dried emulsions at high magnifications. Image (f) shows that the CNF-shell around the resin
droplet was torn apart during the sample preparation. All the images except (f) represent the

emulsion of the formulation PE3. Image (f) represents PE4.
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Figure 2.10. (a—d) FE-SEM images of the UV-cured followed by oven-dried emulsions of
different formulations. (e) Effect of emulsion formulations on droplet diameter. The bar
indicates the diameter of smallest and biggest droplet; the number indicates the average
diameter of ~200 droplets. (f) Frequency distribution of the diameter of the droplets. (g) Effect

of formulations on the emulsion viscosity.
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Table 2.2. The average, maximum, and minimum diameter of the droplets, and the

corresponding viscosity of the emulsions.

Emulsion type  Average Maximum Minimum  Viscosity
diameter (um)  (um) (um) (mPa.s)/25 °C

PE1 1.87 7.07 0.51 16.1

PE2 1.97 8.74 0.51 25.9

PE3 2.21 14.88 0.51 46.2

PE4 5.04 28.22 0.98 72.2

The result obtained for the effect of emulsion formulations on the droplet size is in
disagreement with the previous studies. Carrillo et al. reported the formation of smaller soybean
oil droplets in water with an increment in CNFs concentration because of the formation of a
more connected CNFs network and the corresponding higher viscosity [33]. The authors
explained that the denser CNFs network would effectively restrict the coalescence of the oil
droplets (i.e., higher stability), and thus would produce smaller droplets. In another study, also,
a sharp decrease in the droplet size of the hexadecane oil with the increasing concentration of
nanocelluloses was observed [26]. Literally, the droplet size of the emulsion may vary
depending on the type of the oil (viscosity, surface tension etc.) [33], emulsification condition
(temperature, conductivity, energy etc.), and equipment (homogenizer, ultrasonic, blender etc.)
used. However, in this study, those variables were paid less attention, because the main focuses
were to develop a transparent nanocomposite with 3D-moldability, to investigate the effect of
the microstructure, nanocellulose content and nanocellulose length on the mechanical, optical
and thermal properties of the nanocomposites, and to investigate the suitability of the

nanocomposite as the substrate for smart optoelectronic devices.
2.3.4 Emulsion stability

Figure 2.11 shows the photographic images of the emulsions taken immediately after their
preparation (0 day), and after 1 day, 7 days, and 15 days. PE1 with the diluted formulation
clearly showed a phase separation after 7 days. The emulsion PE2 showed a trace of phase
separation after 15 days. Emulsions with higher viscosity, i.e., PE3 and PE4, showed no trace
of phase separation even after 15 days. In fact, PE3 and PE4 were stable over several months.

Figure 2.12 shows the FE-SEM images of the UV-cured followed by oven-dried PE3 emulsion
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obtained immediately after its preparation and after 3 months. An increase in the droplet size
can be observed, though no phase separation was detected in the stability test. The increased
stability of the emulsion was due to the higher CNFs concentration in the water phase that
formed a dense and intensely connected network, which effectively reduced the coalescence of
the resin droplets [33].

Figure 2.11. Photographic images of the CNF-stabilized resin-in-water Pickering emulsions
taken immediately after their preparation (0 day), and subsequently after 1 day, 7 days, and 15
days.
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Figure 2.12. FE-SEM images of the UV-cured followed by oven-dried PE3 emulsion obtained
immediately after preparation (left) and after 3 months (right).

2.3.5 Optically transparent nanocomposites from Pickering emulsion

The CNF-stabilized acrylic resin-in-water Pickering emulsions were dehydrated by
vacuum-filtration. Surprisingly, no apparent resin loss through the filter membrane was
observed. This is because the liquid resin droplets were encapsulated by and trapped into the
intense CNF-network. Figure 2.13 shows the effect of the droplet size on the appearance of the
CNF/resin nanocomposite mats that contained liquid monomer. The mat obtained from PE1
having smallest droplets was translucent and the surface was comparatively smooth. As the
droplet size increased from PE2 to PE4, the mat became increasingly opaque and the surface
smoothness decreased gradually. Most interestingly, even after vacuum-filtration, the liquid
resin droplets did not merge or coalesce together as evident from the microstructure of the mats
(Fig. 2.14). This is an evidence that the liquid droplets were strongly encapsulated by the CNFs
network. However, the droplets were deformed into oval shapes from their original spherical
shape due to the suction pressure during vacuum-filtration. The deformed droplets were still
covered by the CNF-network in the mat as can be seen in Figure 2.14c. The thickness of the
CNF-network around the resin droplets was not uniform, rather ranged between ~100 nm to
~500 nm.

The CNF/resin mats were not optically transparent even after UV polymerization and a
high proportion of transparent resin (~90 wt %). The opaqueness was probably due to the light
scattering from the uncompact interfaces among the CNF-covered droplets as indicated by the
FE-SEM images of the fracture surface of the mat (Fig. 2.14). Therefore, the non-polymerized
CNF/resin mat was sandwiched between glass slides and hot-pressed at 150 °C and 5 MPa foll-
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Figure 2.13. Photographic images of the self-standing CNF/resin nanocomposite mats
obtained after filtration followed by oven-drying (40 °C) of the Pickering emulsions. All of the
mats contain 90 wt% liquid acrylic monomer. The photographs also indicate the effect of the

droplet size on the appearance of the mat.

Figure 2.14. FE-SEM images of the fracture
surface of (a) PE1 mat and (b) PE3 mat. (c) A
magnified FE-SEM image of (b).
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owed by UV polymerization. Eventually, a highly transparent nanocomposite (termed as PE
nanocomposite) with a much more compact structure was obtained (Fig. 2.15a—d). The regular
and total transmittances of the PE nanocomposites were 82—85% and 89% at 600 nm,
respectively (Fig. 2.15e,f). For comparison, impregnated (IM) composites with the same resin
and a CNF content of ~20 wt % were also prepared [19,20]. Notably, the CNF content of the
transparent PE nanocomposites prepared from Pickering emulsions was increased to ~16 wt %
because ~7 wt % of resin was squeezed out during hot-pressing. The optical transparency was
similar to or even higher than that of the IM composites prepared in this study and in the
literature [34]. The addition of CNFs reduced the regular transmittance of the acrylic resin by
only 6—9%, whereas the reduction in total transmittance was only 3%.

Hot-pressing
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Figure 2.15. (a) Photograph of the PE3 mat. (b) FE-SEM image of the fracture surface of
the PE3 mat. (c) Photograph of the transparent nanocomposite obtained after hot-pressing
of the PE3 mat. (d) FE-SEM image of the fracture surface of the PE3 nanocomposite. (e)
Regular light transmittances, and (f) total light transmittances of the nanocomposites. “IM”

refers to the impregnated nanocomposite prepared by the impregnation method.
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A gradual attenuation of the regular transmittance from PE3 to PE1 nanocomposite can be
observed in Figure 2.15e. For example, the PE4 nanocomposite transmitted 85% light (at 600
nm) compared with 82% for PE1. This might be because the PE1 emulsion contained relatively
uniform and smaller resin droplets, which led to a higher number of CNF/resin interfaces and
thus higher light scattering even at a similar CNF content. The CNF/resin mat was opaque,
with only 14% (600 nm) regular transmittance (Fig. 2.13 and Fig. 2.15e), but with a total
transmittance of 85% (600 nm) (Fig. 2.15f). It can be proposed that this large amount of light
scattering was eliminated by (1) hot-pressing, which made the CNF/resin interfaces more
compact, and (2) better flowability of the resin monomer at the hot-pressing temperature, which
penetrated into the CNF network and formed a continuous matrix, and therefore, the minute
variation in the RI between the CNF and acrylic resin was minimized. Of note, the high optical
transparency also indicates a good dispersion of the CNFs throughout the PE nanocomposites
obtained via the Pickering emulsification method [35,36].

To verify the suitability of the Pickering emulsification process to adapt various resins in
order to fabricate transparent nanocomposites reinforced with CNFs, transparent epoxy resin
was also used instead of the acrylic resin to form an epoxy resin-in-water Pickering emulsion
using the PE2 formulation. The CNF/resin mat and the corresponding transparent PE
nanocomposite obtained after compression and polymerization are shown in Figure 2.16. The
result indicates that a transparent nanocomposite can also be fabricated using the epoxy resin
via the Pickering emulsification approach. Therefore, Pickering emulsification approach offers
a facile water-based route to obtain transparent nanocomposites of various resins that are

immiscible with native unmodified CNFs.

Figure 2.16. (a) Photograph of the CNF/epoxy resin mat. (b) Photograph of the transparent PE
nanocomposite of epoxy resin and CNFs with ~14 wt% CNF content.
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2.3.6 Hierarchical microstructure of the nanocomposites

Hierarchical structural design of materials provides an opportunity for synergistic tailoring
of the materials properties [37]. Man-made composite materials usually lack hierarchical
structure, but nature exploits this concept very effectively to create composite materials with
superior functionalities composed of inferior components [37—41]. For example, nacre, the
mollusks shell, is composed of hard but brittle aragonite platelets as the major component
(95%) surrounded by a soft biopolymer matrix as the minor component (5%) (Fig. 2.17)
[39—42]. Despite this composition, it displays an anomalous combination of incredible strength
and toughness, thanks to its highly synergistic load-bearing, stress-dissipating, and crack-

deflecting mechanism effected by the hierarchical “brick-and-mortar” structure [39—44].

Figure 2.17. (a,b) The nacre has alternating “brick and mortar” arrangement of hard aragonite
platelets (light orange color) and soft biopolymer layers (red lines) [45]. Reproduced with
permission from ref. 45 © 2010 American Chemical Society. (c) FE-SEM image of the fracture

surface of a nacre.

In this study, it was hypothesized that the aggregation of resin droplets that are
encapsulated by a thin network of CNFs would generate a bulk network by interconnecting the
droplets in the nanocomposite. Thereby, a self-assembled two-tier hierarchical structure would
be generated. Therefore, the microstructure of the transparent PE nanocomposites was studied
from the TEM images as shown in Figure 2.18. It was in fact found that the droplets were
interconnected by a bulk micro-scale network throughout the nanocomposite. Hence, the PE
nanocomposites produced by the Pickering emulsion process were hierarchical in structure. A
graphical illustration to explain this phenomenon is presented in Figure 2.19. When the
CNF/resin mat was hot-pressed at high temperature and pressure, the liquid resin droplets only
could deform laterally because of the strong encapsulation from the CNFs network, which

resulted in the transformation of the droplets into platelet-like structure. The thickness and size
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of the platelets are not uniform because of the polydispersity of the resin droplets in and among
the emulsions of various formations (Fig. 2.18). Nevertheless, due to the platelet-like structure
of the resin droplets, the microstructure of the transparent PE nanocomposites resembled to
that of the “brick-and-mortar” of the nacre (Fig. 2.15d and Fig. 2.17c). However, interestingly,
this microstructure can be considered opposite to that of the nacre. Because, in nacre, the hard
aragonite platelets (95%) are surrounded by the soft biopolymers (5%), whereas, in transparent
PE nanocomposites, the soft acrylic resin platelets (~84%; modulus= 0.03 GPa) are surrounded
by the network of strong and stiff CNFs (~16%; modulus~140 GPa). This interesting
hierarchical structure truly originated from the Pickering emulsion via the self-assembly of the
CNF-covered resin droplets.

Figure 2.18. TEM images of the cross-section of the transparent PE nanocomposites. The
arrows in PE3 indicate the platelet-like resin droplets. The whitish border around the droplets
is made up of CNFs network. The effect of the bigger droplets can be seen in the microstructure

of the PE4 nanocomposite.
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Figure 2.19. A graphical illustration of the development of hierarchical and nacre-mimetic
microstructure in the CNF/resin mat and its corresponding transparent PE composite. The
change in color from green to blue represents the penetration of resin into the surrounding
CNFs network.

As mentioned above that the materials having a hierarchical structure offer excellent
mechanical functionalities. Therefore, it is of vital importance to compare the microstructure
of the transparent IM nanocomposites prepared by impregnation method with that of the PE
nanocomposites prepared via Pickering emulsification method. The FE-SEM image of the
cross-section of an IM nanocomposite is shown in Figure 1.16b in Chapter 1. When a
nanopaper of nanocelluloses was impregnated by a resin, the nanopaper still remains intact
inside the resulting nanocomposite. The IM nanocomposite, therefore, possessed a three-layer
structure. The middle layer was consisted of an intact CNF-nanopaper, the nanopores of which
were impregnated by the resin. The outer two layers were composed of the neat resin; however,
the presence or thickness of the outer resin layers depends on the CNF-content and
compactness of the nanopaper. Therefore, it can be expected that the mechanical behavior of
an IM nanocomposite will be governed mainly by the stiff nanopaper. Whereas, the mechanical
behavior of the PE nanocomposites prepared by the Pickering emulsification method is
expected to be governed by both the homogeneously-dispersed CNF-network and the unique

hierarchical structure.

2.3.7 Mechanical properties of the nanocomposites

Figure 2.20 and Table 2.3 highlight the extraordinary mechanical properties of the PE
nanocomposites compared with the IM composite and neat acrylic resin film. Specifically, the
strengths of the nanocomposites made from PE1, PE2, PE3, and PE4 were 40.14, 35.69, 34.61,
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and 32.44 MPa, respectively. In contrast, the strength of the IM composite was 28.35 MPa,
even at a ~4 wt % higher CNF content. A large strain-to-failure — 12.49% for PE1, 13.23% for
PE2, 13.35% for PE3, and 9.05% for PE4 compared with only 2.06% for the IM composites —
indicated that the PE nanocomposites prepared by Pickering emulsification method were
flexible, and combined with their high strength significantly increased their toughness. The
toughness was approximately 9 times higher than that of the IM composites. The elastic
modulus of the PE nanocomposites (1.50, 1.28, 1.19, and 1.36 GPa for PE1, PE2, PE3, and
PE4, respectively) was lower than that of the IM composites (2.85 GPa). This may be due to
the fact that in an IM composite, the CNF nanopaper was laid intact and sandwiched between
two thick resin layers (Figure 1.16b); this implies that the highly H-bonded stiff CNF network
mainly governed the mechanical properties of its resin-impregnated composites [19,46]. It is
likely that the inclusion of the resin platelets in the hierarchical CNF network of the PE
nanocomposites may reduce H-bonding and lower the stiffness, but clearly, a synergistic

strengthening and toughening mechanism was present.
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Figure 2.20. Tensile stress—strain curves of the CNF-reinforced nanocomposites and neat resin
film. Compared with the IM composite and neat resin film, the PE nanocomposites prepared

via Pickering emulsification method have extraordinary strength, toughness, and ductility,

thanks to their hierarchical and synergistic “reverse” brick-and-mortar architecture.

In natural nacre, the brick-and-mortar arrangement of hard and soft materials
synergistically bears the load, dissipates stress across the interfaces through mutual sliding, and
impedes crack propagation through crack deflection and crack bridging [39-44]. In PE

nanocomposites, the “reverse” nacre-like two-tier hierarchical CNF-network carried the load,
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and stress dissipation occurred at the interfaces of the CNF network/resin platelets through
mutual sliding and also in the CNF network itself where the soft resin penetrated during hot-
pressing. To prove this synergistic mechanism, the fractured surface of the PE nanocomposites
after tensile test was investigated under the FE-SEM. The occurrence of crack bridging by
CNFs and crack deflection by microcrack formation were observed (Fig. 2.21a—c), which are
known mechanisms of extrinsic toughening [39—44]. In contrast, no such synergistic
mechanism in the IM nanocomposite was observed (Fig. 2.21d,e). Rather, the facture
mechanism was dominated by the breaking of the CNFs in the resin-impregnated nanopaper.
The CNFs in the nanopaper were also locked in position by the intensive H-bonding [47-51].
Therefore, the mechanical behavior of the IM nanocomposites was mostly governed by the
nanopaper containing strong network of the stiff CNFs.

Table 2.3. Comparison of mechanical properties of the PE nanocomposites, IM composites,
and neat acrylic resin film. The values in the parenthesis represent standard deviation.

Sample Strength Toughness Modulus Strain-to-failure
[MPa] [MJ m3] [GPa] [%]
IM 28.35 (2.51) 0.41 (0.06) 2.85 (0.25) 2.06 (0.26)
PE1 40.14 (4.49) 3.69 (0.02) 1.50 (0.03) 12.49 (0.43)
PE2 35.69 (2.27) 3.54 (0.14) 1.28 (0.07) 13.23 (0.85)
PE3 34.61 (2.42) 3.49 (0.37) 1.19 (0.05) 13.35 (2.00)
PE4 32.44 (2.40) 2.19 (0.22) 1.36 (0.04) 9.05 (1.25)
Neat resin 2.00 (0.26) 0.07 (0.02) 0.03 (0.00) 6.17 (0.72)

Apart from the high strength, toughness and strain-to-failure of the PE nanocomposites
compared with the IM nanocomposites at a similar CNFs content, the mechanical properties of
the PE nanocomposites can be tuned easily by varying the droplet size of the resin simply by
adjusting the water content in the emulsion while keeping the CNF-content identical. For
example, diluted PE1 emulsion, having relatively uniform and tiny resin droplets, produced
stronger, tougher, and stiffer nanocomposites compared with PE2, PE3 and PE4 (Fig. 2.20 and
Table 2.3). This is because more uniform and smaller resin platelets in the nanocomposite

resulted in much more homogeneous CNF/resin interfaces, thereby causing an effective
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transfer of the stress across interfaces. Another interesting observation can be made that the
modulus of the PE4 nanocomposites was higher than that of PE2 and PE3 nanocomposites and
the strain-to-failure of the PE4 nanocomposites was lower than that of other PE
nanocomposites (Fig. 2.20 and Table 2.3). The possible reason could be the presence of thicker
CNFs network around the resin platelets resulted from the presence of bigger droplets in the
PE4 emulsion (Fig. 2.18).

Stretching
direction

“=nanopaper

Figure 2.21. FE-SEM images of the fracture surface of the reverse nacre-like PE
nanocomposite (PE3) after the tensile test. (a) Top view of the fracture surface showing
“protruded” CNFs, which provided crack bridging. (b) Side view of the fracture surface
showing crack deflection by microcrack formation. (¢) Zoom-in image showing CNF bridging
inside the microcrack. (d,e) Fracture surface of an IM composite after tensile test under
different magnifications showing two outer resin layers with a smooth fractured-surface, and
the sandwiched resin-impregnated CNF-nanopaper with a layered structure showing an

evidence of the severing of nanofibers.
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2.3.8 Thermal expansion of the nanocomposites

The high thermal expansion of polymers, especially of flexible polymers the CTE of which
often exceeds 200 ppm K™ [34], is a potential drawback for their applications. For example,
the fabrication of optoelectronic devices often includes high-temperature (>100 °C) processing
steps. The high thermal expansion of the polymer films often creates issues during the
fabrication of devices. Therefore, brittle glass substrates are still preferred because of their low
thermal expansion, CTE 7—-10 ppm K™* [52]. CNFs, having crystals of very low CTE (0.1 ppm
K1), are highly effective in reducing thermal expansion of the polymers while keeping their
transparency [19,20,34]. Figure 2.22 and Table 2.4 highlight that the thermal expansion of the
PE nanocomposites was extremely low, CTE ~13 ppm K™, which is comparable to that of
glass. The inclusion of CNFs drastically reduced (~15 times) the thermal expansion of the soft
acrylic resin. However, the IM composite had a lower CTE of 9.9 ppm K™%, which was due to
the intact sandwiched CNF nanopaper with a CTE of 8.3 ppm K™ (literature value 8.5 ppm
K1 [53]), as well as the ~4 wt % higher CNF content. For comparison, the CTE of a transparent
and thermally stable poly(ethylene terephthalate) film (PET; Lumirror, Toray) that is being
used in the optoelectronics industry was also measured. The CTE was 38 ppm K%, much higher
than that of the transparent PE nanocomposites. This suggests that the high-performance
transparent nanocomposites made from Pickering emulsion have a strong potential to be used

as a substrate material for flexible electronics.
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Figure 2.22. Linear thermal expansion of the nanocomposites, CNF nanopaper, commercial

PET film, and neat resin film.
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Table 2.4. The CTE values of the nanocomposites, CNF-nanopaper, PET film, and neat acrylic

resin film.
Sample PE1l PE2 PE3 PE4 IM CNF PET Neat
nanopaper resin

CTE
4, 1285 13.27 1277 1271 9.92 8.25 37.97 191.66

[Ppm K]

2.3.9 TGA to determine CNFs content of the nanocomposites

In the previous sections of this chapter, it has been discussed that a small amount of resin
was lost during hot-pressing of the CNF/resin mat. Therefore, the final CNF-content in the PE
nanocomposites should differ from that of the Pickering emulsions. Therefore, a new method
based on the TGA-residue was devised to precisely determine the CNF-content in the

nanocomposites.

Apart from determining the thermal stability of a material, TGA has been widely used to
determine the composition of a material. TGA method to determine composition mainly relies
on the characteristic thermal decomposition temperature of each component. The area of the
differential TGA (DTG) curve can be directly used to estimate the weight of each component
[54]. However, if the thermal decomposition characteristic of two or more components

overlaps, this method would produce faulty results.

In this study, it was found that the TGA-residue content of a CNF-resin mixture is directly
proportional to the CNF-content. Therefore, a calibration graph was developed first from a
known composition of CNF-resin mixtures to obtain the regression equation (Fig. 2.23). A high
degree of correlation, R2= 0.9973, was found. Then, the TGA-residue content of the PE

nanocomposites were put in the equation to estimate the CNFs content.
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Figure 2.23. (a) TGA thermograms of the CNF-resin mixture with a known composition. (b)
Correlation of the CNF-content with the TGA-residue content. The number indicates residue

content.

2.3.10 3D-molded transparent nanocomposite

The modulus of the transparent PE nanocomposites prepared by the Pickering
emulsification method is about one-half or even lower than that of the IM nanocomposite at a
similar content of CNFs (Fig. 2.20 and Table 2.3). It is a clear evidence that the inclusion of
the resin platelets significantly minimized the H-bonding among the nanofibers. Additionally,
it is an advantaged that the tiny liquid resin droplets can be confined into the CNF-network
(i.e., CNF/resin mat) without any leakage. Due to the liquid droplets, the modulus of the mat

is drastically low as shown in Figure 2.24.

Realizing those advantages, the CNF/resin non-polymerized mat was placed into a lens-
shaped molding die and hot-pressed at 150 °C and 5 MPa followed by UV polymerization (Fig.
2.25). A perfectly molded lens-like transparent PE nanocomposite was obtained. This was
possible due to the presence of liquid resin droplets in the mat, which also reduced the extent
of H-bonding in the bulk CNFs network, therefore, enabled 3D-molding of the mat with good
precision. On the other hand, an attempted to mold an IM composite using a hot-press
inevitably failed (Fig. 1.16 in Chapter 1). The IM composite did not form a perfect lens-like
shape and developed many cracks. Evidently, such a 3D-molded transparent material with high

mechanical performance, low CTE, and flexibility could not be obtained by the impregnation
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method because the strong recoverable H-bonds make the CNF nanopaper substantially less
deformable.

Realization of CNF-reinforced 3D-molded optically transparent nanocomposite with low
CTE and high flexibility may broaden the application area of the CNF-reinforced materials.
For example, they could be used in applications such as the substrate for contact lens sensors
and curved displays. Contact lens sensors are smart microelectronic devices that can monitor

the blood glucose level from the eye-fluid or capture an image with a blink of the eye [55,56].
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Figure 2.24. Comparison of the stress—strain behavior of a CNF-nanopaper and a non-
polymerized CNF/resin mat. The nanopaper contains ~0.04 g CNFs, equivalent to the CNFs
amount present in the mat. Due to the inclusion of the liquid resin droplets, the modulus of the

CNF/resin mat is very low.
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Figure 2.25. Facile fabrication of the 3D-molded transparent nanocomposite.
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2.3.11 Micro-molded nanocomposites

Inspired from the above results, the CNF/resin mat was placed on a patterned sapphire
substrate (PSS) instead of a molding die, and subsequently hot-pressed and UV-polymerized.
The obtained PE nanocomposite exhibited a rainbow color indicating the precise transfer of the
pattern on its surface (Fig. 2.26a). Figure 2.26b—e indicates that the surface of the mat can be
micro-patterned with any shape; even multi-tier pattering, double-sided patterning, and nano-
scale patterning are easily possible. This is because the liquid resin in the mat can squeeze-out
during hot-pressing, which can take any opposite shape of the patterned substrate. Hence, nano-
and microscale polymeric structures can be easily and directly obtained with great precision on
the surface of the CN-reinforced transparent PE nanocomposites. This molding strategy can be
regarded as a simple form of the micro- and nanoimprint lithography techniques. It does not
require any sophisticated procedure/equipment such as in the case of conventional lithography
where photoresist, mask, and etching technologies are used [57,58]. Also, considering the
tough and flexible behavior of the PE nanocomposites, the roll-to-roll micro-patterning process
could be adopted.

Surface-patterned polymeric films have numerous high-tech applications in areas such as
semiconductor microelectronics, wide-angle-of-view 3D-imaging, stealth devices, fuel-cells,
optoelectronics (e.g., high-efficiency organic-light-emitting-diodes (OLEDs)) and as
antireflection, light-scattering, and light-trapping coatings or substrates in high-performance
photovoltaics [57—70]. Owing to the good mechanical performance, a CTE similar to that of
glass, high flexibility, and ease of fabrication, the surface-patterned PE nanocomposites

prepared via Pickering emulsification method are suitable candidates for those applications.
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Figure 2.26. (a) Facile in-situ fabrication of surface micro-molded transparent PE
nanocomposite. (b—e) Micro/nanopatterns with various shapes can easily and directly be

obtained on the surface of the PE nanocomposite with great precision.

2.4 Summary

In conclusion, a simple water-based Pickering emulsification pathway was developed to
fabricate hierarchical nanocomposites of immiscible polymer and native CNFs. The
hierarchical network of CNFs was well dispersed throughout the nanocomposites, as indicated
by the high optical transparency of the nanocomposites. The nanocomposites featured a unique
“reverse” nacre-like microstructure made up of soft polymer platelets (84 wt %) surrounded by
a strong hierarchical network of CNFs (16 wt %). The microstructure was self-assembled

during vacuum filtration (dewatering) of the CNF-stabilized resin-in-water Pickering emulsion.
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This unique microstructure synergistically led to a rare combination of high strength (40.14
MPa) and toughness (3.69 MJ m™3), which are 20 and 53 times higher than that of neat polymer,
respectively. The nanocomposites also possessed a high optical transparency (89%), a high
flexibility, and a CTE similar to that of glass (~13 ppm K%, 1/15" of the neat polymer) owing
to the well-dispersed cellulose nanofibers. Moreover, the liquid resin droplets in the vacuum-
filtered Pickering emulsion mat minimized the H-bonding in the nanofiber network, which
allowed the otherwise inaccessible molding of the nanocomposite into a 3D complex shape.
The surface of the nanocomposite could be patterned with micro/nanoscale features with a high
resolution and fidelity by direct compression molding. The high mechanical, thermal, and
optical performances together with the ease of fabrication process indicate that the
nanocomposites prepared via Pickering emulsion method are suitable candidates as substrates
for high-performance flexible/wearable (opto)electronic devices including displays, smart
contact lens sensors, and photovoltaics. The facile Pickering emulsification approach should
be easily applicable to a vast range of immiscible polymers and nanoreinforcements for

unlocking new class of functional hierarchical nanocomposite materials.
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Chapter 3
Effect of CNF Content on the Microstructure and

Properties of the Nanocomposites

3.1 Introduction

In Chapter 2, the development of a facile Pickering emulsification method and its potential
to obtain optically transparent CNF-reinforced nanocomposites with 3D-moldability in nano-
to-macro scale was described. One of the fascinating results was the development of a self-
assembled structural hierarchy in the PE nanocomposites. Owing to the hierarchical structure,
the PE nanocomposites combined high strength and toughness compared to that of IM
nanocomposites. Interestingly, apart from 20 and 50 times improvement respectively in the
tensile strength and modulus of the acrylic resin at a ~16 wt% CNFs content, the strain-to-
failure of the neat resin improved ~2 times, which can be attributed to the formation of a unique
hierarchical microstructure of resin droplets encapsulated by the CNF networks that delayed or
prevented crack propagation and improved stress-transfer processes. This is a definite
advantage of the nanocomposites prepared by the Pickering emulsion process. Because, when
a resin is reinforced by the strong and stiff CNF-network, the elongation capability of the resin
either decreases or remains similar to the original. This phenomena was also observed for the
IM nanocomposites in this work and in literature. For example, Okahisa et al. prepared IM
composites with the same resin containing 35-40 wt% CNFs and found no improvement in the
strain-to-failure [1]. Suzuki et al. fabricated nanocomposites of polypropylene (PP) and high-
density polyethylene (HDPE) using 20-30% CNFs as the reinforcement via melt
compounding; the strain-to-failure of the nanocomposites was drastically low than that of PP
and HDPE [2,3]. Fujisawa et al. reported on an improvement in tensile strength and modulus
of 12 wt% TEMPO-CNF-reinforced polystyrene nanocomposites; however, the strain-to-

failure of polystyrene was not improved [4].

Therefore, it would be interesting to investigate the effect of the CNFs content on the
mechanical performances of the hierarchical PE nanocomposites. Expectation was that the high

CNFs content would improve the strength and modulus of the PE nanocomposites, but without
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compromising the strain-to-failure. As a result, a stronger and stiffer nanocomposite with a
high mechanical flexibility, and hence, a high toughness would be obtained.

Hence, in this part of the study, CNF-reinforced acrylic resin nanocomposites with various
CNFs contents were prepared using both the Pickering emulsion method and impregnation
method, and the resulting properties were compared. The changes in the hierarchical structure
of the nanocomposites were investigated, and described in terms of their mechanical properties
together with the optical transparency and thermal stability.

3.2 Materials and method

3.2.1. Materials

The sugarcane bagasse pulp used as a raw material for CNFs preparation was kindly
provided by Eastern Sugar & Cane Co., Ltd., Thailand. Acrylic resin monomer (2.2 bis[4-
(acryloxypolyethoxy)phenyl]propane (ABPE-10) (refractive index of 1.516) used as a matrix
was supplied by Shin-Nakamura Chemical Co., Ltd., Japan. A photoinitiator 2-hydroxy-2-
methylpropiophenone, supplied by Wako Pure Chemical Industries, Japan, was added (0.25

wt%) to the monomer before use.
3.2.2. Preparation of CNFs

The bagasse was initially pre-treated with 3 wt% KOH solution at bagasse to liquor ratio
of 1to 10 for 2 hat 165 °C in a closed pulping unit, washed with distilled water, and completely
dried. Subsequently, a bleaching process described in Chapter 2 was applied to the pre-treated
bagasse. Briefly, the bagasse pulp was treated with acidified NaClO2 at 80 °C for 5 h to remove
lignin, and then 4 wt% KOH at 90 °C for 2 h to remove most of the hemicelluloses. The bagasse
was additionally treated with acidified NaClO> at 80 °C for 3 h to eliminate any residual lignin.
The treated fibers were washed with distilled water until neutralization. The fibers were
dispersed in distilled water at a concentration of 0.8 wt% and initially fibrillated using a
Vitamix blender (Osaka Chemical Co. Ltd.) for 1 min at 5000 rpm. Then, the slurry was passed

through a grinder following the conditions described in Chapter 2.

3.2.3. Preparation of transparent nanocomposites and determination of CNFs content

The CNF reinforced nanocomposites were prepared by a similar procedure described in

Chapter 2 with minor modifications. The resin monomer was mixed with CNFs and distilled

-80 -



—— Chapter 3  Effect of CNF Content on the Microstructure and Properties of the Nanocomposites ——

water using a Vitamix blender (Osaka Chemical Co. Ltd.) at 5000 rpm for 2 min, and then at
37000 rpm for 5 min. After a 5-min interval, the mixture was again blended for 5 min at 37000
rpm. The CNF-content in relation to resin was 3, 5, 10, and 15 wt%. Therefore, the
corresponding emulsions were termed as PE3, PE5, PE10, and PE15, respectively. The
obtained milky Pickering emulsion was then vacuum-filtered using a 0.1-pm-pore-size
polytetrafluoroethylene (PTFE) filter membrane to obtain a CNF/resin mat, and the mat was
hot-pressed at 150 °C and 2 MPa for 5 min. The pressed mat was subsequently UV-cured with
a F300S UV lamp/LC6 conveyer system (20 J cm™, Fusion UV Systems, USA) to obtain a
transparent nanocomposite film. The final CNFs weight-percentages of the nanocomposites
after hot-pressing were 4, 9, 18, and 25, determined from the regression equation obtained from
the TGA-residue versus bagasse CNFs graph (Fig. 3.1) (please also see Chapter 2 for more
details). The composites were coded as PEX, where x refers to the CNFs content in the
nanocomposites. Figure 3.2 illustrates the Pickering emulsification process used to prepare
CNF-reinforced nanocomposites.
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Figure 3.1. TGA-residue versus bagasse CNFs graph with the regression equation to determine
the CNF-content of the nanocomposites. TGA was performed by placing approximately 5-10
mg mixture of the dried-CNFs and cured-resin of known composition on a platinum pan,
stabilized at 110 °C for 10 min to remove residual moisture, and analyzed from 110 to 600 °C

at a heating rate of 10 °C min* under a nitrogen flow rate of 100 ml min™2.

To obtain IM nanocomposites as a control sample, the 0.1 wt% CNFs suspension was
subjected to vacuum filtration, and the wet sheet was then hot-pressed at 110 °C for 30 min
with the pressure of 0.1 MPa. The prepared CNF sheets were impregnated into the acrylic resin
for 12 h, and the resin-impregnated CNF sheet composites placed between two glass slides

were mechanically pressed under different pressures. The samples were subsequently UV-
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cured to obtain the nanocomposites with CNF-contents of 15, 20 and 26 wt%. The impregnated

composites were coded as IMx, where x refers to the CNFs content.
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Figure 3.2. Fabrication of the composites by the Pickering emulsification process.

3.2.4. Characterizations

The FE-SEM imaging, light transmittance measurement, tensile mechanical testing, and

thermal expansion analysis were done according to the procedure described in Chapter 2.

3.3 Results and discussion

3.3.1. Morphology of Pickering emulsions and hanocomposites

Figure 3.3a shows CNFs with average widths of 19.1 nm and lengths of more than 2 pum
were isolated from sugarcane bagasse, and Figure 3.3b presents Pickering emulsions with
various CNFs contents after storing in dark at the room temperature for 4 weeks. The Pickering
emulsions PE3 and PES5 started to precipitate after one day. Whereas, no precipitation was seen
for PE10 and PE15, even after 4 weeks. At a low content of CNFs, the CNF network might not
be dense enough to encapsulate resin droplets in water. Notably, the effect of the precipitation
in PE3 and PE5 can be ignored, because the emulsions were filtered immediately after their

preparation.

During the Pickering emulsion preparation, the resin droplets were covered by the CNF-
network, thereby, CNF-networks were formed at the interfaces between the resin droplets and
water, as shown in Figure 3.4a,b. The formation of CNF-networks prevented flocculation and

coalescence of the resin droplets in water, acting as an emulsion stabilizer [5-15]. The
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diameters of the emulsion droplets covered by CNFs were 1.28 £ 0.53 um for PE3. As the
CNF-content was increased, the droplet diameter was also increased. The average diameters of
PE5, PE10, and PE15 were 1.90 £ 1.15, 2.00 = 1.46 and 1.95 + 2.76 pum, respectively. The
droplets became more polydispersed at higher CNFs concentrations, which suggested that a
thick network of CNFs was developed at the high CNF-contents that in turn increased the

viscosity of the emulsions, thereby, size and polydispersity of the droplets.

Figure 3.3. (a) Morphology of CNFs prepared from bagasse. (b) Photograph of Pickering
emulsions with various contents of CNFs taken after storage at room temperature for 4 weeks.

The emulsion was subsequently vacuum-filtered to form a CNF/resin nanocomposite mat.
The fracture surfaces of the non-pressed mats with 3 and 10 wt% CNFs are shown in Figure
3.4c,d. The round shape of the droplets in the emulsion became oval-shaped owing to the
suction pressure during vacuum-filtration. When a compressive force was applied to the mat
with heat, the morphology of the resin droplets changed to platelet-like shapes as can be
observed in the fracture surface of the nanocomposites (Fig 3.4e,f). A homogenous distribution
of multilayers of the CNF-networks throughout the nanocomposites was also observed.
Conversely, in the IM composite, a resin-impregnated CNF-nanopaper was only laminated

between two thik layers of the neat resin (Fig. 3.5).
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Figure 3.4. FE-SEM images of the dehydrated and UV-cured Pickering emulsion of (a) PE3
and (b) PE10. Fracture surfaces of the mats of (¢c) PE3 and (d) PE10. Fracture surfaces of (e)
PE4 and (f) PE18 nanocomposites prepared by hot-pressing from PE3 and PE10 emulsions,

respectively.

Figure 3.5. Fracture surface of the IM composite with the sandwiched CNF-nanopaper (20

wt% CNF-content).
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3.3.2. Optical transparency of the nanocomposites

The effect of the CNF-content on the optical transparency of the nanocomposites are
shown in Figure 3.6a,b, and the appearance of the nanocomposites before and after hot-pressing
are compared in Figure 3.6¢,d, respectively. The PE4 mats before hot-pressing showed low
linear light transmittance of 48.9% at 600 nm. The linear transmittance decreased markedly to
6.4% as the CNFs content was increased to 25 wt%. This poor transparency at high CNF-
content was attributed to the high light-scattering from the CNF-network-droplet interfaces, as
shown in Figure 3.4d. The optical transmittance was changed markedly when the
nanocomposite mats were hot-pressed, as shown in Figure 3.6d. At 4 wt% CNF-content, a total
light transmittance of 91.5% (600 nm), which is close to that of neat acrylic film (92.4%), and
a linear transmittance of 86% (600 nm) were obtained. The linear transmittance of the PE25
nanocomposite was improved to 85% (600 nm) from 6.4% after hot-pressing. This high change
in linear transmittance from 48.9% to 86% for PE4 and from 6.4% to 85% for PE25 was
attributed to the fact that the resin was penetrated into the surrounding CNF-network during
hot-pressing, thereby, the refractive index difference between the CNFs and matrix was

minimized.

In the IM nanocomposites, greater degradation of the transparency was observed at a high
CNF loading. For example, the linear transmittance of IM15 was 85% (600 nm), which was
reduced to 80.4% (600 nm) when 26 wt% CNFs (IM26) was used. In contrast, the linear
transmittance of the PE25 nanocomposite was only degraded by 1% compared to the PE4
nanocomposite (from 86 to 85%). Although the reason for maintaining a high transparency in
the PE nanocomposites is unclear, but definitely, their unique hierarchical microstructure had
played an important role. A possible reason could the uniform distribution of the CNF-network
throughout the PE nanocomposites (Fig. 3.4 e,f), whereas, the dense CNF-nanopaper was laid
sandwiched between outer thick resin layers in the IM composites (Fig. 3.5). Moreover,
compared with a previous work on the resin-impregnated BC nanofibers composites with a
nanofiber content of 5 wt% [16], the PE25 nanocomposites showed higher transparency despite
having a high CNFs content. These results indicate the advantages of the Pickering emulsion

method in terms of the transparency of the CNF-reinforced nanocomposites.
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Figure 3.6. (a) Total transmittance spectra of the CNF-reinforced nanocomposites, (b) total
and linear transmittance values at 600 nm with respect to CNF contents. Appearance of the

nanocomposites with different CNFs contents (c) before and (d) after hot-pressing.

3.3.3. Mechanical properties of the nanocomposites

Tensile stress-strain curves of the nanocomposites are shown in Figure 3.7 and the tensile
properties are summarized in Table 3.1. It has been widely reported that the increase in tensile
strength and modulus is usually accompanied by a decrease in strain-to-failure for the polymer
composites reinforced with cellulose particles owing to the poor compatibility or debonding
between the cellulose and polymer matrix. Moreover, cellulose aggregation is the main cause
of the decreased mechanical properties at a high concentration of the cellulose particles
[2,17-23]. However, the hierarchically self-structured PE nanocomposites showed good
mechanical properties with improved stain-to-failure even at a high CNFs content. At 4 wt%
CNFs, the tensile modulus and strength were respectively 19.5 and 9.7 times as great as that of
the neat resin films. Remarkably, the strain-to-failure and toughness of the PE4 composites

were respectively 2 and 21.8 times as high as that of the neat resin films. This considerable
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improvement in the mechanical properties can be attributed to the hierarchical CNF-network
in the nanocomposites, which allowed stress to efficiently transfer from the soft resin platelets
to the CNF-network, and could limit and/or delay crack initiation and growth by crack
deflection, delamination, and bridging by microcrack formation accompanied with energy
dissipation by mutual sliding of the CNF-encapsulated platelets during the deformation [24].
The effect of this synergistic mechanism on the mechanical performance of the PE
nanocomposite was maintained as the CNFs content was increased, as shown in Figure 3.7 and
Table 3.1. A great improvement in strength and modulus by 18.3 and 48.7 times compared to
the neat resin was recorded for PE25. Intriguingly, the strain-to-failure of the PE25
nanocomposite was 1.5 times as great as that of the neat resin films. As a combined result, the
toughness of the PE25 nanocomposite increased to 2.9 MJ m2 from 0.08 MJ m™3, which is 38
times as great as that of the neat resin films. Therefore, the synergistic hierarchical structure in
the PE nanocomposites obtained from Pickering emulsion method offers tunability of
mechanical properties by varying the CNF-content without compromising the strain-to-failure
of the resin/polymer.
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Figure 3.7. Tensile tress-strain curves of the CNF-reinforced nanocomposites prepared by (a)

Pickering emulsification method and (b) impregnation method.

The mechanical performances of the nanocomposites prepared by the Pickering emulsion
method and the impregnation method were also compared. Similar to the results discussed in
Chapter 2, a high tensile strength, strain-to-failure, and toughness at a similar content of CNFs
were observed for PE nanocomposites, whereas, a high modulus was obtained for the IM
composites. The reason of this stiffer behavior of the IM composites was attributed to the stiff
CNF-nanopaper, which mainly controlled the mechanical behavior of the IM composites. The

lower modulus of the PE nanocomposites than that of the IM composites became less
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noticeable when a higher content of CNFs were introduced, owing to the thicker network

formation among the resin platelets.

The mechanical result confirms the advantage of Pickering emulsion method to obtain
highly transparent, highly flexible nanocomposites with superior mechanical properties

compared with the time-consuming impregnation method.

Table 3.1. Values of tensile strength, young’s modulus, tensile strain and toughness for the
nanocomposites with varying CNF-contents prepared by the Pickering emulsification method

and impregnation method.

Materials Tensile strength  Young’s modulus ~ Tensile strain Toughness
(MPa) (GPa) (%) (MJ m?®)

ABPE-10 22+05 0.03+0.01 7016 0.08 £ 0.03
PE 4 21.3+1.2 0.66 + 0.09 127+ 1.7 1.8+0.3
PE 9 22.0+1.0 0.68 + 0.04 13417 19+0.3
PE 18 29.2+10 1.2+01 11.0+0.8 22+0.2
PE 25 410+ 26 1.7+0.2 10.6 £ 0.9 29+0.2
IM 15 17.9+4.3 1.2+0.2 51+1.0 0.6+0.2
IM 20 228+22 1.5+0.2 54+09 09+0.2
IM 26 32.3+23 21+0.2 6.4+0.5 1.5+01
CNF nanopaper 140.2 +10.8 8.6+0.3 10.3+2.0 11.2+31

3.3.4. Thermal stability of the nanocomposites

Low thermal expansion is an attractive property of the CNF-reinforced nanocomposites,
as well as optical transparency and flexibility, to enable use in the electronic devices. Fig. 3.8
shows the thermal expansion curves and the corresponding CTE values of the nanocomposites
as a function of the CNFs content. The CTE of the neat acrylic resin was 192.3 ppm K™%, which
decreased to 15.6 ppm K on addition of the CNFs at a content as low as 4 wt%. Taking into

account the similarity of the structures observed in the resin-impregnated BC pellicles [16] and
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the PE nanocomposites, the considerable reduction in CTE can be attributed to the randomly
oriented in-plane network of rigid and low-thermal-expansion CNFs, which suppressed the
thermal expansion of the resin in planar directions [16]. At CNF contents greater than 4 wt%,
the CTE value of the nanocomposites decreased gradually. Nanocomposites with a CNF
content of 25 wt% exhibited a value of 7.3 ppm K™%, which is similar that of glass substrates
(7-10 ppm K1) [25].
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Figure 3.8. (a) Thermal expansion curves of the hierarchical CNF-reinforced nanocomposites,
and (b) corresponding CTE of the nanocomposites prepared by the Pickering emulsification

method and impregnation method.

Notably, the CTE of the IM nanocomposites was higher than that of the PE
nanocomposites at the similar CNFs content (Fig. 3.8b). This result is in sharp contrast with
the result presented in Chapter 2. This was probably due to the high modulus of the IM
nanocomposite (2.85 GPa @ 20 wt% CNFs content) presented in Chapter 2 compared to that
of the IM nanocomposites presented here (1.5 GPa @ 20 wt% CNFs content). This variation
in modulus was resulted from different pressing pressure used to prepare CNF-nanopaper (2
MPa versus 0.1 MPa). It has been reported that there is a negative relationship exist between
the thermal expansion and Young’s modulus of a composite material [26]. Also, in this work,
both PE nanocomposites and IM nanocomposites presented a good linear correlation between
the CTE and inverse-Young’s-modulus (Fig. 3.9). However, interestingly, the less-stiff PE
nanocomposites had a lower CTE than that of the IM nanocomposites (Fig. 3.8b and Fig. 3.9).
To obtain a similar thermal dimensional stability, the PE nanocomposites required a CNF-
content as low as 9 wt%, whereas, 20 wt% CNFs was required for the IM nanocomposites.

Two reasons for this behavior can be proposed: 1) the thermal expansion of the PE
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nanocomposites was highly anisotropic, meaning that they expanded enormously in the
thickness direction because of the horizontal in-plane orientation of the CNF-network and the
resin platelets, which accommodated the thermal expansion occurred in the planar direction
[16], and 2) the use of low pressing pressure (0.1 MPa) to prepare CNF-nanopaper; the less
compact CNF-nanopaper could not effectively restrict the thermo-mechanical stresses
generated in the resin (to be noted that the CNF-nanopaper mainly govern the mechanical
behavior of the IM nanocomposites). The high thermal expansion in the thickness direction of
the PE nanocomposites is not significant in terms of their practical applications because of their
thinness, e.g., ~100-200 pm [16].
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Figure 3.9. Relationship between thermal expansion and inverse of the Young’s modulus of

the nanocomposites prepared by Pickering emulsion method and impregnation method.

Although the thermal-dimensional stability of the PE nanocomposites was extraordinarily
high, but the thermal degradability of the PE nanocomposites was increased with the addition
of CNFs (Fig. 3.10). However, no thermal degradation of the PE nanocomposites was observed
until 210 °C. Therefore, this should not limit the potential application of the high-performance,

highly transparent PE nanocomposites up to 200 °C.
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Figure 3.10. Thermograms of the nanocomposites prepared by Pickering emulsification
method with respect to CNF-content and in comparison with the neat acrylic resin and CNF-

nanopaper.

3.4 Summary

The Pickering emulsification process allowed to obtain a nanocomposite with a synergistic
hierarchical structure that yielded an anomalous but desirable combination of high strength,
modulus, and toughness with an improved elongation ability even at a CNF-content as high as
25 wt%. Therefore, this advantage provides an opportunity to tune the strength, stiffness, and
toughness of the PE nanocomposites by adjusting the CNF-content up to 25 wt% without
compromising the mechanical flexibility of the nanocomposites. The PE nanocomposites also
had a high optical transparency compared to the IM nanocomposites. Another advantage is that
the optical transparency of the PE nanocomposites was free from the effect of CNF-content,
i.e., the transparency remained stable with a CNF-loading ranging from 4-25 wt%. This was
due to the uniform distribution of the hierarchical CNF-network throughout the PE
nanocomposites. The PE nanocomposites also possessed a high thermal-dimensional stability
(CTE similar to that of glass at an 18-25 wt% CNF-reinforcement) compared to the IM
nanocomposites owing to their distinctive microstructure having a horizontal in-plane

orientation of the CNF-network and the resin platelets.
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Chapter 4
Effect of Length and Crystallinity of the
Nanocelluloses on the Microstructure and

Properties of the Nanocomposites

4.1 Introduction

Improving the thermal stability of the transparent plastics is of significant importance in
terms of their practical application. Most plastics lose stiftness drastically, sometimes an order
of magnitude, when heated from room temperature to ~100—-150 °C. Another drawback of
plastics is that they have very low thermal dimensional stability, and their coefticient of thermal
expansion (CTE) often exceeds 200 ppm K ™! [1]. This high CTE causes problems in devices
at high temperature during both the fabrication processes (often requiring temperatures
>100 °C) and operation. This can not only lead to detrimental mechanical stresses between the
functional materials (e.g., silicon crystals, CTE = ~3 ppm K!) and the substrate owing to a
very large CTE mismatch [2], but also the nano/microscale surface features can also easily
become deformed or damaged, which can cause attenuation of the device performance. For
example, a decreased light extraction from an OLED has been observed owing to fabrication-
induced damage in the nanopatterned substrate [3]. The optical clarity of plastics also decreases

with heating [4].

The thermal properties of plastics can be improved by incorporating micro/nanofillers,
such as silica, alumina, boron nitride, diamond, zinc sulfide, zirconium tungstate, carbon
nanotube, and clays [5—10]. However, high loading (>50 wt%) of these inorganic fillers is
usually required to achieve satisfactory thermal stability, which often renders the plastic
relatively brittle and/or optically inferior. In this context, strong CNFs, which are ~0.1 to >2-
pm-long and ~5-60-nm-diameter “semicrystalline” fibers extracted from plants [11], have
attracted great attention as a nanofiller to improve the mechanical and thermal performances
of plastics without decreasing the transparency [1,12,13]. Because, the “crystalline” moieties
(~50-90%) of the semicrystalline CNFs have an incredibly high Young’s modulus (E) of ~140
GPa, a very low CTE of ~0.1 ppm K™, and a high thermal and chemical durability [14—16].
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In Chapter 2 and Chapter 3, using “semicrystalline” long CNFs, optically transparent
hierarchical nanocomposites were fabricated by a facile Pickering emulsification method (PE
nanocomposites) that have high strength, toughness, and 3D-moldability compared with their
counterparts prepared by the impregnation method (IM composites). Interestingly, even with a
CNF-content as high as 25 wt%, the strain-to-failure of the PE nanocomposites was almost
double compared to that of neat resin, because of having a synergistic self-assembled
hierarchical architecture. The PE nanocomposites also showed a CTE of 7.3 ppm K ™! (27 times

lower than that of the resin used and similar to that of glass) with a CNF-content of 25 wt%.

Therefore, considering the extremely high modulus and drastically low CTE of the
“crystalline” parts of the CNFs (i.e., cellulose nanocrystals (CNCs) or cellulose nanorods
(CNs)), it was hypothesized that the use of CNs would generate much more
thermomechanically strong and thermal-dimensionally stable nanocomposites at a low
nanocelluloses fraction. A substrate with a high thermal-dimensional stability, i.e., with a low
CTE of ~3 ppm K !, similar to that of semiconducting silicon crystals, would be preferred for

device fabrication.

Furthermore, Kalashnikova et al. reported that the long high-aspect-ratio CNFs (length:
~4 um; aspect ratio: ~160) promote the formation of loose but interconnected network in the
hexadecane oil-in-water Pickering emulsion (Fig. 1.15 in Chapter 1) [17]. Whereas, the short
low-aspect ratio CNs (length: ~189 nm; aspect ratio: 13) promote the formation of individual
oil droplets encapsulated with a dense network. Therefore, the use of nanocelluloses having
different lengths to stabilize the resin-in-water Pickering emulsifications may provide an
opportunity to synergistically tune the properties of the transparent nanocomposites at a same

nanocelluloses content.

Therefore, in this part of the study, CNFs were acid-hydrolyzed to obtain CNs of different
lengths and crystallinities, and then the acrylic resin-in-water Pickering emulsions were formed
using them to subsequently obtain transparent hierarchical nanocomposites. The thermal
stability of the nanocomposites in terms of the thermomechanical, thermal-dimensional, and
thermo-optical properties were investigated. The thermal-dimensional stability of a microlens-

array (LLA) prepared on the surface of the nanocomposite was also demonstrated.
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4.2 Materials and method

4.2.1. Materials

Sugarcane bagasse was kindly supplied by Eastern Sugar & Cane Co., Ltd., Thailand.
ABPE-10 monomer (reflective index = 1.516, Ty = —12 °C) was provided by Shin-Nakamura
Chemical, Japan. The UV photoinitiator 2-hydroxy-2-methylpropiophenone (Wako), NaClO2
(Sigma-Aldrich), KOH (Wako), acetic acid (Wako), and HCI (Wako) were used as received.

The photoinitiator (0.25% w/w) was mixed with the monomer before use.
4.2.2. Preparation of CNs with varying length and crystallinity

First, long CNFs were prepared following the procedure described in Chapter 3. Highly
crystalline short CNs were obtained by hydrolyzing CNFs using 2 N HCL The hydrolysis
temperatures and times to obtain CNs with different lengths and crystallinities were 50 °C and
2 h, 70 °C and 2 h, and 70 °C and 4 h, respectively. The hydrolyzed CNs were then washed by
centrifugation until neutral and dialyzed in running water for 2 days. Depending on the length
of the CNs, they were named as CN4K, CN1K, CN400, and CN300. For example, CN4K
means that the nanocelluloses were ~4542 nm long, therefore, they can be considered as CNFs.
Accordingly, CN400 and CN300 were composed of nanocelluloses of ~366 nm and ~341 nm
in length, therefore, they can be considered as CNCs.

4.2.3. Preparation of transparent nanocomposites

The transparent nanocomposites reinforced with the nanocelluloses of different length and
crystallinity were prepared following the procedure described in Chapter 3. For preparing
surface micropatterned nanocomposite, the procedure described in Chapter 2 was followed.
Notably, when the nanocellulose/resin mat containing long CNs (CN4K) was hot-pressed, a
loss of resin was detected (also noted in Chapter 2 and Chapter 3). However, for CN1K, CN400,
and CN300, no or negligible loss of resin was detected during hot-pressing. Therefore, the
amount of long CN4K was adjusted accordingly during the emulsion preparation in order to
obtain transparent nanocomposites having a nanocellulose-content (~10 wt%) similar to those
of nanocomposites reinforced by CN1K, CN400, and CN300. Briefly, 0.2 g CN4K and 0.4 g
CNIK, CN400, and CN300 were mixed with acrylic monomer of 3.8 g for CN4K and 3.6 g for
CNI1K, CN400, and CN300. The water content in all the emulsions was same at 196 g.
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4.2.4. Determination of nanocellulose-content by TGA analysis

The TGA analysis was done according to the procedure described in Chapter 2 and
Chapter 3. The residue-content obtained from a known composition of CN/resin mixture was
used to obtain the regression equations (Fig. 4.1 and Table 4.1). Then, the residue-content of
the nanocomposites were used in the equations to estimate the final CN-content in the

nanocomposites.
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Figure 4.1. TGA-residue versus CNs graph obtained from the mixture of a known composition

of dried CNs and cured resin.

Table 4.1. The regression equations obtained from the graphs presented in Figure 4.1.

Regression equation R2 value
CN4K | y=0.1958x + 3.1287 0.9996
CN1K | y=0.1975x + 3.1464 1
CN400 | y=0.1652x + 3.018 0.9997
CN300 | y=0.1528x +2.6724 0.9954

4.2 5. Characterizations

The FE-SEM imaging, light transmittance measurement, tensile mechanical testing, XRD
analysis, and thermal expansion analysis were done according to the procedure described in
Chapter 2 and Chapter 3.
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The thermomechanical properties were determined with a dynamic thermo mechanical
analyzer (DMS 6100, Seiko Instruments). The 5-mm-wide samples were analyzed in a N>
atmosphere from —50 to 150 °C at a ramp of 2 °C min"! in tension mode with a span of 20 mm,

amplitude of 10 um, frequency of 1 Hz, and preload force of 0.1 N.

To measure the thermo-optical properties, the samples were heated at 180 °C on a hot plate
and the optical transmittance was measured every 30 min with the U-4100 spectrophotometer

over a period of 120 min.

To demonstrate the thermal-dimensional stability of the pLLA prepared on the surface of
the nanocomposite, a custom-designed experiment was setup as shown in Figure 4.2. A thermal
imaging camera (FLIR E6, FLIR Systems) was used to monitor the real-time temperature of

the pLA during the thermal stability tests by laser-beam diffraction.

Paper cli
P P White paper screen

Slide glass

Gun-type heater

LASER pointer

Thermal
imaging
camera

Photo camera

Figure 4.2. Experimental setup for thermal stability test of the uLA on the surface of the
transparent nanocomposite.
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4.3 Results and discussion

4.3.1. Characterization of CNs

Sugarcane bagasse pulp was used as the raw material for CN preparation. The bagasse was
chemically purified by a series of acidified sodium chlorite (NaClO>) and potassium hydroxide
(KOH) treatments to remove the matrix lignin and hemicelluloses. The purified pulp fibers
(crystallinity 81%) were then mechanically disintegrated into individual long semicrystalline
CNFs (length 4542 + 690 nm, crystallinity 70%, CN4K) by passing them twice through a
grinder in a water medium (Fig. 4.3). The decrease in the crystallinity was probably because of
damage of the cellulose crystals during the mechanical action [18]. The amorphous parts of
semicrystalline CN4K were chemically cleaved by hydrochloric acid (HCI, 2 N) hydrolysis to
produce nanocrystals/nanorods (Fig.4.3). Three types of hydrolyzed CNs with decreasing
length and increasing crystallinity were produced by modifying the hydrolysis time and
temperature (Fig. 4.3): 1278 + 1029 nm long/73% crystallinity (CN1K), 366 + 142 nm
long/76% crystallinity (CN400), and 341 + 94 nm long/79% crystallinity (CN300). Thus, short
but highly crystalline CNs were successfully obtained. However, the crystallinities were little
lower compared to the crystallinities (77—-86%) reported by Oliveira et al. [19]. In their work,
the CNs were produced directly from the sugarcane bagasse fibers by treating with 65 wt%
sulfuric acid (H2SOs). The width of CN4K was 20 + 6 nm and the width of all the hydrolyzed
CNs was 18 nm (CN1K: 18 + 4 nm, CN400: 18 £ 4 nm, and CN300: 18 = 3 nm).

4.3.2. Optically transparent nanocomposites from Pickering emulsions

The CN/water slurry was mixed with liquid acrylic resin monomer and vigorously agitated
to obtain a resin-in-water emulsion stabilized by CNs (Fig. 4.4). The average diameter of the
resin droplets was ~2 um for all of the emulsions. FE-SEM images revealed that the droplets
were encapsulated by the CN network, thereby preventing their coalescence (Fig. 4.4). By
taking advantage of the nanocellulose network, Svagan et al. encapsulated optically functional
molecules contained in hexadecane oil to prepare a photon energy upconverting material and
Li et al. encapsulated paraffin to prepare a thermal regulation nanocomposite [20,21]. In this
study, the emulsions were easily dehydrated by vacuum filtration and drying (40 °C) without
any apparent resin leakage owing to the protecting CN network. The obtained translucent
CN/resin mats were then hot compressed (2 MPa, 150 °C) to obtain nanocomposites with a

high optical transmittance of ~90% in the wavelength range 400—800 nm (Fig. 4.5).
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Figure 4.3. FE-SEM images of (a) CN4K, (b) CN1K, (c) CN400 and (d) CN300. (e) Length
of the CNs. (f) Width of CNs. The error bars in (e) and (f) indicate standard deviation. The FE-
SEM image of CN1K in (b) and the length in (e) indicate that the mild hydrolysis condition (2
h, 50 °C) produced a combination of long and short CNs. (g) Aspect ratio of CNs. (h) XRD

patterns of CNs with their corresponding crystallinity.

-101 -



—— Chapter 4  Effect of Length and Crystallinity of the Nanocelluloses on the Microstructure
and Properties of the Nanocomposites ——

Figure 4.4. The photograph and digital microscope images of Pickering-stabilized resin-in-

water emulsion together with the FE-SEM images showing that the resin droplets were

encapsulated by the CN network. The long CN4K produced a loose mesh-like network.
Whereas, CN1K (combination of long and short CNs) and CN400/300 (short CNs) produced a

dense network.

Total transmittance (%)

0 L 1 L 1

Neat resin

CN4K
CN1K
CN400
CN300

Wavelength (nm)

300 400 500 600 700 800 900

Figure 4.5. (a) Self-standing CN/resin mats containing liquid resin droplets. (b) Highly

transparent nanocomposites obtained after hot compressing the mats. (c) Total optical

transmittances of the nanocomposites (~125-200 pm thick). The transmittances were

normalized to 100 um thickness to eliminate the effect of the thickness variation (please see

Chapter 2 for more details on transparency normalization).
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The evolution of the transparency and microstructural hierarchy of the nanocomposites is
shown in Figure 4.6a, which was supported by the FE-SEM images of the fracture surface of
the mat and the transparent nanocomposite (Fig. 4.6b,c, respectively). The spherical resin
droplets in the emulsion became oval-shaped in the mat owing to the vacuum suction pressure.
During hot compression, the oval droplets were flattened to platelets and their surrounding CN
network (CN shell) was infiltrated by the resin (composite shell) to form a continuous matrix.
Therefore, refractive index variation and scattering at the interfaces were minimized, which led
to the nanocomposites having high optical clarity. There was no significant effect of different
CNs on the total transmittance of the nanocomposites (Fig. 4.5¢). For the structural hierarchy,
the submicrometer-thick CN network around the submicrometer—micrometer-thick resin
platelets was the first order of the hierarchy (Fig. 4.6, also see Fig. 4.4). The second order of
the structural hierarchy was the micrometer—millimeter scale CN network formed by
interconnection and stacking of the numerous CN-encapsulated resin platelets in the bulk

composite structure (Fig. 4.6).

a) CNs shell Resin

(monomer) Transparent nanocomposite with
self-assembled
hlerarchlcal microstructure
Hot compression

& UV-curing
Composﬂe
shell
Resin
(monomer) Resin (polymer)

Figure 4.6. (a) Schematic of evolution of the transparency and self-assembled hierarchical
microstructure. (b) FE-SEM image of the fracture surface of a CN/resin mat showing the oval-
shaped resin droplets (highlighted by the yellow dashed line). (¢) FE-SEM image of the fracture
surface of a transparent nanocomposite showing the platelets of the resin (highlighted by the

yellow dashed line).
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It should be noted that a small amount of resin was squeezed out of the CN4K mat during
hot compression. This might be because a loose mesh-like network structure was formed due
to the long high-aspect-ratio CN4K on the droplet surface (Fig. 4.4). In contrast, CN1K, which
contained both long and short CNs (Fig. 4.3b,e), and short CN400/300 produced more dense
network structures, thus prevented the resin from being squeezed out; note that the loss of resin
was negligible at <0.8 wt%. A similar phenomena was also observed by Kalashnikova et al.
for hexadecane oil-in-water Pickering emulsions stabilized by nanocelluloses of varying
lengths (Fig. 1.15 in Chapter 1) [17]. Therefore, the amount of CN4K in the emulsion was

carefully chosen to obtain transparent nanocomposites with ~10 wt% CN content.
4.3.3. Mechanical properties of the nanocomposites

The tensile stress—strain curves are shown in Figure 4.7 and the tensile stress—strain data
are given in Table 4.2. The results show incorporation of the hierarchical CN network resulted
in a huge improvement in the mechanical properties of the soft resin, and the different types of
CNs led to different mechanical behavior even for the same CN content (~10 wt%). The
strength, E, and toughness increased from 2.29 + 0.54 MPa, 0.03 + 0.00 GPa, and 0.09 + 0.04
MIJ m™? for the neat resin to 29.39 + 1.15 MPa, 1.20 + 0.06 GPa, and 2.38 + 0.18 MJ m >,
respectively. Notably, the highest strength and toughness were obtained with CN1K
reinforcement, whereas the E value of the CN300 nanocomposite was the highest. To shed light
on the underlying reasons, the fracture surfaces of the nanocomposites after tensile tests were
investigated by FE-SEM (Fig. 4.8). It was noticed that the load-bearing CN networks around
the resin platelets in the CN1K and CN300 nanocomposites are thicker and more densely
structured than that of CN4K (Fig 4.8 and Fig. 4.4). In addition, because CN1K was composed
of both long and short CNs, the load transfer from the polymer matrix was effectively governed
by both the breaking of long CNs (evident by protruded broken nanofibers, as in CN4K) and
pulling out of short CNs (as in CN300) [22,23]. Furthermore, in Chapter 2 and Chapter 3, it
was demonstrated that the polymer nanocomposites having a hierarchical CNF-network with a
brick-and-mortar architecture show a synergistic stress-bearing, stress-dissipating, and crack-
minimizing mechanism. Here, a similar synergistic hierarchical structure was successfully
obtained (Fig. 4.6 and Fig. 4.8). Consequently, compared with the soft resin, the transparent
nanocomposites were highly flexible (fracture strain of up to ~15% versus ~7% for the neat
resin) and strong (strength of up to ~30 MPa), which led to a much higher toughness at only
~10 wt% CN content. In comparison, the strength of the thermal regulation paraffin/CNF
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nanocomposite prepared by a similar process was 30 MPa at a CNF content of 28 wt% [21].
The strength and E of the nanocomposites, particularly those of the CNIK and CN300
nanocomposites, were comparable with those of typical engineering plastics, such as
polyethylene terephthalate (PET) and epoxy [24]. The toughness, strength, and E of the
nanocomposites were higher than and/or comparable with those of delignified-wood/epoxy

transparent composites [25].
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Figure 4.7. Tensile stress—strain curves of the nanocomposites at 23 °C and 50% relative

humidity.

Table 4.2. Tensile stress-strain data for the nanocomposites at 23 °C and 50% relative humidity.

Sample Strength E Toughness  Strain-to-break
[MPa] [GPa] [MJ m?] [%]
Neatresin | 2.29 (0.54)  0.03 (0.00) 0.09 (0.04) 7.00 (1.60)
CN4K 22.41 (1.06)  0.68 (0.04) 1.98 (0.27) 13.17 (1.54)
CN1K 29.39 (1.15)  1.09 (0.07) 2.38(0.18) 12.04 (0.75)
CN400 19.28 (2.05)  1.02 (0.08) 2.35(0.08) 14.34 (3.08)
CN300 21.01 (0.41)  1.20 (0.06) 2.32(0.08) 14.86 (0.38)

*The values in the parenthesis represent standard deviation derived from at
least 5 replications except for neat resin film (3 replications).
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Figure 4.8. High magnification FE-SEM images of the fracture surface of CN4K (a), CN1K

(b), and CN300 (c) nanocomposites. The samples were obtained after tensile test.

4.3.4. Thermomechanical stability of the nanocomposites

The thermomechanical stability results presented in Figure 4.9 and Table 4.3 show that
the storage modulus (£") of the neat polymer decreased by more than one order of magnitude
(4.04 to 0.08 GPa) from —50 to 150 °C owing to the glass transition. Notably, the storage
modulus of the polymer was relatively stable in the temperature range from ~20 to 150 °C,
although it was extremely low (0.06 + 0.01 GPa). A polymer with 7, < 0 °C shows stable
mechanics above room temperature. Therefore, when the polymer was reinforced with a
hierarchical CN network, not only the storage modulus greatly improved, but, most importantly,
it remained highly stable over a wide temperature range. The CN4K, CNI1K, CN400, and
CN300 nanocomposites retained high elastic moduli of 1.12, 1.60, 1.77, and 1.80 GPa,
respectively, even at 150 °C. The high £’ values indicated a good dispersion of the load-bearing
hierarchical CN network with extensive hydrogen bonding and a synergistic interaction
between the thermally stable CNs and the CN-network-reinforced polymer platelets, which
inhibited thermal relaxation motion of the polymer phase [26]. The values also indicated that a

thick and dense CN network (Fig. 4.8) and high crystallinity are beneficial.
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Figure 4.9. Storage modulus £’ as a function of temperature.

Table 4.3. Storage modulus, £’, data for the nanocomposites and polymer films at different

temperatures obtained from the dynamic mechanical analysis.

Sample E' @ -50 °C E'@23°C E' @ 150 °C
[GPa] [GPa] [GPa]
Neat resin 4.04 0.05 0.08
CN4K 5.96 1.62 1.12
CN1K 6.85 2.35 1.60
CN400 7.36 2.25 1.77
CN300 7.58 2.60 1.80
PET 3.18 2.62 0.66

For comparison, a commercial thermally stable biaxially oriented PET film (Lumirror,
Toray, Japan) used in the optoelectronic industry was also tested (Fig. 4.9). After being
relatively stable from —50 to 85 °C, the E’ value of the film drastically decreased to 0.66 GPa
at 150 °C. The E' of polyimide (PI), another commercially used polymer film, has similar high
mechanical stability against elevated temperature to the nanocomposites, although it suffers
from having an unwanted brownish tint [26]. Therefore, the high and stable E' at elevated
temperatures is a promising characteristic of the transparent nanocomposites for practical

application in organic/inorganic optoelectronic devices.
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The thermal dimensional properties of the transparent nanocomposites are shown in Figure

4.10 and Table 4.4. The neat polymer expanded by 2.42% in the planar direction (x or y
direction) from 20 to 150 °C. However, for the CN4K, CNIK, CN400, and CN300

nanocomposites, thermal expansion was only 0.16, 0.11, 0.08, and 0.08% in the x or y direction,

respectively. The CTE of the neat polymer from 20 to 150 °C in the x or y direction was very

high (190.53 ppm K!). However, owing to strong hierarchical reinforcement from the low-

CTE CNs to the polymer platelets, the CTE drastically decreased to 12.10, 8.28, 6.29, and 5.49
ppm K™! for CN4K, CN1K, CN400, and CN300, respectively. Clearly, the highly crystalline

short CNs with a thick and dense network layer produced highly thermal-dimensionally stable

nanocomposites.
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Figure 4.10. (a) Thermal expansion in the x or y direction. (b) Thermal expansion in z direction.

Table 4.4. CTE values in planar (x or y) and thickness (z) directions.

Sample CTE (x- or y-direction) CTE (z-direction)
[ppm K"'] [ppm K"']
20-80 °C 20-100 °C 20-150 °C 20-150 °C
Neat resin | 184.67 189.01 190.53 624.46
CN4K | 6.93 8.48 12.10 542.50
CNIK | 4.55 5.59 8.28 509.84
CN400 | 3.38 4.10 6.29 509.36
CN300 | 2.54 3.36 5.49 506.49
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The CTE values were incredibly low at only ~10% CN content. In the previous studies, a
high nanocellulose content of >60 wt% was used to obtain transparent nanocomposites with
CTE values below 10 ppm K! [12,27]. To understand the underlying reason, the thermal
dimensional stability of the nanocomposites in the thickness direction (z direction) was
investigated (Fig. 4.10b and Table 4.4). It was found that thermal expansion of the neat polymer
and nanocomposites is anisotropic. Thermal expansion and the CTE of the neat polymer in the
z direction from 20 to 150 °C were 7.94% and 624.46 ppm K™, respectively. In the z direction,
thermal expansion and the CTEs of the nanocomposites decreased to 6.46—7.00% and 506.49—
542.50 ppm K'!, respectively. This again proved that the nanocomposites reinforced with a
thick and dense network of highly crystalline short CNs show high thermal dimensional
stability. Compared with the x or y direction, thermal expansion and the CTE values of the
nanocomposites in the z direction were extremely high. These phenomena have also been
observed for a nanocomposite with a similar hierarchical structure [1]. This was probably
because the CNs were randomly oriented in-plane in the nanocomposites. In addition, owing
to the very low modulus of the acrylic resin (E = 0.03 GPa), the induced thermal stresses were
very small [1]. Therefore, the high thermal expansion of the polymer in the x or y direction was
dramatically suppressed by the hierarchical in-plane rigid network of short and highly
crystalline CNs, and it was also accommodated by the huge expansion in the z direction. Note
that the absolute value of z-direction expansion is insignificant owing to the thinness of the

nanocomposites.

Thermal expansion of the transparent nanocomposites is much lower than those of the
transparent polymeric films reported as optoelectronic substrates (Fig. 4.11 and Table 4.5)
[12,26,28]. In particular, the CTE of the CN300 nanocomposite was 3.4 and 5.5 ppm K! in
the temperature ranges 20—100 °C and 20-150 °C, respectively. These values are comparable
with those of highly stable borosilicate glass (~4 ppm K™!) [24], and semiconducting silicon
crystals (~3 ppm K1) [1].
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Figure 4.11. CTE of the CN300 transparent nanocomposite compared with a variety of other
transparent optoelectronic substrates. *CN300 @ 20-100 °C; °CN300 @ 20-150 °C;
borosilicate glass [24]; CNF nanopaper (this work); PI, polyimide [26]; chitin nanopaper [26];
PEN, polyethylene naphthalate [26]; PET, polyethylene terephthalate (this work); PES,
polyether sulfone [26]; PC, polycarbonate (this work); epoxy [12]; and PS, polystyrene [28].

Also, see Table 4.5 for more details.

Table 4.5. CTE of the transparent nanocomposite (CN300) and a range of transparent polymer

films.

Material CTE Temperature range | References/
[ppm K1 [°C] comments

This work? 3.4 20-100 CN300

This work® 55 20-150 CN300

Borosilicate glass ~4.0 - 24

CNF nanopaper 8.5 20-150 This work

Pl (Polyimide) 17.1 40-170 26

Chitin nanopaper 17.5 40-170 26

PEN (Polyethylene naphthalate) 23 40-110 26

PET (Polyethylene terephthalate) | 38 20-150 This work

PES (Polyether sulfone) 58.6 40-170 26

PC (Polycarbonate) 74.7 25-100 This work

Epoxy 120 50-150 12

PS (Polystyrene) 143 30-100 28

“-” indicates no data available.
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4.3.6. Thermo-optical stability of the nanocomposites

In addition to the thermo mechanical and thermal dimensional stability, the thermo-optical
stability of a transparent substrate is also an important requirement. The substrate must
maintain high optical clarity after the high-temperature (~100—150 °C) processing steps, such
as the fabrication of the transparent conductive electrode (TCE) and deposition of functional
materials [4]. Amazingly, the nanocomposites still transmitted ~83% (at 600 nm) of specular
light (i.e., regular or linear transmittance) even after 120 min heating at 180 °C, which was
~86% before heating (Fig. 4.12). The diffusive transmittance (i.e., total transmittance) was
~90%, and it decreased to ~88% after 120 min heating (Fig. 4.12). This high-level thermo-
optical stability was because of the high thermo-optical stability of the acrylic resin. The slight
decrease in the transparencies of the nanocomposites with increasing time was probably
because of initiation of thermal decomposition of the cellulose at about 180 °C [18]. However,
TGA revealed that the nanocomposites were fairly stable against thermal decomposition (Fig.
4.13). The CN4K and CN1K nanocomposites lost 1% of their weight up to ~290 °C, and the
CN400 and CN300 nanocomposites lost 1% of their weight up to ~280 °C.

A commercial PET film was also heated at 180 °C to compare the thermo-optical stability.
The film started to turn hazy after 30 min heating. After only 60 min heating, the specular
transmittance (linear transmittance) decreased from 86% to 55% and the diffusive
transmittance (total transmittance) decreased from 88% to 83% (Fig. 4.12). Similar degradation
in the optical quality of the PET film at 150 °C was reported, which was because of the increase

in the surface roughness induced by migration of cyclic oligomers to the film surface [4].
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Figure 4.12. Optical transmittance at 600 nm wavelength as a function of the heating time at
180 °C.
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Figure 4.13. Thermogravimetric (a) and derivative thermogravimetric (b) curves of the

nanocomposites.

4.3.7. Thermal stability of the uLA on the surface of the nanocomposite

Amelioration of substrates using nano/microscale surface structures for better light
management in optoelectronic devices is a rapidly developing field. Nano/microscale surface
features improve the efficiency of solar cells, OLEDs, and optical sensors by supporting strong
photonic resonance, reducing plasmonic loss, and enhancing photon absorption, scattering, and
outcoupling [3,29-32]. As presented in Chapter 2, the surface of the CN/resin nanocomposites
could be patterned in situ during hot compressing by simply sandwiching the CN/resin mat
between a glass slide and an oppositely patterned template (one-sided) or between two
templates (two-sided), as shown in Figure 2.26 (Chapter 2). Formation of the pattern was
facilitated because the strong CN-network held the resin in the liquid state in the mat. Hence,
nano/microscale polymeric structures could be easily and directly obtained with great precision

on the surface of the CN-reinforced transparent nanocomposites.

Based on the excellent thermal stability of the nanocomposites, in situ fabricated patterns
on the nanocomposites were expected to be highly thermally stable. As a demonstration, a pLA
that showed rainbow colors owing to diffraction of light was fabricated (Fig. 4.14a). A custom
experiment was designed to demonstrate the thermal stability of the pLA in real time (Fig. 4.2).
The pLAs on the highly stable CN300 nanocomposite and a neat polymer film were separately
clipped on glass slides and a green laser beam was pointed at them. As shown in Figure 4.14b(1)

and (i1), the laser beam was diffracted by the periodic microlenses on the polymer film and pro-
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Figure 4.14. Thermal stability of the micropattern on the surface of the transparent
nanocomposite. (a) Fabrication of a LA on the surface of the CN300 nanocomposite. (b)
Thermal stability of the LA on the nanocomposite compared with that on the neat resin film.
(1), (iv), (vii), and (x) Thermal images, (ii), (v), (viii), and (xi) laser beam diffraction patterns
(uLAs are highlighted by the yellow dashed line), and (iii), (vi), (ix), and (xi1) FE-SEM images
of the uLA before and after heating.
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duced a well-defined pattern on the back screen at room temperature (~17 °C). When the nLA
on the polymer film was heated to ~140 °C for only 2 min with a heat gun, the film expanded
and produced a deformed diffraction pattern, as shown in Figure 4.14b(iv) and (v). FE-SEM
images before and after heating (Fig. 4.14b(iii) and (vi)) revealed that the diameter of the
microlenses increased from ~2.15 to ~2.19 pm owing to very large planar expansion of the
neat polymer film. The increase in diameter was about 1.86%, which was less than the
aforementioned planar expansion of the neat polymer film from 20 to 150 °C (2.42%). This
was probably because of shrinkage of the polymer film between the thermal-stability
experiment and FE-SEM imaging. In contrast, the pLA on the transparent CN300
nanocomposite was highly stable and there were no significant differences in the laser
diffraction patterns and microlens diameters before and after heating (Figure 4.14b(vii—xi1)).
The strong hierarchical CN network restricted planar thermal expansion of the polymer, so the
microlenses on the nanocomposite film were thermally stable. This is advantageous for
optoelectronic device processing because any deformation/damage in the nano/microscale
features might affect the performance of the device [3]. The high thermal stability of the
nano/micropatterned films also could be desirable in other application areas, including 3D
imaging and microscopy, optical filters and stealth surfaces, data/energy storage, fuel cells, and

molecule filtration [33—-39].

4.4 Summary

The effect of nanocellulose length and crystallinity on the microstructure, mechanical
properties, and thermal stability of the nanocomposites prepared via Pickering emulsification
process were studied. A tunable mechanical properties with high flexibility (high elongation-
at-break) together with a tunable thermal properties were obtained even at a similar
nanocelluloses content. This was due to the difference in the hierarchical microstructure
resulted from different network structure of the nanocelluloses with different length and
crystallinity around the resin droplets/platelets. The short nanocelluloses with high crystallinity
produced stiffer and highly thermally stable nanocomposites; a CTE as low as that of silicon
crystals was obtained only at a 10 wt% CN-content. This ultrahigh thermal dimensional
stability was attributed due to the combination of a unique hierarchical structure of the
nanocomposites and extremely low CTE of the highly crystalline short nanocelluloses. The
nanocomposites were highly thermomechanically stable even up to 150 °C, compared to the

commercial thermally-stable PET film. Interestingly, stronger nanocomposites were obtained
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using a combination of long and short nanocelluloses. Furthermore, the optical transparency of
the nanocomposites was high at ~90%, and highly stable even at 180 °C for 2 h. In contrast,
the commercial PET film showed sharp decline in transparency while heated. The pLA
fabricated on the nanocomposite by direct molding was highly thermal-dimensionally stable
even at a high temperature. In addition to these promising characteristics, the nanocomposites
also showed no birefringence because of the random in-plane orientation of the nanocelluloses

(Fig. 4.15), which is advantageous for display applications.

Figure 4.15. Birefringence test by sandwiching a PET film and a nanocomposite film in

between cross-polarizers. The nanocomposite on the right side shows no birefringence.
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Chapter 5
Application of the Nanocomposites as the
Substrate for Thermally Resilient Transparent

Conductive Electrodes

5.1 Introduction

Flexible and transparent plastic substrates are ubiquitous in the preparation of large-area
electrodes onto which functional materials are deposited to make optoelectronic devices. An
ultrathin layer of conductive coating is generally applied to the plastics to produce transparent
electrodes, with indium tin oxide (ITO) currently serving as the predominant coating material.
However, ITO is not preferred for flexible electronic applications because of its brittle nature
and rising cost [1,2]. Therefore, nanomaterials such as carbon nanotubes (CNTs) [1,3—5],
graphene [1,6—8], silver nanowires (AgNWs) [1,2,9—16], copper nanowires [16], and gold
nanowires [16] have been widely studied; these materials are able to produce a flexible
conductive nano-network on the large-area substrate with a relatively low density. However,
most plastics expand and shrink in response to heating and cooling. The thermal expansion of
plastics, especially of flexible plastics, often exceeds 200 ppm K [17]. This large dimensional
change can generate a large mechanical stress that can produce cracks in the ultrathin nano-
network of the conducting nanomaterials, resulting in reduction of the conductivity of the
electrodes. Devices that experience repeated heating and cooling are particularly susceptible.
For example, a device mounted on an aircraft or spacecraft frequently experiences high
temperature variation. The temperature on the outer surface of a flying aircraft can vary from
approximately —50 °C to >100 °C depending on the Mach number and altitude [18]. In addition,
a high temperature (>100 °C) is often required to deposit or anneal functional materials on the
electrodes. Therefore, a transparent and flexible electrode with high thermal dimensional

stability is highly desirable.

In Chapter 4, it was demonstrated that the thermal dimensional stability of a plastic can be
improved by approximately 60 times (from CTE ~190 ppm K™ to CTE ~3.4 ppm K1) by
incorporating nanocelluloses at a content as low as 10 wt%. This incredible result at a low

nanocellulose-content was obtained because of the unique hierarchical structure of the
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nanocomposites offered by the Pickering emulsification method and the use of highly thermally
stable crystalline short nanocelluloses — cellulose nanocrystals or nanorods (CNs). The CNs
exhibit incredible thermal stability with a coefficient of thermal expansion (CTE) of ~0.1 ppm
K™ and an elastic modulus (E) of ~140 GPa that remains stable from approximately —200 °C
to >100 °C [19-21]. Unlike other reinforcing nanomaterials, such as clays, silica, alumina,
boron nitride, and zirconium tungstate [22—24], which must be incorporated at a high
percentage (often ~50% by weight), the low CN-content also resulted in a high optical
transmittance (~90%) and great mechanical flexibility (fracture strain of up to ~15%). The
reinforced plastics also retained a high optical clarity even at 180 °C and exhibited no
birefringence compared with a thermally stable polyethylene terephthalate (PET) film.

Geared from the excellent result obtained in thermal-dimensional stability of the
nanocomposites prepared via Pickering emulsion method, it was hypothesized that a highly
thermally resilient transparent conductive electrode of AgNWs could be obtained using those

transparent nanocomposites as the substrate.

Therefore, in this part of the study, transparent conductive AgNW electrodes were
prepared using nanocomposites as the substrate. The electrodes were repeatedly subjected to
extremely high (150 °C) and low (=196 °C) temperatures to investigate the thermo-electrical
performances. As a proof-of-concept, a transparency-modulating smart-device of liquid
crystals was also fabricated on the nanocomposite electrodes, and then repeatedly subjected to

high and low temperatures to reveal the device performances.

5.2 Materials and method

5.2.1. Materials

Wood powder of Japanese Cypress sieved through 60 mesh was used as the raw material
for the CNs preparation. The acrylic monomer 2,2-bis[4-(acryloxypolyethoxy)phenyl]propane
(Shin-Nakamura Chemical, Japan) was prepared by adding (0.25 wt%) a UV-polymerization
initiator 2-hydroxy-2-methylpropiophenone (Wako). AgNWs suspended in water (0.5 wt%)
were provided by Seiko PMC Corporation, Japan. Liquid crystal E-7 was purchased from LCC
Corporation, Japan. NOA65 UV-curing adhesive was purchased from THORLABS, Japan.
Ethanol (Wako), toluene (Wako), acetone (Wako), acetic acid (Wako), NaClO, (Sigma-
Aldrich), KOH (Wako), and HCI (Wako) were used as received.
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5.2.2. Preparation of CNs

The CNs were prepared from wood powder following the process described in Chapter 4.
Briefly, the wood powder was first extracted with an azeotrope of ethanol:toluene:acetone
(1:2:1) in a Soxhlet apparatus for 10 h to remove extractives, and then treated with acidified-
NaClO, and KOH to remove the lignin and most of the hemicelluloses. Subsequently, the
purified powder was passed twice through a grinder (MKCAG-2, Masuko Sangyo, Japan) to
obtain CNFs, which were then hydrolyzed using 2 N HCI at 70 °C for 4 h to obtain CNs.

5.2.3. Preparation of transparent nanocomposites

The fabrication process of the hierarchical nanocomposite substrates was adopted from
Chapter 4. Transparent nanocomposites with 10 wt% (TN10) and 20 wt% (TN20) CN-content
were prepared. Briefly, a mixture of CNs (0.4 g for TN10 and 0.8 g for TN20), monomer (3.6
g for TN10 and 3.2 g for TN20), and deionized water (196 g) was vigorously blended to form
a Pickering emulsion, which was vacuum-filtered, oven-dried (40 °C), hot-pressed (150 °C,
1.5-1.8 MPa, 5 min), and finally, polymerized using a UV light (F300S/LC6, Fusion UV

Systems, USA) to obtain transparent nanocomposites of ~100 um thickness.

5.2.4. Fabrication of AgNW transparent electrodes

The nanocomposites were cleaned with ethanol and ion-etched (Eiko 1B-3, Japan) for 5
min to achieve better dispersion of the AgNW-water suspension. The AgNW suspension (0.1
wt%) was poured dropwise on the substrates and spin-coated (Mikasa 1H-D7, Japan) for 20 s
at 2000 rpm. The coating process was repeated 3 times at 5-min intervals. Finally, the
electrodes were kept at 40 °C for 1 h and then pressed at 20 MPa for 1 min at room temperature
(~24 °C) [9,10].

5.2.5. Fabrication of transparency-modulating smart device

Two nanocomposite electrodes (30 x 20 mm?) were attached to separate glass slides with
the help of a thermal release tape (release temperature = 90 °C; REVALPHA, Nitto, Japan). A
homogeneous mixture of E-7 and NOAG65 (65:35) was poured on one electrode and
subsequently covered by the other electrode. The NOAG5 was then cured using the Fusion UV
Systems. Finally, the device was released from the glass slides by heating at 90 °C for 5 min.

Note that the thermal release tape was not used for the AE because of its low thermal stability.
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Instead, the intrinsic mild adhesion of the acrylic plastic to the glass was utilized. The resulting

transparency-modulating devices had a PDLC layer thickness of ~20 um.
5.2.6. Characterizations

The FE-SEM and TEM imaging, light transmittance measurement, tensile mechanical
testing, XRD analysis, thermomechanical analysis, and thermal expansion analysis were done
according to the procedure described in Chapter 2, Chapter 3, and Chapter 4.

The optical haze was determined according to JIS K7136 standard following the procedure

shown in Figure 5.1.

Ts Ds Tb Db

OOOO

ntegrating sphere
Standard

white reflector

Figure 5.1. Configurations of the integrating sphere with and without sample or standard white
reflector for optical haze determination. The haze was calculated according to the following
equation:

Haze (%) = (2 — 2) x 100 -(5.1)

s b

Where,

T, = Total transmittance (sample)
D, = Diffuse transmittance (sample)
T, = Total transmittance (standard)

D, = Diffuse transmittance (standard)

The thermo-electrical measurements were performed on square samples (20 x 20 mm?) in
air by cyclic heating at 80 °C—150 °C on a hot plate for 5 min and cooling in a liquid nitrogen

bath for 5 min. The transparency-modulating PDLC devices underwent cyclic heating at 100 °C
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in an oven for 2 min and cooling at =30 °C in a freezer for 2 min. The sheet resistance was
measured using a custom-made device equipped with a 4-pin probe (pin spacing = 2 mm) by
considering an appropriate correction factor. The sheet resistance was also determined by
applying two silver contacts (1-mm wide and <1-pm thick lines) on the electrode samples [9].
The contacts were applied such that they made a perfect square, and they were assumed to
exhibit infinite conductivity. In this work, the measurement limit for the sheet resistance was
upto ~2 x 10° Q sq ™.

5.3 Results and discussion

5.3.1. Characterization of CNs

The CNs used for the hierarchical reinforcement of the acrylic plastic were prepared from
wood cellulose nanofibers (CNFs) using a mild hydrochloric acid (HCI) treatment (Fig. 5.2).
The length, width, and crystallinity of the CNs were 320 + 119 nm, 15 = 3 nm, and 70%,

respectively.
5.3.2. From Pickering emulsion to transparent nanocomposite electrodes

As described in the previous chapters, first, a mixture of CNs and acrylic monomer in
water was vigorously blended to form a Pickering emulsion (Fig. 5.3a,b). The process resulted
in the production of numerous round micro-droplets (1.09 + 0.66 um) of the monomer
individually encapsulated with a thin (~100—500 nm) network of the CNs (Fig. 5.3a,c,d). The
CN-encapsulated micro-droplets were then collected on a filter membrane by removing water
using vacuum filtration. After drying, a self-standing film referred to as “a CN/monomer mat”
was obtained (Fig. 5.3a,e). The mat contained numerous liquid monomer droplets
interconnected by surrounding CN networks, thereby producing a millimeter-scale bulk
network of the CNs (Fig. 5.3a,f). Therefore, a two-tier hierarchical network of the CNs was
generated in the CN/monomer mat. The mat was then hot-pressed and polymerized to obtain a
highly transparent and hierarchically reinforced nanocomposite substrate with a thickness of
~100 um (Fig. 5.3a,e,g). In the final step, the AgNWs (average diameter of 35 nm and length
of 17.3 um) were deposited on the nanocomposite substrate from a water suspension (0.1 wt%)
by spin coating to fabricate a transparent conducting electrode with a sheet resistance of
12.4-15.6 Q sq* (Fig. 5.2a,h,i).
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Figure 5.2. (a) Preparation of CNs from wood powder: (1) photograph of wood powder, (I1,111)
FE-SEM images of the cellulose fibers under different magnifications, (IV) FE-SEM image of
the CNFs, and (V) TEM image of the CNs. The yellow dashed lines indicate some easily
identifiable CNs. (b) XRD patterns of the cellulose fiber, CNF, and CN with the corresponding
crystallinity values. (c,d) Length and width of the CNFs and CNs.
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Figure 5.3. (a) Schematic illustration showing the fabrication process of the AgNW transparent
electrode on a CN-reinforced hierarchical nanocomposite substrate. (b) Photograph of
Pickering emulsion. (c) FE-SEM image of CN-encapsulated acrylic micro-droplets. (d)
Diameter distribution of the resin micro-droplets. () Photographs of CN/monomer mat with
90 wt% monomer content (left) and transparent nanocomposite (right). (f) FE-SEM image of
the cross-section of a mat. (g) TEM image of the cross-section of a transparent nanocomposite.
(h) Photograph of transparent AgNW electrode based on hierarchical nanocomposite substrate
operating in bending. (i) FE-SEM image of electrode surface showing the conducting network
of the AgNWs.
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5.3.3. Optical properties of the nanocomposites and electrodes

The optical transmittance spectra and haze of the nanocomposites containing 10 wt% and
20 wt% CNs (TN10 and TN20, respectively) and of their corresponding AgNW electrodes
(TNE10 and TNEZ20, respectively) are presented in Figure 5.4. The TN10 and TN20 substrates
transmitted 88% and 86% at 550-nm wavelength, respectively. These transparencies were only
3%—5% lower than that of the acrylic film (AF) because of the much smaller diameter of the
CNs compared with the visible wavelength. The high transparency of the nanocomposite
substrates is a good trait as a transparency of >85% is required for some flexible optoelectronic
applications, e.g., bottom-emissive displays where images are observed through the substrate
[25]. The transparencies of the nanocomposite electrodes were 84% and 83% for TNE10 and
TNE20, respectively, compared with 87% for an acrylic film electrode (AE), at a sheet
resistance of 12.4—15.6 Q sq*. The transparencies of the nanocomposite electrodes were
comparable to those of other reported transparent electrodes based on AQNW-PET (88.8% vs.
12.1 Q sq’%) [11] and ITO-glass (84% vs. 12 Q sq*) [12] and were superior to those of
electrodes based on ITO-PET (85% vs. 40 Q sq %) [12], CNT-PET/polyethylene naphthalate
(PEN)/cycloolefin polymer film Zeonor® (optimum 84% vs. 60 Q sq %) [4], pristine graphene—
glass (90% vs. 352.7 Q sq 1) [6], and modified graphene—glass (89% vs. 91.4 Q sq %) [6] (please
also see Figure 5.5).

100 12
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Figure 5.4. Optical properties of the transparent nanocomposites and electrodes: (a) optical
transmittance and (b) haze. AF, TN10, and TN20 refer to the acrylic film and the transparent
nanocomposites with 10 wt% and 20 wt% CNs reinforcement, respectively (solid lines). AE
refers to the acrylic film electrode, and TNE10 and TNEZ20 refer to the electrodes prepared
using nanocomposites having 10 wt% and 20 wt% CNs reinforcement, respectively (dashed

lines).

- 126 -



—— Chapter 5 Application of the Nanocomposites as the Substrate for Thermally Resilient
Transparent Conductive Electrodes ——

ITO-PET CuNW-glass
100 o) o/ I\ ,."r,."r
o}
P~ o0 o o
s S % *
80

o A Pristine
O o) CNT- Modified
v 60 ) raphene-
P & PET/PEN graphene- g -
o ITO-glass glass
S 40
3 -
E o O This work
= 20 O AgNWson
= different plastics

0

1 1 1 1 1 1 4 . l.l "l - .
0 25 50 75 100 125” 350 375
Sheet resistance (Qsq™)

Figure 5.5. Transparency versus sheet resistance of different transparent conductive electrodes

[2,4,6,9—15,26,27].

The optical haze of the TN10 substrate was 3%—5% and that of the corresponding TNE10
electrode was 4%—7% (Fig. 5.4b). The haze for the TNE10 electrode was similar to that of a
previously reported PET-based electrode prepared using 40-nm-diameter AQNWSs [11]. The
haze of the electrodes decreased to 1%—3% when 20-nm-diameter AgNWs were used. In this
study, AgNWs of 35-nm-diameter were used. The haze of TN20 was 5%—9% because of the
increased light scattering from the CNs. Hence, the corresponding TNE20 electrode exhibited
a slightly high haze of 6%—-10%. A high haze of the substrate or electrode has been reported to
increase the solar cell efficiency [28], enhance the light-outcoupling for improved light

extraction from a light emitting diode [29], and reduce the glare of a display [30].
5.3.4. Mechanical properties of the nanocomposites and electrodes

Tensile mechanical tests revealed a large improvement in the strength and E of the acrylic
plastic after hierarchically reinforcement with 10-20 wt% CNs (Fig. 5.6a and Table 5.1). The
nanocomposites exhibited good mechanical strength of up to 23.31 + 0.75 MPa and an E of up
to 1.43 £ 0.06 GPa. No significant difference was observed in the strength and E between the
nanocomposites and corresponding electrodes. A thermal-regulation film prepared by
encapsulating paraffin wax in a 28 wt% CNF network also exhibited a similar mechanical
strength of 30 MPa [31]. Interestingly, the strain-to-failure of the acrylic plastic increased more

than two-fold from ~7% up to ~16% with the CN reinforcement. This result can be explained
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by a synergistic mechanism in the hierarchical nanocomposites prepared via Pickering
emulsification method, by which crack initiation in the plastic droplets by the tensile force was
effectively restricted and deflected by their surrounding strong CN network and the load on the
droplets was effectively dissipated to the stretchable bulk CN network [32]. The high strain-
to-failure of the transparent nanocomposite substrates and electrodes is a desirable feature for

flexible optoelectronic applications.
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Figure 5.6. Mechanical and thermomechanical properties of transparent nanocomposites and

electrodes: (a) tensile stress—strain curves and (b) thermomechanical performance.

Table 5.1. Tensile mechanical data.

Sample  Strength (MPa) E (GPa) Strain-to-failure (%)
AF 1.99 +0.34 0.03 +0.00 6.53 +1.25
AE 2.07 +0.17 0.03 +0.00 6.92 +0.58

TN10 15.20 +0.51 0.81 +0.02 14.25 +1.10
TNE10 | 16.02 +0.88 0.86 +0.02 15.54 +0.27
TN20 23.31 +0.75 1.43 +0.06 14.77 +1.39
TNE20 | 20.84 +0.13 1.30 +0.07 13.44 +0.32

The nanocomposite substrates and electrodes also exhibited high mechanical performance
at an elevated temperature with a storage modulus (E’) of up to ~1.6 GPa even at 150 °C (Fig.
5.6b and Table 5.2). As the modulus of many plastics decreases drastically (sometimes by an
order of magnitude) in the temperature range of ~100°C—150 °C, the retention of a high

modulus in the nanocomposites, even at 150 °C, is intriguing. This behavior can be attributed
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to the hierarchical strong network of the highly thermally stable CNs that restricted the thermal
relaxation motion of the plastic droplets. It is noteworthy that the high thermomechanical
performance of the nanocomposite substrates is comparable to or even better than that of

commercially available PEN films and thermally stabilized PET films [25,33].

Table 5.2. Dynamic thermomechanical data.

Sample E’ (GPa)
23°C 100 °C 150 °C

AF 0.05 0.06 0.07
AE 0.04 0.06 0.07
TN10 1.66 1.04 0.90
TNE10 1.95 1.17 1.06
TN20 2.94 1.81 1.64
TNE20 2.78 1.84 1.60

5.3.5. Thermal-dimensional stability of the nanocomposites and electrodes

The most important and desirable property achieved was the very high thermal
dimensional stability of the nanocomposite substrates and their electrodes. Figure 5.7 shows
that the thermal expansion of the AF or AE was 2.51%—2.57% in the planar direction after
heating to 150 °C, which drastically decreased to 0.08%—0.11% with the hierarchical CN
reinforcement. These values correspond to a CTE of 5.33—8.03 ppm K for the nanocomposite
substrates or electrodes compared with 192.32—197.29 ppm K! for the AF or AE in the
temperature range of 20 °C—150 °C (Table 5.3). The CTE of the nanocomposite substrates or
electrodes was even lower (3.26—4.68 ppm K1) in the temperature range of 20 °C—100 °C.
Therefore, the nanocomposites can serve as excellent thermal dimensionally stable transparent
flexible substrates, not only compared with heat-stabilized PET (20—25 ppm K™?) or PEN
(18—20 ppm K1) [25], but also compared with many other transparent plastics (Fig. 5.7¢)
[33,34]. Notably, the CTE was very close to that of a semiconducting silicon crystal (~3 ppm

K™1) [17], which is the most commonly used functional material in electronics.
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Figure 5.7. Thermal-dimensional performance in (a) planar direction and (b) thickness
direction. (c) CTE of the nanocomposite substrates compared with a variety of other transparent
plastic substrates [25,33—36].

Table 5.3. The CTE of the acrylic plastic, nanocomposite substrates and electrodes in the

temperature range of 20—150 °C.

Sample CTE in planar direction CTE in thickness direction

(ppm K) (ppm K
AF 192.32 626.05
AE 197.29
TN10 8.03 424.85
TNE10 7.45
TN20 5.33 315.47
TNE20 6.01 -
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The drastic reduction in the thermal expansion of the acrylic plastic only at a CN content
of 10—20 wt% is unusual. Previous reports have shown that a nanocellulose content of >60
wit% is required to reduce the CTE of plastics to approximately 10 ppm K [35,37]. To reveal
the underlying reason for this behavior, the thermal expansion of the nanocomposites in the
thickness direction was investigated. In contrast to the planar direction, it was observed that
the expansion in the thickness direction is in fact very high at 4.10%—5.53% (Fig. 5.7b), which
corresponded to a CTE of 315.47-424.85 ppm K (Table 5.3). This behavior most likely
resulted from the random in-plane orientation of the CNs in the hierarchical network within the
nanocomposite, which made the nanocomposite anisotropic. Note that the CNs were initially
oriented three-dimensionally in a random fashion around the round acrylic droplets. However,
after filtration and hot-pressing, the CNs were oriented in-plane because the round droplets
deformed into a platelet-like shape (Fig. 5.3 1a,f,g). Therefore, the thermal-stress-induced
deformation of the acrylic droplets in the planar direction was effectively minimized by the
strong network of in-plane oriented CNs and accommodated in the thickness direction [17].
Notably, the thermal expansion in the thickness direction is practically insignificant because of

the thinness (~100 pm) of the nanocomposites.
5.3.6. Thermo-electrical stability of the nanocomposite electrodes

The high thermal dimensional stability of the nanocomposite substrates resulted in the
high-thermal-performing AgNW transparent electrodes (Fig. 5.8). The electrodes were
repeatedly heated in the temperature range of 80 °C to 150 °C and cooled at —196 °C in air. No
significant increase in the sheet resistance of the nanocomposite electrodes (TNE10 and
TNE20) was observed even after five heating—cooling cycles (H5C5) with a heating
temperature of up to 120 °C (Fig. 5.8a—c). In contrast, the AE (the non-reinforced electrode)
exhibited a clear sign of increase in the sheet resistance, though insignificant, after H2C2 even
with a heating temperature of 80 °C (Fig. 5.8a). The sheet resistance of AE increased rapidly
above 100 °C with a cease of electrical conductivity after H4C4 and H3C3 when heated at
120 °C and 150 °C, respectively (Fig. 5.8b—d). In contrast, the nanocomposite electrodes
remained conductive even after H5C5 with a high heating temperature of 150 °C (Fig. 5.8d-f).
The sheet resistance increased to 698 Q sq ! for TNE10, and the increase was only up to 369
Q sq ! for TNE20.
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Figure 5.8. Thermo-electrical performance of transparent electrodes under cyclic heating and
cooling at heating temperatures of (a) 80 °C, (b) 100 °C, (c) 120 °C, and (d) 150 °C and a
cooling temperature of —196 °C. “H” refers to heating and “C” refers to cooling. (e) AE after

H4C4, 120°C. (f) TNE20 after H5CS, 150 °C.
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To support the above thermo-electrical result, the electrode samples were investigated
using FE-SEM. FE-SEM images are presented in Figure 5.9. Evidence of fragmentation of the
AgNWs on the AE after HAC4 when heated at 120 °C was observed (Figure 5.9c). In fact, the
fragmentation of AgNWs most likely started at 100 °C, considering the rapid increase in sheet
resistance observed in Figure 5.8b. In contrast, the AQNWSs on the nanocomposite electrodes
showed no conspicuous evidence of fragmentation even after H5C5 at the heating temperature
of 120 °C, as observed in Figure 5.9d. FE-SEM images of the original AE and TNE10
electrodes are also presented in Figure 5.9a,b, respectively, for comparison. At the heating
temperature of 150 °C, the AgNWs underwent thermal oxidation [13,38], as evident in Figure
5.9e,f. However, the extent of AgNW fragmentation was lower for the nanocomposite
electrodes retrieved after H5C5 compared with for the AE retrieved after H3C3. Therefore, the
nanocomposite electrodes could still conduct electricity even after five cycles of extreme
heating and cooling (Fig. 5.8d,f). A decrease in the sheet resistance was observed after each
cooling step for the AE electrodes, as shown in Figure 5.8. This decrease resulted from the high
shrinkage of the acrylic plastic associated with the previous high expansion during heating,
which possibly reconnected the fragmented AgNWSs. The high shrinkage may have also
accelerated the fragmentation or disconnection of the AgNWs in the subsequent heating steps
by loosening their contacts in the nano-network. Clearly, the hierarchically CN-reinforced
nanocomposite substrates, which were highly stable against the mechanical stresses generated
in the acrylic plastic by the thermal shrinkage and expansion, led to the production of highly

thermally stable electrodes by minimizing fragmentation and disconnection of the AgNWs.

In previous studies, it has been reported that the introduction of polyethoxysiloxane or
various nanoparticles of TiO2, Al,O3z, SiO2, ZrO,, and ZnO into the AQNW layer can improve
the thermal stability of the electrodes by minimizing thermal oxidation of the AgNWs,
sometimes at the expense of a reduction in transparency [12—14]. In this study, a high-thermal-
performing AgNW electrode with good electro-optical performance by developing a thermal
dimensionally stable nanocomposite substrate that minimized the fragmentation of AQNWs
was successfully demonstrated. Combining these present findings with those previously
reported indicates that a high-performing electrode could be fabricated for application in future

advanced devices.
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Figure 5.9. FE-SEM images of AgNWs on (A) AE before HC treatment, (B) TNE10 before
HC treatment, (C) AE after H4C4@120 °C, (D) TNE10 after H5C5@120 °C, (E) AE after
H3C3@150 °C, and (F) TNE10 after HSC5@150 °C.

5.3.7. Thermally stable smart liquid-crystal device

Finally, as a proof-of-concept, a high-thermal-performing transparency-modulating device,
widely known as a polymer-dispersed liquid crystal (PDLC) device, was fabricated using the
thermally stable nanocomposite electrodes (Fig. 5.10). The device maintained a stable on-state
transparency (74% at 550 nm) even after 10 heating—cooling cycles (H10C10) at a heating
temperature of 100 °C and cooling temperature of —30 °C (Fig. 5.10e). In contrast, the on-state
transparency of a device fabricated using AE was reduced to 55% from 74% after HL0C10 (Fig.
5.10f). This result also suggests that the CN-reinforced nanocomposite electrodes maintained

a high thermo-electrical integrity because of their high thermal dimensional stability.
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Figure 5.10. (a) Schematic illustration of PDLC device showing the modulation of
transparency achieved by changing the alignment of the liquid crystals with an applied voltage.
(b—d) Photographs of PDLC device fabricated on the nanocomposite electrodes in (b) off-state,
(c) on-state, and (d) on-state under bending. Optical transmittances of the device fabricated on

the (e) nanocomposite electrodes and (f) AEs after repeated HC treatment at a heating

temperature of 100 °C and cooling temperature of =30 °C.

5.4 Summary

A high-thermal-performing transparent and flexible AgNW electrode was fabricated by
developing a highly thermal dimensionally stable nanocomposite substrate. The high thermal-
dimensional stability was achieved via hierarchical reinforcement from the CNs, the incredibly
thermally stable natural materials. It was successfully demonstrated that The AgQNW electrodes

fabricated on the thermally improved nanocomposite substrates and the resulting device can
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survive repeated heating and cooling at extreme temperatures. The nanocomposite substrates
and their corresponding electrodes also possessed high mechanical properties even at an
elevated temperature of 150 °C and good electro-optical properties, which were comparable to
or even better than those of other plastic substrates and electrodes either available commercially
or reported in the literature. In this study, the AgQNWSs were used as a representative of other
conducting nanomaterials, such as graphene and carbon nanotubes. The findings of this study
indicate that their high-thermal-performing transparent electrodes could also be fabricated
using the thermally ameliorated nanocomposite substrate prepared via Pickering emulsion
method. It is noteworthy that the findings of this study can be combined with findings reported
previously in the literature to fabricate more upgraded transparent flexible electrodes for

application in next-generation advanced devices.
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Chapter 6

Conclusions and Future Prospects

6.1 Conclusions

Aimed to address the issues of immiscibility of native hydrophilic nanocelluloses with
hydrophobic resins and non-moldability of the transparent nanocellulose-reinforced composite
materials prepared via impregnation method, in this study a very simple water-based method
was devised by exploiting the idea of emulsification of oil and water. The dual role of the
nanocelluloses as the stabilizer of the resin-in-water emulsion and resin reinforcing nano-
component was utilized. The potential of this new method in order to fabricate structurally
hierarchical, highly transparent, strong, tough, thermally-stable and macro-to-micro-moldable
nanocomposites of hydrophilic ‘native’ nanocelluloses and hydrophobic resins for application

in the next-generation optical devices was explored.

To develop novel transparent materials reinforced with native nanocelluloses, a resin-in-
water Pickering emulsion stabilized solely by nanocelluloses was successfully prepared.
Nanocellulose-reinforced transparent materials were successfully fabricated via vacuum-
filtration of the resin-in-water Pickering emulsions. Because of the strong encapsulation of the
resin droplets by the nanocellulose network, the loss of resin during emulsion filtration and
nanocomposite processing was negligible. The high optical transparency of the
nanocomposites, which was as high as 90%, indicated that a good dispersion of the network of
hydrophilic nanocelluloses in a hydrophobic resin can be achieved via Pickering emulsification
method without any chemical intervention. Interestingly, the nanocomposites had a unique self-
assembled two-tie hierarchical architecture resulted from the aggregation of the nanocellulose-
encapsulated resin droplets. The hierarchical structure resembled a brick-and-mortar-like

structure, which was reversely similar to that of nacre.

Because of the hierarchical structure of the nanocomposites, they had a rare but desirable
combination of high strength, toughness, mechanical flexibility compared to their counterparts
prepared via the impregnation method. The resin droplet size also played a role to obtained
nanocomposites with tunable mechanical properties but with a similar optical transparency
irrespective of nanocelluloses content. Smaller sized droplets produced nanocomposites with

high mechanical properties resulted from the more uniform hierarchical structure.

- 140 -



—— Chapter 6 Conclusions and Future Prospects ——

The effect of nanocellulose concentration in the emulsion was found of great importance
in terms of morphology of the resin droplets and emulsion stability. As the nanocellulose
concentration in the emulsion increased, a denser network was formed, resulting in higher
viscosity and higher stability of the emulsions. However, the droplet size and polydispersity
were increased with increasing viscosity, i.e., with increasing nanocellulose concentration.
Interestingly, the nanocomposites had a high mechanical flexibility, about 2 times than that of
neat resin, even with a nanocellulose content as high as 25 wt%. This was attributed to the
distinct hierarchical structure of the nanocomposites that provided a synergistic load-bearing,
stress-dissipating, crack-deflecting, and crack-delaying mechanism, as can be observed in

nacre.

Meanwhile, because of the inclusion of liquid resin droplets in the nanocellulose-network,
which also reduced the H-bonding among the nanofibrils, the nanocomposites could easily be
molded into 3D-shaped transparent materials. Such a 3D molded transparent material could not
be achieved via impregnation method. The surface of the nanocomposites could even be nano
or micromolded easily by simple hot-pressing. The successful fabrication of 3D-molded
transparent nanocomposites could open new application areas of the nanocellulose reinforced
materials. Example of applications could be substrate for micro-electronic contact lens devices,
substrate for curved and flexible displays, data storage devices, microlens arrays for high-
resolution 3D-imaging, or anti-reflection substrate for the improved light-trapping by a thin-

film solar cell.

Using nanocelluloses of different lengths and crystallinities, a tunable mechanical
properties with high flexibility (high elongation-at-break) together with a tunable thermal
properties were obtained even at a similar nanocelluloses content. This was due to the
difference in the hierarchical microstructure resulted from different network structure of the
nanocelluloses with different length and crystallinity around the resin droplets/platelets. The
short nanocelluloses with high crystallinity produced stiffer and highly thermally stable
nanocomposites; a CTE as low as that of silicon crystals was obtained only at a 10 wt% CN-
content. This ultrahigh thermal dimensional stability was attributed due to the combination of
a unique hierarchical structure of the nanocomposites and extremely low CTE of the highly
crystalline short nanocelluloses. The nanocomposites were highly thermomechanically stable
even up to 150 °C, compared to the commercial thermally-stable PET film. Interestingly,

stronger nanocomposites were obtained using a combination of long and short nanocelluloses.
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Furthermore, the optical transparency of the nanocomposites was highly stable even at 180 °C
for 2 h. The high thermal stability of the micropatterns fabricated on the surface of the

nanocomposite was also demonstrated.

Finally, to demonstrate the great potential of the transparent nanocomposites having an
excellent thermal stability as the substrate for optoelectronic devices, a high-thermal-
performing transparent and flexible AgNW electrode and a smart optical device were
fabricated. It was successfully demonstrated that the resulting AgNW electrodes and smart
optical device can survive repeated heating and cooling at extreme temperatures compared to
those prepared on non-reinforced polymer films. This was because of the high thermal
dimensional stability of the nanocomposite substrates owing to which the thermomechanical
stress induced by temperature change was incredibly low, and hence, the conducting AgNW-

network remained intact.

Therefore, it is expected that this study will provide significant insight to fabricate unique
nanocomposites reinforced with nanocelluloses by using facile Pickering emulsification

technique for the application in next-gen advanced optical materials.

6.2 Future prospects

The knowledge acquired in this study can be utilized to incorporate unique functionalities
into the nanocellulose-reinforced nanocomposites. For example, as the Pickering
emulsification process allows to encapsulate monomer resin into the nanocellulose shell, a self-
healing nanocomposite material can be developed. It also would be interesting to form a
nanocellulose-stabilized water-in-resin emulsion (note that in this study all of the emulsions
prepared were resin-in-water, i.e., O/W type) or even a double emulsion, e.g., water-in-resin-
in-water or resin-in-water-in-resin emulsion, with the possibility to obtain a self-healing
material having self-reinforcing ability via the formation (or, release) of nanocellulose

networks, akin to the formation of collagen fibers during would healing.

Possibility can be explored by incorporating sensitizer and emitter molecules in the resin
droplets to fabricate a transparent nanocomposite substrate that would harvest or upconvert

infrared portion of the solar radiation for high-efficiency photovoltaics.

Apart from making nanocomposites with unique functionalities, the Pickering emulsion

stabilized by nanocelluloses may offer potential application in tribology. For example,
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inclusion of resin micro-droplets in a CNF/water suspension can reduce its viscosity (Figure
2.10g in Chapter 2). Therefore, research on the lubricating behavior/performance of the
nanocellulose-stabilized Pickering emulsion may open up new application areas of the

nanocelluloses.

Last but not least, the emulsification is a well-established industrial process that are being
frequently used in food, pharmaceutical, and cosmetics industries. Therefore, Pickering
emulsification process using nanocelluloses could easily be scaled-up that would enable new

functional applications of the nanocelluloses and the materials thereof.
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