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Abstract

Research on nanoparticles extracted from renewable and highly available sources is motivated by both the development of
functional nanomaterials and the drive to replace widely used materials based on fossil resources. In particular, cellulose,
in the form of cellulose nanomaterials (CNM), has attracted increased attention for the development of sustainable and
high performance products, thanks to properties that include high specific mechanical strength, chemical versatility and
anisotropic thermal conductivity. Ice-templated CNM foams display super-insulating properties across the direction of the
aligned particles (radially) and could potentially compete with fossil-based insulation materials. This thesis investigates
the alignment and co-assembly of widely available inorganic nanomaterials with CNM in aqueous dispersions, and the
relative importance of phonon scattering in anisotropic thermally insulating composite foams.

Time resolved small-angle X-ray scattering (SAXS) experiments have been conducted to study assembly and alignment
in composite aqueous dispersions containing cellulose nanocrystals (CNC) and montmorillonite (MNT) clay nanoplatelets.
The co-assembly of CNC and MNT in slowly evaporating levitating droplets was dominated by the interactions between
the dispersed CNC particles but MNT promoted gelation and assembly at lower total volume fractions than in CNC-only
droplets. Combining SAXS with rotational rheology showed that shear induced a high degree of orientation of CNC in
both the CNC-only and mixed CNC:MNT dispersions. The shear-induced CNC orientation relaxed quickly in the CNC-
only dispersion but relaxation was strongly retarded and partially inhibited in the mixed CNC:MNT dispersions.

Analysis of previous works suggests that anisotropic and multiscale CNM-based foams with a high number of interfaces
can favour heat dissipation by phonon scattering within the foam walls. Measurements and theoretical estimates of the
thermal conductivities of CNC-only ice-templated foams over a wide range of densities confirmed the importance of
phonon scattering to achieve super-insulating radial thermal conductivity values.

Ice-templated CNC:MNT composite foams displayed a lower radial thermal conductivity compared to CNC-only foams,
which suggests that the introduction of heterogeneous interfaces between the biopolymer and the clay enhanced the
dissipation of heat through phonon scattering. Composite ice-templated foams of colloidal silica and TEMPO-oxidised
cellulose nanofibrils (TCNF) were significantly stronger under mechanical compression and less sensitive to moisture
uptake than TCNF-only foams, and maintained radial thermal conductivities that are comparable with widely used
thermally insulating materials. These examples could pave the way towards the development of super-insulating, strong
and moisture-resilient CNM-based composite foams.
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Abstract

Research on nanoparticles extracted from renewable and highly available
sources is motivated by both the development of functional nanomaterials and
the drive to replace widely used materials based on fossil resources. In partic-
ular, cellulose, in the form of cellulose nanomaterials (CNM), has attracted
increased attention for the development of sustainable and high performance
products, thanks to properties that include high specific mechanical strength,
chemical versatility and anisotropic thermal conductivity. Ice-templated CNM
foams display super-insulating properties across the direction of the aligned
particles (radially) and could potentially compete with fossil-based insulation
materials. This thesis investigates the alignment and co-assembly of widely
available inorganic nanomaterials with CNM in aqueous dispersions, and the
relative importance of phonon scattering in anisotropic thermally insulating
composite foams.

Time resolved small-angle X-ray scattering (SAXS) experiments have been
conducted to study assembly and alignment in composite aqueous dispersions
containing cellulose nanocrystals (CNC) and montmorillonite (MNT) clay na-
noplatelets. The co-assembly of CNC and MNT in slowly evaporating levitat-
ing droplets was dominated by the interactions between the dispersed CNC
particles but MNT promoted gelation and assembly at lower total volume frac-
tions than in CNC-only droplets. Combining SAXS with rotational rheology
showed that shear induced a high degree of orientation of CNC in both the
CNC-only and mixed CNC:MNT dispersions. The shear-induced CNC orien-
tation relaxed quickly in the CNC-only dispersion but relaxation was strongly
retarded and partially inhibited in the mixed CNC:MNT dispersions.

Analysis of previous works suggests that anisotropic and multiscale CNM-
based foams with a high number of interfaces can favour heat dissipation by
phonon scattering within the foam walls. Measurements and theoretical esti-
mates of the thermal conductivities of CNC-only ice-templated foams over a
wide range of densities confirmed the importance of phonon scattering to
achieve super-insulating radial thermal conductivity values.



Ice-templated CNC:MNT composite foams displayed a lower radial ther-
mal conductivity compared to CNC-only foams, which suggests that the in-
troduction of heterogeneous interfaces between the biopolymer and the clay
enhanced the dissipation of heat through phonon scattering. Composite ice-
templated foams of colloidal silica and TEMPO-oxidised cellulose nanofibrils
(TCNF) were significantly stronger under mechanical compression and less
sensitive to moisture uptake than TCNF-only foams, and maintained radial
thermal conductivities that are comparable with widely used thermally insu-
lating materials. These examples could pave the way towards the development
of super-insulating, strong and moisture-resilient CNM-based composite
foams.
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1. Introduction

1.1. Cellulose nanomaterials in materials science

The term “cellulose nanomaterials” or “nanocellulose” commonly refers to
a category of nanoscale (at least one characteristic dimension in the 1-100 nm
range) cellulosic compounds with the ability to form colloidal dispersions,
which were first isolated in the late 1940s'? and alternatively in the early
1980s.>* The very large interest in cellulose nanoparticles has substantially
affected cellulose-related industries (textile, construction, paper and food sec-
tors), as the biomass they usually processed suddenly became a potential
source of compounds of interest to nanomaterials and nanotechnologies>® (in
particular biobased). The extraction of nanoparticles from renewable sources
is now a hot research topic and a myriad of advanced nanomaterials with di-
verse applications have been proposed and/or developed.” '

1.1.1. Mitigating oil depletion, replacing plastics

Some of the first plastics in history directly originated from cellulose after
the discovery of nitrocellulose in the 1840s, followed by the invention of col-
lodion and celluloid, and later rayon and cellophane. These materials played
a crucial role in the development of photography and cinematography and in
the textile industry.!" However, cellulose-based materials soon lost market
share when the extraction and refinement of oil and the development of novel
synthesis and polymerization routes yielded a wide variety of fossil-based
plastics with more attractive properties that dominated the 20™ century. Over
the past decades, however, the quest for sustainability, the feared depletion of
fossil resources, and the drive to reduce carbon emissions and environmental



pollution have incited efforts to replace oil-based plastics with renewable al-
ternatives whenever possible. In terms of life cycle analysis, oil-based plastics
are indeed problematic at both ends, in that they originate from finite re-
sources, take decades to degrade if disposed of in Nature, and result in the
release of carbon dioxide to the atmosphere if they are burned. To address
these challenges, biopolymers, that is to say, macromolecules synthesised by
living organisms,'? have become prime candidates of choice to replace oil-
based plastics. Biopolymers, of which the most abundant is cellulose, combine
vast availability from renewable sources and, in most cases, biodegradability,
and have been incorporated into a multitude of plastic replacement initia-

tives.!>14

1.1.2. The emergence of cellulose nanomaterials

Biopolymers can be divided into three main categories: polysaccharides,
polypeptides (proteins) and nucleic acids (in particular DNA). Polysaccha-
rides, composed of monosaccharides linked by glycosidic bonds, are them-
selves subdivided into storage polysaccharides and structural polysaccharides.
The latter play a crucial role in the formation of natural architectures, in par-
ticular plant cell walls, and are therefore highly promising for the development
of mechanically robust materials. Among polysaccharides, cellulose, consist-
ing of a chain of glucose molecules linked by 3 1-4 glycosidic bonds (Figure
1.1), probably has the highest availability and the longest history of being ex-
ploited by humans for the fabrication of materials.'® Extracted from e.g. wood,
plants, bacteria or sea organisms (algae, tunicates),'® cellulosic fibers can be
treated to yield small and colloidally stable particles that consist of a small
number of cellulose chains (18 to 24, according to broadly used models)!’
bundled together to form elongated nanoparticles that are labelled as nanocel-
lulose or cellulose nanomaterials (CNM).

Excluding bacterial cellulose, which is produced by microorganisms, two
main types of CNM are commonly obtained (Figure 1.1).!® Acid hydrolysis,
mainly involving sulfuric acid, yields cellulose nanocrystals (CNC), rigid and
highly crystalline rod-like particles with negatively charged surface groups
(sulfate half esters if sulfuric acid was used)."? Cellulose nanofibrils (CNF)



are longer flexible fiber-like particles obtained by mechanical fibrillation,**
often assisted by enzymatic or chemical pretreatments, for example 2,2,6,6-
tetramethylpiperidin-1-oxyl radical (TEMPO)-mediated oxidation,' which
also produces negatively charged surface groups (carboxylate groups in that
case). While the variety of sources for CNF and CNC is evolving and being
expanded to include agricultural and industrial waste,” both types of CNM
have been industrially produced in the past decade. The main characteristics
of CNM that make them attractive in a wide variety of applications include
high aspect ratio and surface area, low density and thermal expansion coeffi-
cient, low electrical conductivity, impressive mechanical properties (Young’s
modulus, tensile strength, stiffness), easily tunable surface chemistry, biocom-
patibility, optical activity (transparency, birefringence in the presence of chiral
nematic CNC arrangements), rtheological properties (shear thinning, gelation,
thixotropy) and biodegradability.'®!82!

Cellulose

Chemical + Mechanical Sulfuric Acid
s . «—> 3-5nm
Fibrillation Hydrolysis

50-500 nm
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Figure 1.1: Chain of glucose units linked by  1-4 glycosidic bonds, which
builds up cellulose (top), and summary of the extraction routes and character-
istics of TEMPO-oxidised cellulose nanofibrils (TCNF, bottom left) and cel-
lulose nanocrystals (CNC, bottom right). The particle dimensions are adapted
from Isogai et al.?> for TCNF and Moon et al.'® for CNC.



1.1.3. Assembly and alignment of cellulose nanomaterials

The properties of CNM-based materials depend on the intrinsic properties
of their constituents and the materials’ structure at all length scales, from the
atomic level to the macroscale. The structure in the final material is strongly
related to the processing and CNM-based materials can thus be highly influ-
enced by the behaviour of the nanoparticles in aqueous colloidal dispersions.
Many processes indeed involve CNM dispersions and controlling their char-
acteristics is essential to tune the properties of the produced materials. In par-
ticular, utilising and controlling the self-assembly of CNM in dispersions is of
paramount importance for targeting certain architectures in the resulting ma-
terials, and this can be achieved by controlling e.g. the pH, ionic strength,
concentration of the dispersions or the dimensions and surface chemistry of
the particles.?! All these parameters directly influence the ability of CNM to
form assemblies, be it entangled gel networks of CNF or liquid crystalline
arrangements of CNC, which both find interest in various applications (for
instance, the development of porous scaffolds for the former,* and of optically
active films for the latter,”* among many others). The rod-like shape of CNM
and the intrinsic anisotropic properties mean that processing also can align the
fibrils or rods in a specific direction, usually thanks to shear forces but also
using e.g. electric or magnetic fields, resulting in specific arrangements with
anisotropic properties, in particular enhanced mechanical strength or thermal
conductivity in a specific direction.?>®

There are a variety of techniques that can assess the assembly and align-
ment in CNM dispersions. Diffraction and scattering of light, neutron or X-
ray radiation are e.g. used to obtain information on CNM dimensions, spacing,

assemblies and alignment in dispersions.?*3°

Depending on the type of radia-
tion and the intensity and brilliance, length scales ranging from a few Ang-
stroms to microns can be probed, providing information on crystal lattices,
interparticle distances, characteristic pore sizes in gels or long-range assem-
blies. The flow properties of CNM dispersions can be determined using rhe-
ology, i.e. by studying the steady-shear and viscoelastic properties of the dis-
persions. Besides learning about the rheological behaviour of CNM disper-
sions per se*! (viscosity, shear-thinning, yield stress, relaxation dynamics,
etc.), which is of high importance in the optimisation of a multitude of pro-

cesses, these properties can provide important microscopic information.?>33



Furthermore, the combination of aforementioned techniques, for instance the
combination of X-ray scattering and rotational rheology, offers the oppor-
tunity to link rheological properties to the degree of shear-induced alignment
of nanoparticles during a single experiment.** Overall, probing dispersions at
different length scales paves the way for a global understanding of the pro-
cessing behaviour of complex, multicomponent systems.>>-3¢

1.1.4. Cellulose nanomaterials in composites

The flexible surface chemistry and intrinsic strength of cellulose allow for
the processing of a broad variety of materials (films, membranes, coatings,
scaffolds, foams, hydrogels, aerogels, sponges, monoliths, etc.) in which
CNM play a major shape-defining and load-bearing role.?” While CNM have
very attractive intrinsic properties, CNM are often also coupled or mixed with
other nanoparticles to form composites or hybrids with complementary func-
tionalities. Hybrid materials consisting of organic and inorganic molecules or
nanoparticles are found in Nature,*’ such as shells, bones, teeth, diatoms, mag-
netosomes, which human know-how is struggling to replicate. CNM have
been combined with many inorganic compounds, including silica,***!
42-45 nanocarbons,**® metal and metal oxide nanoparticles,*-°
lites, as well as with metal organic frameworks.’'"3 The resulting composite
or hybrid CNM-based materials displayed useful barrier properties, hydropho-
bicity, and/or flame retardancy, and have been used in applications including
optics, electronics, energy, biomedical scaffolds, sensing, separation or catal-
ysis.** In some cases, CNM are used as structural templates within materials

clays, and zeo-

from which they are later eliminated (often by pyrolysis) to leave biomineral-
ised architectures.’>*® However, materials produced using this approach do
not take advantage of the bulk properties of CNM, including their potential in
thermal insulation materials.



1.2. Cellulose nanomaterials for thermal insulation

Ensuring proper thermal insulation in the built environment poses a mas-
sive challenge, which will grow in the next decades as the world’s population
and the number of urban dwellers increase. Maintaining an acceptable interior
environment in buildings is estimated to account for 10% of global energy
consumption (30% of the energy consumption in buildings alone), while 28%
of global CO, emissions are attributed to the building sector.’”%° Therefore,
there is a pressing need for more efficient materials for large-scale thermal
insulation that can also combine a low carbon footprint and a high availability.

1.2.1. Commonly used thermal insulators in buildings

Cellulosic materials have actually been widely used as thermal insulators
for a long time, in the form of fillers or mats based on e.g. recycled paper,
wood chips or cork.®! With thermal conductivities usually ranging from 40 to
50 mW-m -K™!, not to mention their hygroscopic nature, these materials can-
not compete with more advanced and widespread materials.®! Other common
materials with similarly underwhelming properties include mineral wool,
whereas the most efficient highly available thermal insulators are probably
oil-based foams based on polystyrene®” and polyurethane.®* Polystyrene insu-
lation materials are mostly found in two forms, namely expanded and extruded
polystyrene, which both usually display thermal conductivities between 30
and 40 mW-m "-K™!, while polyurethane foams can boast values as low as 20
to 30 mW-m “K!. Additionally, polystyrene- and polyurethane-based mate-
rials are mechanically robust and somewhat hydrophobic, which reduces var-
iations in their performance under humid conditions. Still, some concerns can
arise around these materials, in particular the fact that, in case of a fire, poly-
urethane releases highly hazardous gases, adding to the oil-depletion- and
CO»-emission-related motivations to find replacements for these currently
dominant materials.



1.2.2. The rise of aerogels

The term “aerogel” commonly refers to mesoporous materials (with 2—50
nm pore diameters) with porosities generally over 90%,° which constitute one
of the emerging alternative categories of thermal insulators with the highest
potential. Silica or silicon-based aerogels® in particular attract a lot of atten-
tion, thanks to commercially available thermal conductivities as low as 13
mW-m K™, and their extremely low densities that arise from their poros-
ity have led them to be regularly considered for use in the aerospace sector,’
and even as far as planet Mars.®® Other examples of components used for the
fabrication of aerogels include carbon nanotubes, graphene, ceramics and
metal oxides,® not to mention cellulose nanomaterials, which we will discuss
in section 1.2.4. The fact that aerogels consist largely of air is crucial for their
low thermal conductivity; however it does not explain how they reach super-
insulating thermal conductivities, i.e. values lower than those for air (usually
estimated around 25 mW-m -K ™), which we will expand on in section 1.2.3.
Additionally, the low thermal conductivity needs to be combined with a high
strength and fracture toughness and low fabrication cost, which currently is
the main disadvantage of aerogels (together with their brittleness), mostly be-
cause of the need for elaborate and costly drying methods, e.g. supercritical
drying and freeze-drying.

1.2.3. Heat transfer and phonon scattering in aerogels

In aerogels, conduction, which is a more important mode of heat transfer

than convection and radiation,”®”!

is usually divided into gas and solid con-
duction. Heat transfer in the gas phase mostly occurs via collisions between
the gas (generally air) molecules, whereas, in materials with low electrical
conductivity, heat in the solid phase is mainly propagated by phonons.”” A
phonon can be defined as an energy quantum associated to vibrations in an
atomic lattice, and travels more efficiently through strong bonds, such as co-

valent bonds, than through weak bonds, such as hydrogen bonds.”

The thermal conductivity of aerogels can be lower than that of air due to
the so-called Knudsen effect and phonon scattering (Figure 1.2). In the gas



phase, the presence of pores smaller than the mean free path of air (which
corresponds to the average distance between two collisions for an air mole-
cule), reduces the gas conduction due to dissipation of heat at the gas—solid
interfaces at the pore walls. This phenomenon, called the Knudsen effect, typ-
ically occurs in pores smaller than 50 nm,” and is thus common in aerogels.”

In the solid phase, the presence of nanostructures with numerous interfaces
can greatly enhance heat dissipation. Indeed, each solid—solid or solid—gas
interface can potentially become a phonon scattering site, as a phonon is either
transmitted or scattered from a medium to the other. Two types of phonon
scattering can occur (Figure 1.2): specular scattering, which is a reflection
where in the ideal case no energy is lost, and diffuse scattering, which is ac-
companied by heat dissipation.”® If specular phonon scattering dominates, the
solid conduction is comparable to that of a bulk material. In nanomaterials
with a high density of interfaces, however, diffuse phonon scattering can sig-
nificantly reduce heat transfer.”” To quantify heat dissipation by phonon scat-
tering at solid—solid interfaces, it is common to introduce a parameter called
interfacial thermal resistance, also referred to as Kapitza resistance,’® which
can be evaluated by e.g. time-domain Thermoreflectance (TDTR).”*#° The in-
terfacial thermal resistance can be very large when the two solid phases sepa-
rated by the interface have substantial differences in phonon velocity and den-
sity.”” Maximisation of diffuse phonon scattering in nanostructured materials
can result in super-insulating materials, as illustrated in a recent study on gra-
phene aerogels where very low thermal conductivity values (5 mW-m -K™!
under vacuum conditions) were reached.®!
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Figure 1.2: Schematic illustration of the main gas-phase (left) and solid-phase
(right) mechanisms that make aerogels super-insulating. Adapted from Paper
1.

1.2.4. Cellulose nanomaterials: the most promising biopolymers
for thermal insulation?

Silica aerogels can display very low thermal conductivities but their intrin-
sic brittleness needs to be mitigated.?>3* To this end, there is a growing inter-
est in utilising alternative starting materials to develop high performance aer-
ogels. Biopolymers in general,®** and more specifically polysaccharides,
whose abundance, renewability and ability to form structural networks and
scaffolds could mitigate most of the weaknesses of silica aerogels. It is worth
noting that, for the building sector, construction materials based on renewable
sources are of particular interest, as they could potentially act as carbon sinks
and compensate the carbon emissions related to the construction.®” Although

8890 starch?! or alginate® have been used to produce light-weight insu-

pectin,
lating foams, cellulose (and in particular cellulose nanomaterials) is the bi-
opolymer from which by far the highest number of thermally insulating foams
and aerogels have been made.®* Note that we will follow the definitions of
aerogel and foam proposed by Lavoine and Bergstrom,* meaning that we will

refer to materials as foams when pores bigger than mesopores are largely
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found and the porosity is higher than 50% (which will be the case for all the
materials produced in this thesis).

By applying advanced drying techniques, such as supercritical drying and
freeze-drying, water can be removed from a dispersion without passing
through the liquid state, and thus the strong capillary forces that could collapse
the foams can be avoided. Porosities as high as 99.7% can be reached after
freeze-drying and supercritical drying, and several of the resulting foams and
aerogels have been reported to be super-insulating.”*” Anisotropic foams
with columnar pores can be prepared by ice-templating (Paper VI). The ther-
mal conductivity of ice-templated CNM-based foams is highly anisotropic
(Paper VIII), with a very low thermal conductivity perpendicular to the direc-
tion of the columnar pores. The anisotropic heat transfer properties of ice-
templated CNM-based foams will be discussed further in this thesis (see sec-
tion 4.1). The insulating performance and mechanically stable CNM-based
foams and aerogels, could very well place CNM-based foams and aerogels
among the top contenders for sustainable and high performance thermal insu-
lation.

1.2.5. CNM-based composite foams and aerogels

Despite having shown very promising results at the laboratory scale, CNM
foams and aerogels possess several shortcomings that need to be addressed.
In particular, the very pronounced hygroscopic nature of cellulosic materi-
%8101 can be very detrimental to both the insulating performance and the
mechanical resilience of these foams and aerogels at high humidity. Moreo-

als

ver, CNM foams and aerogels could also benefit from being reinforced and
strengthened, e.g. by cross-linking or by addition of strong and stiff nanopar-

ticles. CNM-based or cellulose-based composite and hybrid insulating

foams!'%>"1% have e.g. been produced using silica,'?’-1!2 13115

116-119

clays,
or metal-organic frameworks.!?*!?! Interestingly, the inclusion of
inorganics not only improved the mechanical properties but sometimes also
resulted in a reduced thermal conductivity,!1%1% possibly due to the for-
mation of heterogeneous interfaces. The reduced thermal conductivity in com-

nanocar-
bons
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posite foams will be further detailed in section 4.1 and, coupled with aniso-
tropic ice-templated structures, constitutes one of the main targets of this the-
sis.

1.3. Scope of the thesis

The work presented in this thesis is motivated by both a desire to improve
the fundamental understanding of the assembly and alignment in CNM-con-
taining composite dispersions, and to explore structure—property relationships
in ice-templated CNM-based foams, with a focus on the heat-transport prop-
erties.

Time-resolved SAXS was used to probe the assembly of aqueous disper-
sions containing cellulose nanocrystals (CNC), a CNM with attractive prop-

1227125 and montmorillonite

erties and the ability to form cholesteric phases,
(MNT) clay nanoplatelets, which are highly available inorganic nanoparticles
that are often associated with CNM in composites. One study (Paper I) inves-
tigated the composite dispersions in an environment that resembles bulk con-
ditions, i.e. acoustically levitating aqueous droplets. The second study (Paper
II) probed the dynamic orientation and assembly of CNC during shearing and
the relaxation of the shear-induced orientation after shearing. By using com-
plex mixtures of raw materials within specific sample environments, the idea
was to bridge fundamental characterisation and potential real-life systems and
conditions.

The relative importance of phonon scattering and other contributions to the
low thermal conductivity of CNM-based foams was assessed by combining
an analysis of meta-data on a variety of foams and their potential as thermal
insulators (Paper III) with an extensive study on the thermal conductivity of
ice-templated CNC foams that spanned a wide density range (Paper IV).

CNM-based composite dispersions were processed into freeze-cast and
freeze-dried foams with the aim of improving the mechanical properties in
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moist air and investigating whether super-insulation can be reached. Besides
foams based on mixtures of CNC and MNT, foams based on TCNF and in-
dustrially produced colloidal silica were also explored (Paper V). The poten-
tial combination of enhanced mechanical and insulating properties in the com-
posite foams could exemplify how fundamental considerations and under-
standing can be used for the processing of performant materials based on
widely abundant nanoparticles, which constitutes the logical thread of this the-
sis.
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2. Preparation and characterisation of
materials

2.1. Preparation of materials

2.1.1. Preparation of CNC by sulfuric acid hydrolysis

The preparation of cellulose nanocrystals (CNC) in the laboratory was
achieved via sulfuric acid hydrolysis, by far the most well-established method
for the task.!?1?7 Dry sheets of sulfite softwood cellulose, kindly provided by
Aditya Birla Domsjo, were used as starting material. 100 g of dry cellulose
sheets were dispersed in 1 L of a 64% sulfuric acid solution by strong mechan-
ical stirring at 45°C. After 45 minutes, 10 L of deionised water were added in
order to quench the reaction and the dispersion was allowed to sit for approx-
imately three hours.

The CNC were recovered in the form of a sediment after two centrifugation
cycles (6 000 G, ten minutes per cycle) and dialysed in tubing cellulose mem-
branes (Sigma-Aldrich) with a molecular weight cut-off of 14 000 Da, im-
mersed in deionised water for seven days. The resulting dispersion was soni-
cated with a 13-mm titanium ultrasonic probe (Qsonica Q500), using a 60%
energy output for 30 minutes. After filtration through a glass filter, the ob-
tained CNC dispersion was stored at a concentration of approximately 2 wt%.
Before use, an additional purification step was performed, consisting in the
dilution of the dispersion to a concentration of 0.2 wt%, followed by two cen-
trifugation steps of ten minutes each, at 450 G and 2 500 G respectively, in-

spired by previously reported fractionation protocols.!'?
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2.1.2. Preparation of TCNF by TEMPO-mediated oxidation

TEMPO-oxidised cellulose nanofibrils (TCNF) were prepared by oxidising
never-dried sulfite softwood cellulose pulp, kindly provided by Aditya Birla
Domsjd, following a similar protocol to the one established by Saito and
Isogai.'” The never-dried pulp was preliminarily washed using hydrochloric
acid (pH = 2) in order to remove impurities from the pulping process. 40 g of
never-dried pulp was oxidised with a ratio of 10 mmol of sodium hypochlorite
(NaClO, Merck) per gram of pulp over 200 minutes at pH = 10, in the presence
of TEMPO (0.64 g, Sigma-Aldrich) and sodium bromide (4 g, NaBr, Sigma-
Aldrich)." The oxidised pulp was then washed multiple times with deionised
water until the conductivity of the filtrate fell below 5 uS.cm™.

The TEMPO-mediated oxidation was followed by a mechanical grinding
treatment using a supermass colloider (Model MKZA10-15 J, Masuko Sangyo
Co., Ltd.). The oxidised pulp, diluted to a concentration of 0.5 wt%, was fed
four to five times through the grinder’s non-porous silicon carbide grinding
stones (Disk model MKE), which were rotating at a speed of 25 Hz and sepa-
rated by a gap clearance of —50 pm, resulting in a homogeneous TCNF gel-
like dispersion.

2.1.3. Preparation of aqueous dispersions

The CNC and TCNF prepared according to the two previous subsections
were already obtained as aqueous dispersions, which only needed to be diluted
by adding more deionised water, or up-concentrated by rotary evaporation in
order to reach the desired concentrations before use.

Except for the CNC used in Paper I, prepared according to the protocol
described in 2.1.1, we used commercially available CNC purchased from Cel-
luForce™. The CelluForce™ CNC comes in the form of a freeze-dried powder
and was used as received. It was dispersed in deionised water using mechani-
cal stirring for several hours, giving initial concentrations between 4 and 6
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wt%. Other concentrations were obtained by dilution or rotary evaporation of
the original dispersion.

Montmorillonite (MNT, Cloisite Na™™", BYK Additives) was dispersed in
deionised water at a concentration of approximately 1 wt% using an Ultra-
Turrax™ homogeniser, then placed in dialysis membranes (see 2.1.1) and im-
mersed in ultrapure water for seven days. Rotary evaporation was used when
higher concentrations were needed.

Isotropic and anisotropic Levasil™ colloidal silica was kindly provided by
Nouryon Performance Chemicals in the form of aqueous dispersions and was
diluted with deionised water before use.

The various types of nanoparticles used throughout the thesis, as well as
their main characteristics, are summarised in Table 2.1. More details can be
found in the sections corresponding to the respective papers, listed in the sec-
ond column of the table.

Name Papers Shape Primary Secondary Surface Zeta potential
dimension dimension group at used pH
[nm] [nm] [mV]
CNC I Rod (stiff) 154 43 -0S0;~ -60
CelluForce™ CNC I, IV Rod (stiff) 173 43 —0S0;5~ —60
TCNF \% Rod (flexible)  not reported 2.1 -COO~ —45
MNT I 1T Platelet 122 1.0 Cation sub- 35
stitution
Isotropic silica v Sphere 16 - -Si-O~ =53
Anisotropic silica \ Necklace-like  not reported  not reported —Si-O~ -59

Table 2.1: List of used nanoparticles and their main features (the only reported
dimensions are the ones that were measured by AFM and TEM).
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CNC:MNT and silica:TCNF composite dispersions were obtained from the
single-component dispersions described in sections 2.1.1-2.1.3 at sufficiently
low concentrations to allow for an effortless mixing and homogenisation using
magnetic or vortex stirring, as well as mild sonication (USC500TH, VWR
International) when necessary.

2.1.4. Preparation of ice-templated foams

Anisotropic CNM-based foams were prepared by the unidirectional ice-
templating (also known as freeze-casting) of the aforementioned CNC, TCNF,
CNC:MNT and silica:TCNF aqueous dispersions (see 2.1.1-2.1.3). The
freeze-casting moulds consisted of a Teflon cylinder mounted on a copper
bottom plate.'” Depending on the intended use of the foam, 5 or 30 g of dis-
persion were poured into a 2- or 4-cm mould, respectively. The dispersion-
containing moulds were placed with the bottom plates directly on dry ice
blocks, allowing vertical columnar ice crystals to form in the dispersion (Fig-
ure 2.1). The typical freezing rate was estimated around 3 K-min™'. Once en-
tirely frozen, the dispersions were hammered out of the moulds and placed in
a freeze-dryer (Christ Alpha 1-2LDplus). The samples were freeze-dried for
three to five days at a pressure usually stabilising between 0.02 and 0.03 mbar
and at room temperature, allowing for the gradual sublimation of the ice
within the samples. The resulting FC and FD foams were collected and stored
under ambient conditions.
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Figure 2.1: Schematic illustration of the freeze-casting of a CNM aqueous dis-
persion. Taken from Paper V.

2.2. Characterisation of dispersions

2.2.1. Assessment of nanoparticle dimensions

CNC and TCNF particles were routinely imaged using tapping mode AFM
(Dimension 3100, Bruker), as shown in Figure 2.2. Typically, very dilute
aqueous dispersions (0.001-0.005 wt%) were drop-cast onto mica disks and
dried at room temperature. The average diameter and length of CNC particles
and the average diameter of TCNF particles was evaluated using the Nano-
scope Analysis software, based on the assessment of 50—-100 particles.
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Figure 2.2: AFM micrographs of prepared CNC (left), CelluForce™ CNC
(center) and TCNF (right) dispersions. Adapted from Papers I, IV and V.

MNT and colloidal silica particles were observed via TEM (JEM-2100F,
JEOL) with a 200 kV accelerating voltage (Figure 2.3). The aqueous disper-
sions were deposited onto carbon-coated copper grids. The images were pro-
cessed with the Gatan Inc. software and the particle dimensions were evalu-
ated with Image].

130

MNT Isotropic Anisotropic
silica silica

Figure 2.3: TEM images of MNT platelets (left), isotropic silica (center) and
anisotropic silica (right). Adapted from Papers [ and V.

Alternatively, silica:TCNF dispersions were analysed with DLS using a
Zetasizer Nano ZS (Malvern Instruments Ltd.) equipped with a 633 nm he-
lium-neon laser and a backscatter detector at an angle of 173°. The dispersions
were diluted to 0.005 wt% and their pH was adjusted to 7 or 10 by adding
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sodium hydroxide and hydrochloric acid when necessary. The data was ob-
tained from the averaging of three measurements of 150 to 200 runs each.

2.2.2. Surface charge density determination

The density of charged surface groups, namely sulfate half-esters (—OSO3")
for CNC and carboxyl groups (—COQO") for TCNF, was estimated by conduc-
tometric titration. In Paper I, the titrations were carried out using an automatic
titrator from Metrohm (888 Titrando module combined with 856 conductivity
module and 800 Dosino dosing device); in the other papers, the titrations were
conducted manually with a SevenExcellence™ instrument equipped with an
InLab 731 ISM conductivity electrode and an InLab Expert Pro-ISM pH elec-
trode (Mettler Toledo).

The titration of prepared CNC and CelluForce™ CNC followed the same
protocol.!*! For the CelluForce™ CNC, a pre-treatment was required to remove
ionic impurities from the industrial process'*? and to ensure that all sulfate
half-esters were in acid (-OSOsH) rather than sodium (—OSOsNa) form,
which was achieved by passing a dialysed CNC dispersion through a strong
acid ion exchange resin (Dowex Marathon C, H* form, Alfa Aesar). The pre-
pared CNC (see 2.1.1), having undergone extensive dialysis, was already con-
sidered to be rid of free acid from the hydrolysis and fully protonated, and was
not further treated. A slight underestimation of its surface charge density could
thus be expected, although reasonable results were obtained (see 3.1).!%

For the titration, 3 mL of CNC dispersion were added to 120 g ofa 1 mM
sodium chloride solution and were titrated with sodium hydroxide (1.23 mM).
The added OH™ ions neutralise the protons that act as counterions for the
charged groups, inducing a decrease in conductivity, until the equivalent vol-
ume is reached and all the protons are consumed, after which the conductivity
increases again as more ions are added. Various parameters can be extracted
from the obtained equivalent volume, including the sulfate half-ester content
in mmol OSO;™ per gram of cellulose (Equation 2.1)!** or the sulfur content
%S (Equation 2.2):"3!
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X = Cou -Veq 2.1)

m

_ CoHu .Veq.Mw(S)

%S m.C

(2.2)

where X is the acid content (sulfuric or carboxylic), m and C are the dry mass
and concentration of the titrated suspension, Cpy is the titrant concentration,
Veq is the equivalent volume of titrant and My, (S) is the molar mass of sulfur.

The carboxylic content of the TCNF was titrated following an analogous
principle." The protonation of the carboxyl groups is much easier than for
CNC; the pH was simply brought below 2.5 using hydrochloric acid, which is
sufficient since the carboxylic acids are weak acids with a pK, between 3 and
4. The titration was again conducted with sodium hydroxide as a titrant until
the pH was higher than 11. The equivalent volume gave access to the carboxyl
content in mmol COO™ per gram of cellulose.'**

Additionally, zeta potential measurements were performed with the same
instrument and protocol as the DLS measurements (see 2.2.1). Each measure-
ment consisted of 150 to 200 runs for TCNF and colloidal silica, and 60 to
100 runs for CNC and MNT, after an equilibration time of 60 seconds.

2.2.3. Time-resolved SAXS measurements on levitating droplets

In Paper I, SAXS experiments were conducted at the ID02 beamline at the
European Synchrotron Radiation Facility (ESRF, France). Aqueous droplets
of 2-3 pL containing CNC and/or MNT were allowed to levitate in the acous-
tic field of a levitator (TECS, model 13K 11, f, = 100 kHz) while irradiated by
a rectangular X-ray beam with a spot size of 60 x 250 um? and a wavelength
of 1 A, which corresponds to an energy of 12.4 keV (Figure 2.4). The SAXS
data was collected for scattering vectors (q) between 0.0035 and 0.374 A~ on
a Rayonix MX-170HS CCD detector acquiring frames with an exposure time
of 30 ms, which gives the data a resolution of 2 s. Simultaneously, images of
the levitating droplets were recorded with a USB camera (1.3 Mpixels, 200x
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magnification) in order to couple the SAXS data to a certain droplet size and
therefore to a certain volume fraction in the system (see 3.1).
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Figure 2.4: Schematic representation of the acoustic levitation setup used for
the SAXS experiments of Paper I. Taken from Paper L.

2.2.4. Combination of rheology and SAXS measurements (Rheo-
SAXS)

In Paper II, Rheo-SAXS experiments were carried out at the SWING beam-
line of Synchrotron Soleil (France). 1.2 mL of aqueous dispersions were
loaded in an Anton Paar MCR 501 rheometer, in a concentric cylinder rheo-
logical geometry consisting of a polycarbonate bob and cup with a diameter
of 10 mm and a gap of 0.5 mm in which the dispersions were subjected to
rotational shear (Figure 2.5). During rotational rheological measurements, the
sheared dispersions were irradiated at an energy of 12 keV by a 388 x 8.1 um?
X-ray source. The SAXS data was recorded for scattering vectors (q) between
0.00154 and 0.31702 A~! using an EigerX4M detector with a 75 x 75 pm?
pixel size, operating in vacuum at a distance of 3.5 m from the samples and
collecting one frame per second.
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Figure 2.5: Photograph of the Rheo-SAXS setup used at Synchrotron Soleil in
Paper II. Taken from Paper II.

2.2.5. Rheological measurements

Other rheological measurements presented herein were conducted with an
Anton Paar Physica MCR 301 rheometer. 19 mL of dispersion was loaded in
a smooth metallic concentric cylinder geometry with a diameter of 27 mm and
a gap of 1.13 mm at 25°C.
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2.3. Characterisation of foams

The produced ice-templated foams (see 2.1.4) display anisotropic morphol-
ogies consisting of columnar macropores and foam walls containing na-
nopores. Two main directions will be defined: the axial direction is parallel to
the axes of the macropores, while the radial direction is perpendicular to these
axes (Figure 2.6).

A

Nanoporosity
LI i L

Axial direction

Macroporosity

Radial direction Foam wall

Figure 2.6: Schematic representation of the axial and radial directions in FC
foams, as well as the two types of porosity they display. Adapted from Paper
V.

2.3.1. Scanning Electron Microscopy (SEM)

SEM was first and foremost used for observing the global morphology of
the foams, from two different angles: the cross-sectional view (perpendicular
to the columnar macropores’ axes) provides information on the macropore
shape and diameter, as well as a rough estimate of the foam wall thickness,
while the axial view (parallel to the macropores’ axes) can be used for the
assessment of the orientation of the macropores. As high magnifications are
not required for such considerations, a tabletop microscope was routinely used
(Hitachi TM-3000) with accelerating voltages of 5 or 15 kV and magnifica-
tions of x100—-250. The average macropore diameter was manually estimated
from cross-sectional images using ImagelJ, while the degree of orientation of
the columnar macropores was calculated from axial images via an Imagel
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plugin called Orientation], based on the computational determination of an
orientation index from the local orientation at each pixel (see Paper VII). For
silica:TCNF foams, the same tabletop microscope was used to perform EDS
and confirm the homogeneous dispersion of colloidal silica in the TCNF ma-
trix.

To further elucidate the features of foam walls, HRSEM was carried out
using two different microscopes (JEOL JSM-7000 and JSM-7401F). For CNC
foams, an accelerating voltage of 15 kV was used at magnifications of
x50-750. For silica:TCNF foams, an accelerating voltage of 1 kV and a work-
ing distance of 6 mm were used at magnifications of x5 000—-45 000. To im-
prove the quality of the images, mild gold sputtering was sometimes used on
the foam pieces.

2.3.2. Quantification of particle orientation

The extent to which CNM particles were aligned in FC and FD foams was
evaluated by XRD on foam slices, cut along the direction of the macropores’
axes. A Bruker D8 Venture single-crystal diffractometer with a shutter-less
Photon 100 CMOS detector was used, as foam pieces could not be conven-
iently accommodated in the available powder diffractometers. In Paper IV, the
CNC-based foams were exposed to copper Ka radiation for 180 s. In Paper V,
the TCNF-based foams were exposed to molybdenum Ka radiation for 150 s.
In both cases, the sample-to-detector distance was set to 100 mm.

The collected 2D diffraction patterns displayed powder-like rings, the most
intense one corresponding to the (200) lattice plane of the monoclinic structure
of Ip cellulose (6 = 11.4°) and being the only one considered for the following
analysis (Figure 2.7). Unlike for powder samples, variations in intensity along
the (200) ring can be observed, caused by the inhomogeneous distribution of
crystal unit orientations. Indeed, each position on the ring can be associated to
an azimuthal angle ¢, which can itself be assimilated to the angle between the
main axis of the crystal unit and a reference axis (in our case, the columnar
macropores’ axes).'*> Usually, two diametrically opposed regions display a
higher intensity on the sides of the ring, indicating that a majority of crystal
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units are oriented along the macropores’ axes direction (Figure 2.7). The
breadth of the brighter regions gives access to the degree of orientation of the
crystal units and therefore of the CNM particles along the macropores’ axes,
that is to say along the freezing direction. Image processing of the 2D patterns
using ImageJ allows for the azimuthal integration of the intensity along the
ring: plotting the intensity versus the azimuthal angle thus reveals two peaks
corresponding to the two brighter regions seen on the 2D pattern.
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Figure 2.7: Information obtained from 2D XRD patterns of CNM foams.
(Top) Radial integration is shown to highlight the main peak corresponding to
the (200) reflection and confirm the crystal structure of cellulose. (Bottom)
Azimuthal integration leads to the assessment of particle orientation by inte-
grating or fitting the obtained azimuthal profiles. Adapted from Paper IV and
with permission.'*® Copyright 2014, IOP Publishing.

In our first effort to quantify particle orientation in FC and FD TCNF foams
(Paper VI), the azimuthal peaks were fit with Gaussian functions of which the
FWHM was directly linked to the degree of orientation f, following Equation
2.3:
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180 - FWHM
f=—F0 (2.3)

Although this method is a relatively simple and widely used one, providing
straightforward values comprised between 0 and 1,'3>!37 Burger et al. state that
the use of “traditional peak profiles like Lorentzians and Gaussians™ is “usu-
ally not a valid approach” for angular distributions such as the azimuthal inte-
grations studied here.!*® Another rather common approach was thus preferred
in Paper V, relying on the determination of Hermans’ orientation parameter
(fu) from Equations 2.4 and 2.5:

_ 3(cos?p)—1

fu = oo (24)
Zn/zl((p)s'n(pcoszqo
(cos?p) = 207 2.5)
o I(p)sing

where ¢ and I(¢) are the azimuthal angle and the corresponding intensity, re-
spectively.!*® fiy typically ranges between —0.5 and 1, with a value of 1 indi-
cating an ideal alignment along the studied direction, a value of 0 indicating
complete disorder and a value of —0.5 indicating ideal alignment perpendicu-
larly to the studied direction. Finally, in Paper IV, an alternative method for
calculating Hermans’ orientation parameter (P,) was used in an attempt to re-
duce instabilities in the results due to peak asymmetry and noisy signal, via
Equations 2.6 and 2.7:

1(¢) = ¥3-0 anPan(cos $) (2.6)

p,=% 2.7)

Equation 2.6 consists in a Legendre series expansion used to fit I(¢), where
P,,, are even Legendre polynomials and a,, their corresponding fitting coefti-
cients. Equation 2.7 provides a value for Hermans’ orientation parameter after
the fitting coefficients have been normalised to a, = 1. The Legendre series-
based method was similarly used in Paper II with SAXS data and a higher
polynomial degree (n =5 instead of 2) (see 3.2).
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2.3.3. Assessment of macroporosity and nanoporosity

The total porosity (IT) of the foams was calculated from their apparent den-
sity (Papp, mass divided by manually measured volume, using a calliper) and
their skeletal density (pgker), Obtained from the literature and usually chosen
as 1500 kg'm™ for cellulose,* according to Equation 2.8:

Mm=1- 2 (2.8)

Pskel

The nanoporosity of the foams was determined by nitrogen sorption meas-
urements (ASAP 2020, Micromeritics Instrument Corporation). The adsorp-
tion and desorption phases were preceded by a degas phase of at least ten hours
at 80°C. The BET model'** was used to estimate the surface area of the foams
and the average nanopore diameter and cumulative volume of nanopores (for
diameters between 17 and 3000 A) was estimated using the BJH model.'*' For
the average nanopore diameter and cumulative volume of nanopores, the pre-
sented results are the average of the values corresponding to the adsorption
and desorption cycles. The volume of macropores can finally be deduced by
subtracting the cumulative volume of nanopores from the total porosity of the
foams.

2.3.4. Mechanical compression experiments

The foams’ response to axial mechanical compression was characterised
with an Instron 5966 universal testing machine, using a 100-N load cell. The
specimens were conditioned for at least 24 h at 23°C and 50% RH and the
measurements took place under the same conditions, with a compression rate
of 2 mm.min™" or 10%.min""!, which is practically the same given that the sam-
ples’ height was always close to 2 cm. The stress—strain curves typically dis-
played three deformation regimes (Figure 2.8), namely a linear-elastic defor-
mation regime, a plateau corresponding to buckling and a final increase due
to the densification of the compressed foam.!** The toughness of a specimen
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was defined as the area under the stress—strain curve up to 60 or 70% strain,
depending on whether some foams in the tested ranges were too dense to be
compressed over 60%.'** The compressive Young’s modulus was automati-
cally determined by the BlueHill Universal software from the slope of the in-
itial linear-elastic deformation region of the stress—strain curves. For each
composition, a minimum of five specimens was tested.
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Figure 2.8: Typical stress—strain curve for a FC and FD foam, with schematic
illustrations of the deformations undergone by the columnar structures across
the various regimes. Taken from Paper V.
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2.3.5. Moisture uptake measurements

The moisture uptake of the foams was estimated by assessing their water
vapour sorption isotherm through mass variations under controlled RH and
temperature in a humidity chamber (Climacell Evo, MMM group).'** After a
first drying cycle at 40°C and 20% RH, the foams were conditioned for 6 h
each at 22°C and successively 20, 35, 50, 65 and 80% RH, with their masses
and therefore their water content measured every five minutes.

2.3.6. Thermal conductivity measurements

The thermal conductivity of the foams was measured using a transient
plane source (TPS) hot disk device (TPS 2500 S Hot Disk Thermal Constants
Analyzer), operated in anisotropic mode in order to access two different ther-
mal conductivity values, one in the radial direction and one in the axial direc-
tion (Figure 2.9).!%

Controlled RH and
temperature

Transient Plane
Sensor

:> Foam specimens

Figure 2.9: Simplified schematic illustrating the principle of the hot disk tech-
nique to measure thermal conductivity under controlled atmospheric condi-
tions. Adapted from Apostolopoulou-Kalkavoura et al."*® Copyright 2020,
Elsevier.
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To access the thermal conductivity values, the Cp of the foam at a given
RH (Cp,,,,) must be known; this can be calculated using the rule of mixtures,

giving Equation 2.9:
CPwet = (1 - WHZO) ) dery + CPHZO *Wh2o (29)

where Wy, is the water content (in mass fraction) measured in section 2.3.5,
C Pr,0 is the Cp of water, obtained from the literature, and Cp dry is the Cp of

the foam in dry conditions. The latter was determined, after drying overnight
at 105°C, by DSC (Mettler Toledo 820 in Paper IV, Mettler Toledo DSC1
STARe System in Paper V) under nitrogen atmosphere for temperatures be-
tween —20 and 50°C, scanned at a rate of 10 K-min~'. The rule of mixtures
was again used in the case of composite foams, combining the DSC measure-
ments of the single components.

Various transient plane sensors were used based on the foam density (3.2
mm radius for CNC foams, 6.4 mm radius for TCNF foams) and were inserted
between two identical foam specimens of approximately 4 cm diameter and 2
cm height, with a small weight placed on top of the resulting sandwich to en-
sure proper thermal contact. The system was then placed in a customised
cell'** that allowed the RH to be controlled, from 2 to 80%, via a P2 Cellkraft
humidifier.!*” The heating power and measurement time were set to 10 mW
and 5 s for low-density CNC and CNC:MNT foams, 10 mW and 10 s for high-
density CNC foams, and 20 mW and 10 s for silica:TCNF foams. For each
pair of foams and each RH value, five measurements were carried out at 22°C,
spaced at 15 min intervals. The most fragile foams shrank slightly during the
measurements, affecting their density, which was corrected for by measuring
the specimens’ dimensions after the experiments as well as during the cycles
described in section 2.3.5. It is worth noting that the directly measured param-
eter is the radial thermal diffusivity'*®, from which the radial and axial thermal
conductivities and the axial thermal diffusivity are calculated by the instru-
ment using all the previously mentioned input parameters (see Paper VIII).
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3. Assembly and alignment of CNC and
clay nanoplatelets (Papers I-II)

The two synchrotron-based studies presented in this section aimed to apply
to composite dispersions a set of techniques previously used to describe the
self-assembly of CNC. The goal was to expand the knowledge they can bring
to multi-component complex systems, which is essential in order to elucidate
the co-assembly behaviours that could be at play during the processing of
composites. The studies involved specific sample environments such as
acoustically levitating droplets (Paper I),'**!3° and X-ray-transparent concen-
tric cylinder rheological cells (Paper I1).**!3! The ability of CNC to form struc-
tures that can be easily visualised with scattering techniques makes them suit-
able for SAXS studies of colloidal self-assembly. The CNC were paired with
MNT in an attempt to gain fundamental insights about the assembly and pro-
cessing of this promising material combination.

3.1. Assembly in levitating droplets probed by time-
resolved SAXS (Paper I)

Assessing colloidal self-assembly in levitating droplets'

offers multiple
advantages compared to more traditional experimental environments such as
capillaries or sessile and pendant drops, as it is a substrate-free method and
does not require any added surfactants to stabilise the air-water interface. A
particularly attractive feature of levitating droplets is the possibility to follow
the size of the droplet and thus track a system over a broad concentration range
as the droplet slowly evaporates. The acoustic levitator setup in use here had
already led to published results,'*!* in particular for the study of CNC dis-

persions. We aimed to use the ID02 beamline at the ESRF (see 2.2.3) to probe
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the assembly of CNC with high accuracy and time-resolution and investigate
the co-assembly of CNC and MNT over a broad concentration range.

The aqueous droplets were allowed to slowly evaporate, typically drying
out after 20 to 40 minutes. In fact, it is not clear whether a completely dry state
was reached, as complex phenomena such as crust formation can occur in dis-
persions. However, the analysis of the camera images depicting the droplets
throughout the experiments revealed that the evaporation process always fol-
lowed two commonly observed regimes:'>? the droplet volume first shrank,
then remained constant, reaching either a dry state or a more complex semi-
dry state (Figure 3.1). In all cases, the estimation of the droplets’ volume frac-
tions could only be achieved during the shrinking phase, provided that the
initial volume fraction (and droplet volume) was known. Considering that the
stationary acoustic field slightly compresses the droplets in the vertical direc-
tion, the size of the droplets was estimated by elliptical fitting, with two dif-
ferent radii (o0 and B). Assuming the vertical symmetry of the droplets, their
fitting to an ellipsoid, with a as the vertical radius and P as the two horizontal
radii, can be obtained, of which the surface area and equivalent square diam-
eter (8%) could be extracted. The latter is defined as the square diameter of a
sphere possessing the same surface area as the ellipsoid under study and is a

frequently used parameter when describing levitating droplets,'>* which is ob-
tained via Equation 3.1:
(a2)1'6+2 (ap)t® %
52 = 4 (f) 3.1)

During the shrinking regime, the temporal evolution of &> followed a parabolic
decrease that could be fit, thus associating an equivalent square diameter to
each timestamp of the experiment, and by extension a droplet volume (V) and
volume fraction (¢) via Equations 3.2 and 3.3:'%

4 52 1.5
v=in(%) (3.2)
_CoWp
=Sk (3:3)
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where Cy is the initial mass concentration of the dispersion from which the
droplet was produced, Vy is the initial volume of the droplet and p is the den-
sity of the dispersed nanoparticles (Figure 3.1). The error on the volume frac-
tion estimation was propagated from the images’ pixel size and also took into
account possible errors on the initial mass concentration and droplet stabilisa-
tion time in the acoustic field.
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Figure 3.1: Time-dependent monitoring of the equivalent square diameter (§2)
and estimated volume fraction of a levitating droplet of aqueous CNC suspen-
sion. The schematics on the right side summarise the extraction of the equiv-
alent square diameter from the camera images of the droplets. Adapted from
Paper L.

The volume fractions that could be studied in a CNC droplet approximately
ranged from 1 to 60 vol%, after which the droplet volume became constant.
The CNC were prepared in the lab (see 2.1.1) with dimensions, determined by
AFM, of a thickness of 43 + 13 A and a length of 1540 = 440 A. The fact that
the intensity in the low-q range displayed power-law scalings without any vis-
ible plateau (Figure 3.2) indicates that the main dimension of the CNC parti-
cles, i.e. their length, falls outside of the studied q-range, which was expected
from the AFM estimates. The exponent of the power-law scalings gradually
increased with increasing volume fraction, from q ' to approximately q*,
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which suggests that the CNC particles interacted and formed assemblies that
eventually became too large to be probed in the available q-range with increas-

ing particle concentration.'>*

The CNC particle dimensions could also be obtained from the SAXS data,
by fitting the curves corresponding to low volume fractions using a parallele-
piped form factor'®® and a hard sphere structure factor (Figure 3.2). The best
fit corresponded to a thickness of 34 A and a length of 181 A, in rather good
agreement with the values obtained by AFM, although the thickness obtained
from the SAXS curves is slightly lower. It is worth noting that, whereas AFM
and other imaging techniques inevitably characterise a limited number of par-
ticles, SAXS data probes a relatively large volume and could therefore be con-
sidered more legitimate when it comes to providing averaged characteristics.
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Figure 3.2: SAXS curves corresponding to aqueous CNC droplets and black
lines corresponding to a parallelepiped form factor and a hard sphere structure
factor at lower concentrations (left) and to the broad-peak model at higher
concentrations (right). Adapted from Paper L.

The curves corresponding to higher volume fractions displayed a broad
shoulder towards high q values and were thus fitted using a function called
”broad-peak” (Figure 3.2), composed of a power-law or Porod term and a Lo-
rentzian term, as shown in Equation 3.4:!%
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A B
1D = &+ T

+ background 3.4
where A and n are the low-q power-law scale factor and exponent, respec-
tively, B and m are the (high-q) Lorentzian scale factor and exponent, respec-
tively, qmax 18 the peak position and & is a characteristic dimension called the
Lorentzian screening length. The obtained Porod exponents (n) approached
values around 2.0-2.2, which are characteristic of gel-like behaviours.!>®!%" In
a gel-like system, while the Lorentzian screening length (&) can be associated
to a mesh size relative to the particle network; '>® here, the value decreased
from 29 A at 24 vol% to 20 A at 57 vol%. Finally, SAXS curves corresponding
to the supposedly dry state displayed signs of a long-range assemblies (n close
to 4) and short-range ordering into mass fractal structures (m = 2.3), indicating
that the evaporation-based assembly in levitating aqueous droplets containing
CNC can lead to ordered assemblies up to very high volume fractions, as it
has been observed by SEM.!'?°

The center-to-center separation distance, or d-spacing (d), was retrieved
from the position of the structural peak that dominates in the available q range,
i.e. the peak maximum (qmax) and Equation 3.5:

2m

d= 3.9

dmax

In a previous study from our group,'>® a levitating droplet of an aqueous CNC
dispersion was followed from 1 to about 40 vol% and a succession of power-
law scalings could be observed between d and the volume fraction ¢ (Figure
3.3). The gradually increasing scaling exponents were interpreted as an indi-
cator of various assembly regimes, from the early isotropic contraction of a
system of freely rotating isolated nanoparticles (d e ¢'*) to the unidimen-
sional compression of close-packed nematic assemblies (d o« ¢!), above 23
vol%. We observed a d « ¢! scaling from 1 vol% to approximately 35 vol%,
and a d o ¢! scaling only at the highest investigated volume fractions (Figure
3.3). It is commonly accepted that a competition exists in CNC aqueous dis-
persions between gelation and the formation of chiral nematic liquid crystal-
line phases.'® The d « ¢~ scaling, characteristic of nematic phases of col-

160

loidal rods,'® indicates that gelation locked the system’s evolution into a
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glassy state at relatively low volume fractions, and unidimensional compres-
sion occurred at much higher volume fractions than in the previous study. It
should be noted that the comparison is based on the assumption that possible
errors on volume fraction estimation or differences in SAXS data quality be-
tween the two studies are small. Additionally, the d values at the highest vol-
ume fractions in both studies were very similar, around 50-60 A, indicating
that the rod-like particles pack very closely.
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Figure 3.3: Power-law scalings between the center-to-center CNC particle dis-
tances (d) and the volume fraction, for the study presented in this section (left,
Paper I) and a previous study (right, adapted from Liu et al.'>’, published by
The Royal Society of Chemistry).

Focusing on the highest volume fractions, it is worth noting that a linear
relationship was found between the d-spacings and the corresponding inverse
volume fractions, which allowed us to get another estimate of the CNC aver-
age particle thickness. Indeed, assuming that this method, usually used for la-

mellar clay systems, 67162

could be transposed to a CNC close-packed assem-
bly, the average thickness obtained from the slope of the linear fit, 31 A, was

very close to that obtained from the low-¢ SAXS curves (34 A).

Before moving on to CNC:MNT mixtures, a few observations on MNT-
only levitating droplets should be made, most of them corroborating previous
findings. The low-¢ SAXS curves were fitted to a parallelepiped model, yield-
ing a thickness of 9.6 A and an average platelet size of 1319 x 985 A2, The
obtained thickness is in good agreement with previous estimates of the platelet
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thickness of MNT.!®3164 The platelet size also correlated well with TEM im-
ages, from which the average platelet diameter was found to be 1220 + 650 A.

Low-q power-law scalings started from q 2 at low ¢, as expected for well-

dispersed bidimensional platelets,

and progressively increased up to q>2,

which does not relate to well-known structures but could indicate the coexist-
ence of solvent-rich and solvent-poor regions due to heterogeneous drying, as

observed in other clay systems.!*¢!¢” The evaporation of the MNT aqueous
droplet was accompanied by two main features in the SAXS curves (Figure
3.4). At intermediate ¢, a diffuse peak appeared, which could relate to the
formation of "liquid-like” structures.'®> At higher ¢, the diffuse peak gradually
disappeared while a correlation peak, characteristic of the stacking of MNT
platelets, appeared at q = 0.33 A™' and became increasingly intense. The cor-
responding d-spacing decreased to 19 A (Figure 3.4), which is a commonly
found value for stacked MNT platelets separated by water layers of about 10
A 165168 The average number of platelets per stack (or per tactoid), <N >, was
estimated by Gaussian fitting of the structural peak and using the resulting
FWHM and the Scherrer relation (Equation 3.6), displaying values above 7 at

the highest observed volume fractions (Figure 3.4).
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Figure 3.4: (Left) Kratky visualisation of SAXS curves corresponding to a
MNT droplet at various volume fractions indicated in the legend. (Right) D-
spacings between MNT platelets (black) and average number of MNT plate-
lets per tactoid (< N >, red) as a function of volume fraction. Inset: Gaussian

fit for a high volume fraction correlation peak. Adapted from Paper L.
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The CNC:MNT mixtures were studied at two different weight ratios, from
here on called CNC:MNT 5:1 and CNC:MNT 2:1, respectively, and with an
identical amount of MNT in both mixtures. The total volume fractions at the
start of the recording were 1.8 and 1.6 vol%, respectively. In general, the
SAXS curves for both mixtures looked similar to the SAXS curves collected
from the CNC-only droplet (Figure 3.5). The structural peak characteristic of
CNC ordering is evident and more intense in the CNC:MNT 5:1 than in the
CNC:MNT 2:1 dispersions, which indicates that the packing of CNC domi-
nate the structural features of the mixed dispersions.
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325
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Intensity (=)
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Figure 3.5: SAXS curves corresponding to the CNC:MNT 5:1 mixture and
black lines corresponding to a parallelepiped form factor and a hard sphere
structure factor at lower concentrations (left) and to the broad-peak model at
higher concentrations (right). Adapted from Paper I.

The structural peak measured for the CNC:MNT mixtures progressively
shifted to higher q values as the volume shrank, but the main difference be-
tween the mixtures and the CNC-only system lies in the ¢ at which the SAXS
curves could be fitted with the broad-peak model, that is to say when close-
packing could be observed. Indeed, the lowest ¢ at which broad-peak fitting
could be performed was 24 vol% for the CNC-only system, but the high-q
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shoulder appeared earlier in the mixed dispersions and broad-peak fitting
could already be achieved at total volume fractions lower than 16 vol%. This
suggests that MNT facilitate the close-packing of CNC. The mesh sizes were
found to depend on the composition and concentration of the dispersions: at
32.4 vol%, the mesh size was equal to 35 A for the CNC:MNT 2:1 mixture
(which contains 33% MNT) and 29 A for the CNC:MNT 5:1 mixture (which
contains 17% MNT), while the fit of the curve corresponding to the 32.0 vol%
CNC-only dispersion gave a mesh size of 26 A (Table 3.1). It therefore ap-
pears that, although MNT promoted the close-packing of CNC, its presence
could inhibit close-packing. At very high volume fractions, particularly above
48 vol%, the structural peak became broader, which indicates that the degree
of disorder increased.

Dispersion Volume  Porod Lorentzian Mesh size,
mixture Fraction exponent, n exponent, m  {(A)
(vol%)
CNC:MNT =5:1 15.7 2.1 2.4 47
32.4 22 2.8 29
48.4 2.3 2.3 25
CNC:MNT =2:1 15.7 2.5 22 39
324 1.8 2.3 35
48.0 2.1 2.3 30

Table 3.1: Fitting parameters obtained from the broad-peak model applied to
the high volume fraction CNC:MNT SAXS curves. Adapted from Paper 1.
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3.2. Assembly and orientation under rotational shear
probed by Rheo-SAXS (Paper II)

While levitating droplets are mainly used to probe assembly phenomena in
bulk in a substrate-free environment, studying the behaviour of CNC disper-
sions in environments simulating in operando conditions is necessary to un-
derstand orientation and assembly during processing. In particular, the na-
noscale behaviour under shearing conditions and while relaxing after shear
has stopped could help in understanding and optimising many processes.?’
Rheo-SAXS setups have been used to shed light on the flow behaviour of
CNC rods.3#3615L169.170 T experiments at Synchrotron Soleil (see 2.2.4), we
have used this approach to investigate the influence of MNT on the orientation
and relaxation of CNC.

The CNC:MNT system studied here is analogous to the one mentioned in
section 3.1, with the same MNT source, although we replaced the CNC pre-
pared in the lab by commercial CelluForce™ CNC (see 2.1.3). Analysis of
AFM images of CNC yielded average lengths and thicknesses of 173 41 nm
and 4.3 £ 0.8 nm (giving an average aspect ratio of 40), which compared well
to the prepared CNC (see 3.1), as did the average zeta potentials (see Table
2.1). Chiral nematic domains usually begin to be observed in CelluForce™
CNC at a concentration around 3.5 wt%,'*? which is the main reason why we
chose a working concentration of 3.6 wt% for CNC in the dispersions; that is,
we wanted to assess whether the formation of such domains would somehow
hinder the orientation of CNC particles under shear. Visual assessment be-
tween cross polarisers showed that the dispersions consisted of a single bire-
fringent anisotropic phase, which can be described as a colloidal glass,'”! and
no phase separation took place even after long waiting times. This is supported
by a theoretical estimate of the onset of formation of colloidal glass phases,
which is assumed to be inversely proportional to the particle aspect ratio,*
and yielded a concentration around 2.8 wt% based on the measured AFM di-
mensions.

The rheological test performed during the Rheo-SAXS measurements was
chosen in order to simulate basic shear conditions that can be encountered in
a number of processes, such as extrusion, spinning or 3D printing, in which
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strong shear periods are followed by a resting phase once the material acquires
its final shape. We therefore opted for a sequence similar to creep-and-recov-
ery tests, in which one-minute shearing regimes were alternated with five-mi-
nute low-shear relaxation regimes (Figure 3.6). At each new shearing step, the
shear rate was increased by an order of magnitude. SAXS patterns were col-
lected radially to the flow direction and the orientation of the CNC along the
flow direction was assessed by azimuthal integration of the 2D patterns and
fitting of the resulting profiles using a Legendre series expansion that gives
access to Hermans’ orientation parameter, P, (see 2.3.2). P, values provide a
quantification of the shear-induced orientation of CNC particles, with higher
values corresponding to greater orientation.

The reference dispersions, which contained only CNC at a concentration of
3.6 wt%, were readily oriented by the shear flow at all investigated shear rates,
with P, values close to 0.3 already at a shear rate of 1 s, and increasing to
0.43 at 1000 s~! (Figure 3.6). However, after the 1000 s™! shearing regime, the
orientation was rapidly lost when the high shearing was stopped (lowered to
0.1 s~! during the relaxation regimes) (Figure 3.7). A plateau below P, = 0.1
was indeed reached after only ten seconds for the CNC-only dispersion, which
suggested that most of the shear-induced orientation relaxed relatively
quickly. Interestingly, the relaxation of the shear-induced order in CNC:MNT
composite dispersions was more complex, slower and incomplete compared
to the CNC only dispersions. A dispersion containing 3.6 wt% CNC and 0.5
wt% MNT displayed a small decrease in P,, from 0.48 to reach a plateau at
around 0.37 after five minutes relaxation. The mixed dispersion containing
3.6 wt% CNC and 2.5 wt% MNT showed no loss in orientation at all during
the low-shear period, with all P, values slightly fluctuating around 0.47
throughout the relaxation period. It is also worth noting that, under a shear rate
of 1000 s7', the P, values for the CNC:MNT mixtures were comparable to and
in fact slightly higher than for the CNC-only dispersion, suggesting that the
MNT platelets did not prevent the CNC rods to align in the flow direction.
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Figure 3.6: Rheo-SAXS experiments and orientation assessment. (Top)
Visual description of the succession of shearing (red) and relaxation (green)
regimes during Rheo-SAXS experiments, superimposed with a typical viscos-
ity versus time curve. (Bottom left) Radial profile of a SAXS pattern obtained
for a 3.6 wt% CNC dispersion, highlighting the position of the structural peak
and its position on a 2D pattern. (Bottom right) Azimuthal profiles of CNC
structural peaks during shearing regimes of various shear rates, accompanied
by the corresponding P, values in insets. Adapted from Paper II.
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Figure 3.7: Relaxation and viscosity of CNC-only and CNC:MNT disper-
sions. (Left) Evolution of P, during the relaxation regime. (Right) Viscosity
against shear rate. Adapted from Paper II.

The addition of increasing amounts of MNT thus appeared to increasingly
inhibit the relaxation of the shear-induced CNC orientation. Both the CNC-
only and the mixed dispersions were shear-thinning, with viscosities at 1000
s being two to four orders of magnitude lower than at rest, usually between
0.01 and 0.1 Pa-s. The CNC 3.6 wt%/MNT 2.5 wt% dispersion displayed a
low-shear viscosity that was almost 50 times higher than the CNC-only dis-
persion (489 Pa-s against 10 Pa-s), however the CNC 3.6 wt%/MNT 0.5 wt%
dispersion was actually the least viscous (5 Pa-s), while the relaxation process
was slower than in the more viscous CNC-only dispersions. The partial preser-
vation of orientation in the mixed dispersions is probably related to a combi-
nation of rheological considerations and the fact that co-assembly between
CNC and MNT could lock the shear-induced aligned arrangements.
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4. Anisotropic CNM-based foams for
thermal insulation (Papers IH1-IV)

4.1. Thermal conductivity and heat transfer in cellulose
and multiscale CNM-based composite foams
(Paper 11)

The potential of CNM for thermal insulation has been demonstrated for
isotropic foams and aerogels, sometimes reaching super-insulating perfor-
mance (see 1.2.4).2%49%172 Cellulose, however, is an anisotropic molecule and
CNM is a nanoparticle that consist of bundles of parallel cellulose chains. The
anisotropic properties of CNM mainly stem from the difference in direction
and strength of the molecular bonding, with strong covalent bonds and intra-
molecular hydrogen bonds present along the chain axis (axial direction), while
intermolecular hydrogen bonds and weaker van der Waals interactions domi-
nate perpendicular to the chains (radial direction).!”>!”* Solid conduction is
therefore much larger in the axial direction than in the radial direction, as ex-
plained in 1.2.3. As a result, CNM are anisotropic nanoparticles with aniso-
tropic intrinsic properties, including thermal conductivity. The modelling of
heat transfer properties for cellulose I crystals, a monoclinic structure that
predominates in plant sources,'® yielded thermal conductivity values of 900
mW-m “K! along the chain axis, and 240 and 520 mW-m *K"! perpendicu-
larly.'3¢ For a single CNC particle (i.e. a bundle of cellulose chains), the esti-
mated anisotropy in thermal conductivity, i.e. the ratio of the axial to the radial
thermal conductivity, attained a value of almost 8.!”° By aligning CNM parti-
cles as much as possible via various processes, the anisotropic thermal prop-
erties of cellulose can be extended to the macroscopic scale; for example,
Uetani et al.'”® achieved an anisotropy ratio of 8.5 in nanopapers made from
shear-aligned tunicate nanowhiskers.
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We have used unidirectional ice-templating, also known as freeze-casting
(FC), to prepare foams with aligned CNMs (see 2.1.5). This technique, which
was introduced in the field of ceramics but has recently been applied to the
177178 generates porous assemblies or ar-
chitectures'” where TCNF and CNC particles are preferentially aligned in the
freezing direction (see Paper VI). After a drying phase, generally performed
by supercritical drying or freeze-drying (FD), the resulting foams usually dis-
play columnar macropores separated by walls that consist of densely packed
particles. The two main directions, along the freezing direction and the
macropores’ axes, and perpendicularly to them, will be from here on referred
to as the axial and radial directions of the foams, respectively (see Figure 2.7).

fabrication of various biomaterials,

Alternatively, multi-component and/or multiscale foams can be used to
control the heat transfer properties (Figure 4.1).°71921% [sotropic materials
containing multiple components (including at least one cellulosic component)
were more thermally insulating than analogous materials that only contained
the cellulosic component. This enhancement can be attributed to the hierar-
chical porous structures as well as enhanced heat dissipation by phonon scat-
tering at heterogeneous solid—solid interfaces. By combining such phenomena
with anisotropic structures obtained by ice-templating, Wicklein et al.!* at-
tained some of the lowest radial thermal conductivity values ever reported for
CNM-based foams (15 mW-m -K ™), with foams consisting of TCNF, gra-
phene oxide, boric acid and sepiolite clay. The outstanding values reported for
these complex CNM-based composites support the idea that low thermal con-
ductivities in a specific direction can be achieved via the elaboration of mul-
tiscale architectures featuring several components and alignment of CNM par-
ticles.

48



[ Multiscale composites
Reference materials

Bendahou et al. [102] _—

CNF

Seantier etal. 197] -

Pristine cellulose

Zhou et al, [104]
CNF

T T T T T T 1

T T
10 15 20 25 30 35 40 45
Thermal conductivity (mW-m=".K-")

o

Figure 4.1: Comparison between multiscale cellulose or CNM-based compo-
site foams and aerogels, and the corresponding single-component cellulosic
materials. Adapted from Paper III.

4.2. Thermal conductivity of anisotropic CNC foams
(Paper IV)

Freeze-cast (FC) and freeze-dried (FD) TCNF foams can be stable at low
densities (typically 5—6 kg'-m~) and display very low thermal conductivity
values (see Paper VI and VIII); however, they still fail to meet some essential
criteria for applicability as thermal insulators, in particular due to their rela-
tively low mechanical strength. Their strength can be improved by reinforcing
the cellulosic backbone, which can be accomplished by either increasing the
density or adding other compounds, e.g. inorganic nanoparticles. Unfortu-
nately, the preparation of FC TCNF-based foams is limited by the high vis-
cosity of the corresponding dispersions, due to their very low gelation thresh-
old, which makes it difficult to handle and process dispersions above 1.5-2
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wt%. CNC dispersions can be handled and processed at much higher concen-
trations, which allows for the fabrication of dense and strong CNM-based
foams.

CNC foams!?718%181 have been far less studied than their TCNF counter-
parts, in particular when it comes to heat transfer mechanisms. The commer-
cial availability of CNC enables and simplifies studies that require larger
amounts of material, and we have used CelluForce™ CNC to investigate FC
and FD foams of varying densities, with a focus on thermal conductivity.

CelluForce™ CNC (see section 3.2 for details on the particle characteristics)
were used to prepare dispersions with concentrations ranging from 2.0 to 10.5
wt% (Figure 4.2); higher concentrations were too viscous to be easily handled.
The resulting FC and FD foams displayed densities ranging from 25 to 129
kg-m~. From here on, the foams with a density of 25 kg-m™ will be referred
to as CNCys, and idem for foams with other densities. These foams, like re-
ported FC CNC foams (Paper VI), had largely columnar macropores along the
freezing direction, with elongated and locally lamellar cross-sections, in con-
trast to TCNF foams, which usually display more honeycomb-like cross-sec-
tions (Figure 4.2). SEM images of the foam cross-sections showed that the
average foam wall thickness increased with increasing density, from a few
hundreds of nm to 4 um. The anisotropy of the foams’ morphology, estimated
from the macroporous columnar alignment from axial SEM images (see
2.3.1), was high and decreased only slightly with increasing density, from 87
to 78% (Figure 4.2). Within the foam walls, the particle orientation was eval-
uated by Hermans’ orientation parameter P,, obtained via XRD measurements
(see 2.3.2). The P, values remained in a rather narrow interval, between 0.33
and 0.49 (Figure 4.2), suggesting a rather good CNC alignment at all densities
with a slight decrease with increasing density. The CNC,s foams displayed the
lowest orientation, possibly due to a slight damaging of these most fragile
foams during handling prior to the XRD measurements. In summary, all the
CNC foams tested in this study showcased a very good macroporous align-
ment and a rather good particle orientation, which allows us to reasonably rule
out structural differences to explain thermal conductivity variations with den-
sity, except maybe for the foams with the lowest and highest densities due to
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the fragility of the CNC,s foams, and loss of orientation in CNCsg to CNCja9
foams.
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Figure 4.2: (Top) CNC dispersion concentration range used in Paper IV and
resulting foam density range, with SEM cross-sectional images of the
macroporous structure. (Bottom) Assessment of the structural order in CNC
foams, as macroporous columnar alignment (left) and Hermans’ orientation

parameter, referring to particle orientation in foam walls (right). Adapted from
Paper IV.
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The gravimetrically determined total porosity of the foams naturally de-
creased with increasing density, from 98.3 to 91.3% in dry conditions, while
the macroporous morphologies remained similar.

The nanopore volume first increased from 4.3 mm*g™! (CNCas foams) to
7.5 mm*-g~' (CNC;4 foams), then decreased with increasing density to a min-
imum value of 1.6 mm?g~! (CNCss and CNC 2y foams) (Figure 4.3). The max-
imum nanopore volume was reached for foams obtained from 3 wt% CNC
dispersions. Denser foams that were produced from dispersions with concen-
trations above 3.5 wt%, are expected to be influenced by anisotropic chiral
nematic domains,'*? as seen in section 3.2.%An increase in the dispersion con-
centration up to 3 wt% is expected to inhibit the rotation and alignment of the
CNC along the freezing direction, creating more defects in the alignment and
therefore more interstices, contributing to a higher nanopore volume in the
foams. From 3.5 wt% on, however, the chiral nematic arrangements and the
densification of these arrangements as the ice grows is expected to result in
dense packed walls. The average diameter of the nanopores ranged between 7
and 10 nm for all the investigated foam densities.

The radial (A;) and axial (Aa) thermal conductivities of the CNC foams were
measured at various RH but the trends with respect to density remained similar
and we will thus focus on the 50% RH data (Figure 4.3). The lowest value for,
M was attained for CNCs4 foams (25.5 mW-m "K' at 50% RH and 24
mW-m K™ at 20% RH, the lowest obtained value), which happened to be
the foams with the highest nanopore volume. At intermediate densities, A
slightly increased and stagnated at a plateau around 27-28 mW-m "K', and
increased for foams denser than CNCs, foams up to 51 mW-m “K™! for
CNCiy foams. The inverse correlation between radial thermal conductivity
and nanopore volume is striking and identifies CNCs4 foams as both the most
nanoporous and the most thermally insulating in the radial direction, attaining
lower-than-air values at 20% RH.
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Figure 4.3: (Left) Cumulative volume of nanopores for CNC foams, measured
by nitrogen sorption. (Right) Radial thermal conductivity of CNC foams as a
function of their density at 50% RH. Adapted from Paper IV.

Theoretical calculations were performed in order to better elucidate the mech-
anisms affecting the radial thermal conductivity of the CNC foams. The esti-
mates were carried out as a succession of volume fraction-weighted summa-
tions of increasing complexity, each step featuring a new contribution added
to the previous ones, summarised in Figure 4.4. We found that the Knudsen
effect, which is related to the nanoporosity, was of minor importance but pho-
non scattering at solid—solid interfaces was identified as the main phenome-
non that is responsible for the very low observed radial thermal conductivities.
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Figure 4.4: Summary of the successive volume fraction-weighted theoretical
estimates for the radial thermal conductivity of CNCs4 foams, compared to the
experimentally measured value. Adapted from Paper IV.

It is possible that the presence of nanopores has implications beyond the
Knudsen effect, e.g. by promoting phonon scattering at solid—gas inter-
faces!”>182183 which is expected to be linked to the surface area of the foams
and therefore to the amount of nanopores.
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5. Mechanical and heat transport properties
of anisotropic composite CNM-based
foams (Paper V)

Two examples of CNM-based composite foams containing widely availa-
ble inorganic materials are presented: the first example is based on the
CNC:MNT combination that was the focus of section 3, and the second ex-
ample focuses on composite foams based on commercially available colloidal
silica and TCNF.

5.1. Anisotropic CNC:MNT foams

FC and FD composite foams were prepared by mixing dispersions of Cel-
luForce™ CNC (Papers Il and IV) and MNT (Papers I and II). The CNC dis-
persion concentration, 2.5 wt%, was chosen before all the results from section
4.2 were collected, however it is close to the 3 wt% concentration that yielded
the foams with the highest nanoporosity and the lowest thermal conductivity
in Paper IV. Two CNC:MNT ratios were tested, with MNT concentrations of
0.63 wt% (4:1 ratio, yielding foams with an average density of 32 kg'm~) and
1.25 wt% (2:1 ratio, yielding foams with an average density of 38 kg-m~), and
both were compared to foams from an equivalent CNC-only dispersion.

SEM images showed that, while retaining their elongated cross-section
shapes, the macropores in CNC:MNT foams appeared more ordered than
CNC-only foams, with larger long-range lamellar arrangements and a substan-
tial number of 90° angles between adjacent foam walls, creating maze-like
macroporous structures (Figure 5.1). The average macropore width (the
shorter edge of the cross-sections) was significantly shorter in the composite
foams (21 and 25 pm for the CNC:MNT 4:1 and 2:1 foams, respectively) than
in the CNC-only foams (48 pm). The macroporous structure of the composite
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foams thus appeared as more ordered and with a higher density of foam walls.
At the particle level, a minor loss of orientation was detected by XRD, with
Hermans’ orientation parameters decreasing from 0.3 for the CNC-only foams
to 0.21 and 0.18 for CNC:MNT 4:1 and 2:1 foams, respectively, indicating
that the presence of MNT partially hindered the alignment of CNC along the
freezing direction.

The addition of MNT lowered the cumulative volume of nanopores, which
was 5.9 mm?-g~! for the CNC:MNT 4:1 foams (containing 20% MNT) and 4.6
mm?>-g~! for the CNC:MNT 2:1 foams (containing 33% MNT). In comparison,
the CNCys foams from Paper IV, which possessed the same CNC content, had
a nanopore volume of 6.5 mm’-g~!' and an average nanopore diameter of 10.6
nm, while both composite foams displayed slightly smaller nanopores of 8.1
nm. Despite displaying densities of 32 and 38 kg'm=, CNC:MNT 4:1 and 2:1
foams possessed nanopore volumes comparable to CNCso and CNCs, foams,

respectively.
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Figure 5.1: (Left) SEM cross-section showing the maze-like macroporous
structure of CNC:MNT foams. (Right) Mechanical toughness of CNC:MNT
foams compared to that of reference CNC-only foams.

The mechanical toughness of the foams was greatly improved by the addi-
tion of MNT, with CNC:MNT 4:1 foams (19.3 kJ'-m~) and CNC:MNT 2:1
foams (25.6 kJ-m ) being twice and three times as tough as CNC-only foams
(8.0 kJ-m™), as shown in Figure 5.1. The performance of the CNC:MNT 2:1
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foams was again comparable to that of the CNCs, foams from Paper IV, de-
spite being about 25% less dense. The specific toughness, i.e. the toughness
normalised to the density, increased from 0.31 J-g”! for CNC-only foams to
0.61J-g"and 0.67 J-g™! for CNC:MNT 2:1 and CNC:MNT 4:1 foams, respec-
tively. It should be noted that CNCs, foams (Paper 1V), while showcasing al-
most the same toughness as CNC:MNT 2:1 foams, had a 30% lower specific
toughness, which highlights a substantial strengthening of the foams upon ad-
dition of MNT.

The radial thermal conductivity of the CNC:MNT foams showed similar
RH-dependent behaviours for all the investigated foams, and the minimal ther-
mal conductivities were attained at 35% RH (Figure 5.2). The A; values were
lower for the composite foams than for the CNC-only foams, and the
CNC:MNT 4:1 foams displayed lower A; than CNC:MNT 2:1 foams. In fact,
the CNC:MNT 4:1 foams were super-insulating with a minimum A of 20.6
mW-m K" at 35% RH. The very low A of CNC:MNT foams is not corre-
lated to the nanoporosity, which suggests that phonon scattering is enhanced
in the composite foams, probably as an effect of more solid—solid heterogene-
ous interfaces where heat dissipation could be more pronounced (Figure 5.2).
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Figure 5.2: (Left) Radial thermal conductivity of CNC:MNT foams, compared
to the CNC-only reference foams, as a function of RH. (Right) Illustration of
the potentially enhanced heat dissipation by solid-solid phonon scattering at
heterogeneous CNC/MNT interfaces.

5.2. Anisotropic Silica:TCNF foams (Paper V)

Composite foams prepared from 0.4 wt% TCNF dispersions containing two
types of colloidal silica, both produced industrially from waterglass (sodium
silicate), have been investigated. The Levasil® CS30-236 is an aqueous dis-
persion containing spherical silica particles with an average diameter of 16
nm, and will be referred to as “isotropic silica”. The Levasil® CS15-175 con-
sists of particles that were obtained by fusing several spherical particles, re-
sulting in anisotropic necklace-like particles with minor branching, and will
be referred to as “anisotropic silica”. Simple mixing by mechanical stirring of
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TCNF and isotropic or anisotropic silica dispersions was sufficient to ensure
good colloidal stability of the composite mixtures, as shown by zeta potential
and DLS measurements: the zeta potentials of the dispersions ranged between
—59 and —45 mV, which is sufficient to ensure electrostatic stability at mod-

erate ionic strengths, %

and DLS yielded similar particles size distributions for
sonicated and non-sonicated dispersions, confirming that the mixtures are

well-dispersed.

Foams containing isotropic silica and TCNF were produced with five dif-
ferent silica:TCNF ratios, which we will label as IX:1 with X indicating the
weight parts of isotropic silica for one part of TCNF. These foams were com-
pared with anisotropic silica:TCNF foams with a 2:1 ratio (labelled as A2:1)
and reference TCNF-only foams (labelled T). The average densities ranged
from 5.7 kg'm ™ for the T foams to 33.9 kg-m ™ for the I5:1 foams. SEM cross-
sections of the macroporous anisotropic TCNF foams were very similar to
those observed in other studies and the addition of silica had a neglible influ-
ence on the structure (Figure 5.3; cf. Papers VI and VIII). The average wall
thicknesses are probably around a few hundreds of nanometers (Figure 5.3).
EDS showed that the silica particles were homogeneously distributed in the
foam walls. The TCNF orientation in the foam walls was estimated with XRD
and the extracted Hermans’ orientation parameters that varied between 0.19
and 0.26 showed that only a minor loss of orientation is associated with the
addition of silica.
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Figure 5.3: Photograph of a silica:TCNF foam with associated SEM pictures
showing cross-sectional (top-right) and axial (bottom-left) views, as well as a
close-up on the thickness of a foam wall visualised by HRSEM (bottom-right).
Adapted from Paper V.

Assessing the nanoporosity of the foams via nitrogen sorption revealed that
the T foams displayed a relatively small cumulative nanopore volume of 24
mm?>g~!, which already almost tripled in 11:1 foams (63 mm?-g!) and in-
creased with increasing silica content, peaking at 170 mm?*g " in I5:1 foams.
In parallel, the average nanopore diameter decreased from 10 nm for T foams
to around 4 nm for all silica:TCNF foams. The causes of the substantial in-
crease in nanoporosity probably stems from two main phenomena, namely the
increase in spacing between TCNF particles by the co-dispersion with silica,
and the formation of nanoporous silica particle assemblies (note that the silica
particles were not porous themselves). Interestingly, an equal amount of iso-
tropic and anisotropic silica particles led to quite different nanopore volumes,
with values of 102 mm?.g"! obtained for 12:1 foams and 166 mm®.g"! obtained
for A2:1 foams, which is almost as high as for I15:1 foams. The aspect ratio
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and the higher excluded volume of the anisotropic silica particles appears to
result in composite foam walls with significantly more interstices compared
to foams prepared with equal amounts of isotropic silica.

The compressive stress—strain curves of the silica:TCNF foams displayed

2 a linear-elastic defor-

three domains, typical for honeycomb structures:'*
mation domain, from which the Young’s modulus is extracted, a plateau do-
main where the foam walls start buckling and a densification domain. The
toughness and Young’s modulus were calculated for all tested foams and plot-
ted against foam density (Figure 5.4). The foams containing isotropic silica
displayed a linear increase in toughness with increasing density, while the in-
crease in Young’s modulus with increasing density was quadratic. The tough-
ness increased by about 250% while the Young’s modulus increased by about
800% comparing T foams with [5:1 foams. These two trends shows that load-
ing the TCNF matrix with silica results in a tougher structure, that also be-
comes more brittle (higher Young’s modulus). The brittleness of the densest
foams was obvious during the mechanical tests, as 14:1 and 15:1 foams tended
to shatter into small fragments after compression, while the other foams could
be retrieved in one (compressed) piece. Indeed, [5:1 was chosen as the upper
limit because foams with higher silica content fragmented upon basic han-
dling.

The strengthening of the composite foams can be assessed by considering
their specific toughness (toughness divided by density). The specific tough-
ness of foams containing isotropic silica was always lower than for T foams,
which shows that the isotropic silica contributed less than TCNF to the load-
bearing properties of the network. The A2:1 foams, however, turned out to
display outstanding mechanical properties. Indeed, the toughness of A2:1
foams was comparable to that of I5:1 foams and their Young’s modulus was
comparable to that of [4:1 foams, despite obviously showcasing almost the
same density as 12:1 foams. The specific toughness turned out to be identical
to that of T foams (0.68 J-g”! and 0.69 J-g! for T and A2:1 foams, respec-
tively), which indicates that the strengthening of the foams by addition of an-
isotropic silica was as effective as TCNF to mechanically support the foam
structure.
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Figure 5.4: Mechanical toughness (left) and compressive Young’s modulus
(right) of silica:TCNF foams, as well as of reference TCNF-only foams (T),
as a function of their density. Adapted from Paper V.

The moisture uptake between 20 and 80% RH was overall lower for both
12:1 and A2:1 foams compared to T foams. In, particular, at 20% RH, the
moisture uptake was only 4% for 12:1 and A2:1 foams versus 11% for T
foams. At 80% RH, the moisture uptake was substantially lower for the 12:1
foams (11%) than for the A2:1 foams (16%), which was almost equal to that
of T foams (17%).

The radial thermal conductivity (A;) of T foams displayed a parabolic de-
pendency on RH, similar to Paper VIII (Figure 5.5). Briefly, the A, at dry con-
ditions of T foams was 29.7 mW-m "K', above the value for air (Aur = 25.6
mW-m -K™"). At lower RH, the swelling-induced increase in the interparticle
distance dominated, causing A, to reduce to values as low as 19.2 mW-m -K!
at 65% RH, while the replacement of air with water at high RH caused A, to
increase to 25.0 mW-m "K' at 80% RH. For the composite foams, however,
this bimodal behaviour was suppressed and A attained its lower values at low
RH (24.0 mW-m “K™! at dry conditions for 12:1 foams and 24.4 mW-m -K!
at 20% RH for A2:1 foams). The composite foams remained more insulating
than air up to 20% RH, after which the A, values generally increased, although
they never rose above 34.3 mW-m -K™!. Both composite foams had similar
axial conductivities. Thus while the anisotropy ratio (As/A;) of TCNF foams
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dramatically increased with increasing RH, from 2.4 at dry conditions up to
8.5 at 65% RH, the variations were much narrower for the composites foams,
only increasing from around 3 at dry conditions to less than 4.5 at 80% RH
(Figure 5.5). Hence, the addition of silica to a TCNF-based foams both re-
sulted in a reduction of the moisture uptake and a swelling-induced increase
in phonon scattering.
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Figure 5.5: Radial thermal conductivity (left) and anisotropy ratio (right) of
silica:TCNF and TCNF-only foams, as a function of RH. The dashed blue line
represents the thermal conductivity of air. Adapted from Paper V.

The low A: of composite foams at dry conditions (24.0 and 25.0
mW-m -K™"), which was significantly lower than the T foams, suggests that
the large nanoporosity of the composite foams could play an important role,
e.g. through the Knudsen effect. A2:1 foams displayed an impressive 22.8%
nanopores in the foam walls, against 15.5% for 12:1 foams and only 3.9% for
T foams (the CNCs4 foams from Paper IV, the most nanoporous foams in that
study, are much less nanoporous than TCNF-based foams, with a nanopore
fraction of 1.3% in the walls).
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6. Summary and Conclusions

The co-assembly of CNC and MNT that was studied in acoustically levi-
tating aqueous droplets (Paper ) was dominated by the assembly and packing
of CNC. The low-q power-law exponent that had a value around 2.1 indicated
a gel-like system, while the scaling of the center-to-center particle distances
with volume fraction displayed a constant power-law exponent of —1/2 up to
35 vol%, characteristic of nematic arrangements. These parameters indicated
a competition, in CNC-only aqueous dispersions, between gelation and as-
sembly in chiral nematic phases. The average mesh size, extracted from the
high-q SAXS data and observed at volume fractions above 24 vol%, decreased
with increasing volume fraction, which suggests that the close-packed net-
works contracted. The addition of MNT promoted the formation of CNC
close-packed networks at lower total volume fractions in the composite
CNC:MNT dispersions, and also reduced the mesh size at a given total volume
fraction, compared to CNC-only dispersions. At very high volume fractions,
the composite CNC:MNT dispersions displayed a scattering behaviour char-
acteristic of disordered assemblies.

Rheo-SAXS measurements (Paper I1) showed that the shear-induced align-
ment of CNC parallel to the flow field occurred for both CNC-only and com-
posite CNC:MNT dispersions. The particle orientation was quickly lost during
relaxation in CNC-only dispersions but the mixed CNC:MNT dispersions dis-
played a complex, slow and incomplete relaxation process after five minutes.
The hindered orientation relaxation in the composite dispersions could be
partly explained by rheological considerations but also seemed to be related
to the locking of shear-induced assemblies due to co-assembly between CNC
and MNT.

Freeze-cast and freeze-dried anisotropic CNM-based foams are examples
of hierarchical materials in which CNM particles were oriented in a specific
direction (Paper VI), which results in anisotropic heat transfer properties. A
number of CNM-based systems of super-insulating foams and aerogels were
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identified and analysed (Paper III), with a focus on ice-templated structures
that exploit the intrinsic anisotropy of heat transfer in cellulose chains and
between aligned CNM particles. We presented a systematic study of ice-tem-
plated CNC foams to assess the nanoporosity and thermal conductivity over a
wide range of foam densities (25—129 kg'm3; Paper IV). Neither the nanopore
volume nor the radial thermal conductivity varied monotonically with density,
and the lowest thermal conductivity was obtained for a foam with a density of
34 kg'm™, reaching 24 mW-m "K' at 20% RH. Theoretical estimates sug-
gested that the effect of nanoporosity on thermal conductivity is small and
super-insulation could only be reached when phonon scattering at interfaces
was large.

Several promising CNM-based foams and aerogels with high strength and
low thermal conductivities display multiscale architectures characterised by a
high number of interfaces, in particular heterogeneous interfaces within com-
posites. We investigated two CNM-based composite foams; CNC:MNT and
silica:TCNF foams. The radial thermal conductivity of CNC:MNT foams de-
creased below the super-insulating level with addition of 20% MNT, even
though the foams were denser and mechanically stronger than the correspond-
ing CNC-only foams. The silica:TCNF foams (Paper V) displayed only a
moderate increase in radial thermal conductivity (always below 35
mW-m -K™") compared to TCNF-only foams, but an increasing mechanical
toughness and nanoporosity, and reduced moisture uptake. This thesis shows
that composite foams can display a low thermal conductivity while reducing
some inherent weaknesses of CNM-only ice-templated foams.
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7. Outlook

The two examples of anisotropic composite foams presented in this thesis
both introduce promising features but also call for a multitude of future opti-
misations and considerations, if one wants to reach viable and competitive
thermal insulators.

The presented SAXS studies highlighted the possibility of uncovering in-
sights about co-assembly in composite dispersions, including under specific
conditions that can be met during materials processing, thanks to advanced
sample environments. Future improvements should mainly focus on the sam-
ple environment itself, in order to mimic real processing conditions even fur-
ther, combine characterisation techniques to gain knowledge about multiple
length scales, and possibly collect materials that could be later characterised.
A particularly interesting example could consist in X-ray transparent 3D-
printing nozzles to verify if orientation preservation could also be achieved in
composite dispersions under extensional flow.

When it comes to morphological features in ice-templated foams and their
influence on heat transfer, modelling and simulations could offer a better un-
derstanding of the relative importance of various phenomena than the pro-
posed theoretical estimates. Even more importantly, tools for characterising
heterogeneous interfaces in composites must be developed to optimise the
choice of materials for efficient phonon scattering. The experimental determi-
nation of interfacial thermal resistances at heterogeneous interfaces in model
systems is definitely a good place to start, using for instance Time-domain
Thermoreflectance (TDTR).”*#0

In terms of formulation, it was shown that highly available inorganic nano-
particles such as clay and silica were good candidates for the strengthening of
CNM-based foams. However, other structural components, or simply addi-
tives, could also be added to the mix to address a few other issues that are
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often met with CNM foams, for example by increasing fire retardancy or hy-
drophobicity. Of course, these additional components should be as available,
renewable and green as possible.

Finally, if scaling up was to be considered, it would be inevitable to address
alternatives to freeze-drying, which is limited in terms of cost, energy, time
and scale. Several studies were successful in proposing self-standing foams

that could be obtained by simple oven or ambient drying,!4+185.186

including
Paper IX; however they often rely on cross-linking and therefore the creation
of covalent bonds, which most certainly contributes to increasing heat trans-
fer. Scalable and facile processes leading to super-insulating CNM-based are

still to be found and put on the market.
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Popularvetenskaplig sammanfattning

Forskning om nanopartiklar extraherade fran fornyelsebara och tillgéngliga
kéllor motiveras av bdde utvecklingen av funktionella nanomaterial samt
stravan efter att ersitta vanliga fossilbaserade material. Cellulosa, sirskilt i
form av cellulosananomaterial (CNM), har véackt 6kad uppméirksamhet for
utvecklingen av héllbara och hogpresterande produkter med egenskaper som
inkluderar ~ hog  styrka,  kemisk  flexibilitet = och  anisotrop
viarmeledningsformiga. CNM-skum framstéillda med s.k. istemplering eller
frysgjutning har uppvisat superisolerande egenskaper vinkelrdtt mot
partikelriktningen (radiellt) och dessa CNM-baserade material kan potentiellt
konkurrera med fossilbaserade isoleringsmaterial. Denna avhandling
undersoker orienterigen och samorganiseringen av vitt tillgéingliga oorganiska
nanomaterial med CNM i vattendispersioner, samt den relativa betydelsen av
fononspridning i virmeisolerande anisotropa kompositskum.

Tidsupplosta metoder med smavinkelrontgenspridning (SAXS) har
genomforts for att studera organiseringen och orienteringen i komposit
vattenbaserade dispersioner innehéllande cellulosananokristaller (CNC) och
montmorillonit (MNT) ler-nanoplattor. Samorganiseringen av CNC och MNT
i langsamt evaporerande svidvande droppar, dominerades av interaktionerna
mellan de dispergerade CNC-partiklarna. MNT frimjade gelering och
organisering vid ldgre totala volymfraktioner &n i droppar med enbart CNC.
SAXS visade tillsammans med rotationsreologi att skjuvning inducerar en hog
grad av orientering av CNC, i bade enbart CNC- och blandade CNC:MNT-
dispersioner. Den skjuvinducerade CNC-orienteringen slappnade snabbt av i
CNC-dispersionen men var fordrojd och delvis inhiberad i de blandade
CNC:MNT-dispersionerna.

Tidigare forskning tyder pa att anisotropa och flerskaliga CNM-baserade
skum med ett stort antal grinsytor kan gynna vidrmeavledning genom
fononspridning i1 skumvédggarna. Méitningar och teoretisk modellering av
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virmeledningsformégan hos CNC frysgjutna skum, som utfordes over ett brett
spektrum av densiteter, bekriftade vikten av fononspridning for att uppné
superisolerande virmeledningsforméga radiellt.

Frysgjutna CNC:MNT-kompositskum uppvisade en ldgre radiell
varmeledningsforméga jamfort med CNC-skum, vilket tyder pa att inforandet
av heterogena gransytor mellan biopolymeren och leran f{orbéttrade
virmeavledningen genom fononspridning. Frysgjutna kompositskum av
kolloidal kiseldioxid och TEMPO-oxiderad cellulosananofibriller (TCNF) var
signifikant starkare under mekanisk kompression och mindre kénsliga for
fuktupptag &n endast TCNF-skum. De wupprittholl ocksd en radiell
varmeledningsforméga som dr jamforbar med allmidnt anvinda
viarmeisolerande material. Dessa exempel kan bidra till utvecklingen av
superisolerande, starka och fuktbestdndiga CNM-baserade kompositskum.
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Résumé

La recherche sur les nanoparticules extraites de sources renouvelables et
abondantes est a la fois motivée par le développement de nanomatériaux fonc-
tionnels et par le désir de remplacer des matériaux hautement utilisé€s issus de
ressources fossiles. En particulier, la cellulose, sous forme de nanomatériaux
de cellulose (CNM), attire une attention croissante pour le développement de
produits durables et a haute performance, grace a des propriétés comprenant
une force mécanique spécifique élevée, une versatilité¢ au niveau chimique et
une conductivité thermique anisotrope. Des mousses de CNM texturées a la
glace ont présenté des propriétés super-isolantes perpendiculairement aux par-
ticules alignées (radialement) et pourraient potentiellement concurrencer les
matériaux isolants produits a partir de ressources fossiles. Cette thése explore
I’alignement et le co-assemblage de nanomatériaux inorganiques abondants
avec des CNM en dispersion aqueuse, ainsi que I’importance relative de la
diffusion de phonons dans des mousses composites, anisotropes et thermique-
ment isolantes.

Des expériences de diffusion des rayons X aux petits angles (SAXS) ré-
solue en temps ont été conduites afin d’étudier I’assemblage et I’alignement
dans des dispersions aqueuses composites contenant des nanocrystaux de cel-
lulose (CNC) et des nanofeuillets d’argile de montmorillonite (MNT). Le co-
assemblage de CNC et de MNT dans des goutelettes en lévitation s’évaporant
lentement s’est trouvé dominé par les interactions entre les CNC dispersés,
mais la MNT a promu la gélation et ’assemblage a des fractions volumiques
totales plus faibles que dans des goutelettes ne contenant que des CNC. La
combinaison de SAXS avec la rhéologie rotationnelle a montré que le cisail-
lement entraine un haut degré d’orientation des CNC, a la fois dans des dis-
persions ne contenant que des CNC et dans des mélanges CNC:MNT. L’ori-
entation des CNC induite par le cisaillement relaxe rapidement dans les dis-
persions ne contenant que des CNC mais la relaxation a été fortement retardée
et partiellement inhibée dans les mélanges CNC:MNT.
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L’analyse de travaux antérieurs indique que des mousses anisotropes et
multi-échelles a base de CNM, possédant un grand nombre d’interfaces, peu-
vent favoriser la dissipation de chaleur par diffusion de phonons au sein des
parois de la mousse. Des mesures expérimentales et des estimations théoriques
de la conductivité thermique de mousses de CNC texturées a la glace, couvrant
une large gamme de densités, ont confirmé I’importance de la diffusion de
phonons afin d’atteindre des valeurs de conductivité thermique radiale sous le
seuil de super-isolation.

Des mousses composites de CNC:MNT texturées a la glace ont montré une
conductivité thermique radiale plus faible que des mousses ne contenant que
des CNC, ce qui suggere que la présence d’interfaces hétérogénes entre le bi-
opolymere et I’argile a amélioré la dissipation de chaleur par diffusion de pho-
nons. Des mousses composites contenant de la silice colloidale et des nano-
fibrilles de cellulose oxydées par TEMPO (TCNF) se sont révélées significa-
tivement plus résistantes a la compression mécanique et moins sensibles a
I’absorption d’humidité que des mousses ne contenant que des TCNF, tout en
maintenant une conductivité thermique radiale comparable a celles de maté-
riaux thermiquement isolants couramment utilisés. Ces exemples pourraient
tracer la voie menant au développement de mousses composites a base de
CNM qui seraient super-isolantes, mécaniquement résistantes et peu sensibles
a ’humidité.
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Riassunto

La ricerca sulle nanoparticelle estratte da fonti rinnovabili e abbondanti ¢,
nel contempo, motivata dallo sviluppo di nanomateriali funzionali e dal desid-
erio di sostituire materiali di origine fossile altamente sfruttati. La cellulosa,
sotto forma di nanomateriali di cellulosa (CNM), richiama una particolare e
crescente attenzione per lo sviluppo di prodotti sostenibili e con alte presta-
zioni, grazie a proprietd comprendenti una elevata forza meccanica specifica,
una versatilita a livello chimico et una conducibilitd termica anisotropa. Al-
cune schiume di CNM testurizzate col ghiaccio che hanno dimostrato propri-
etd super-isolanti perpendicolarmente alle particelle allineate (radialmente),
potrebbero potenzialmente competere con materiali isolanti derivati da risorse
fossili. Questa tesi esplora I’allineamento e il co-assemblaggio di nanomateri-
ali inorganici abbondanti con CNM in dispersioni acquose, nonché la relativa
importanza della diffusione di fononi in schiume composite, anisotrope e ter-
micamente isolanti.

Esperimenti di diffusioni di raggi X ad angoli piccoli (SAXS) con risol-
uzione temporale sono stati condotti per studiare I’assemblaggio e 1’allinea-
mento in dispersioni acquose composite contenenti nanocristalli di cellulosa
(CNC) et nanofogli d’argilla di montmorillonite (MNT). Il co-assemblaggio
di CNC e MNT in goccioline levitanti che si evaporano lentamente ¢ stato
dominato dalle interazioni fra i CNC dispersi, ma si ¢ osservato che la MNT
ha promosso la gelificazione e 1’assemblaggio a delle frazioni volumiche totali
piu basse rispetto a quelle di goccioline contenenti solo CNC. L’abbinamento
di SAXS con reologia rotazionale ha dimostrato che le forze di taglio con-
ducono ad un elevato grado di orientamento dei CNC, sia in dispersioni con-
tenenti solamente CNC che in miscele di CNC:MNT. L’orientamento dei
CNC causato dalle forze di taglio subisce un rapido rilassamento nelle disper-
sioni contenenti solo CNC che pero’ viene fortemente ritardato e parzialmente
inibito nelle miscele di CNC:MNT.
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L’analisi di lavori anteriori indica che schiume anisotrope e multiscala a
base di CNM, possedenti un gran numero di interfacce, possono favorire la
dissipazione del calore tramite la diffusione di fononi nelle pareti della schi-
uma. Misure sperimentali e stime teoriche della conducibilita termica radiale
di schiume di CNC testurizzate col ghiaccio, comprendenti un’ampia gamma
di densita, hanno confermato I’importanza della diffusione di fononi per rag-
giungere valori di conducibilita termica radiale sotto il limite di super-isola-
zione.

Schiume composite di CNC:MNT testurizzate col ghiaccio hanno mostrato
una conducibilita termica radiale piu bassa rispetto a schiume contenenti solo
CNC, il che suggerisce che la presenza di interfacce eterogenee fra il biopo-
limero e I’argilla, ha migliorato la dissipazione di calore tramite la diffusione
di fononi. Schiume composite contenenti silice colloidale e nanofibrille di cel-
lulosa ossidate con TEMPO (TCNF) si sono svelate significativamente piu
resistenti alla compressione meccanica e meno sensibili all’assorbimento di
umidita rispetto a schiume contenenti solo TCNF, mantenendo allo stesso
tempo una conducibilita termica radiale paragonabile a quella di materiali ter-
micamente isolanti comunemente usati. Questi esempi potrebbero aprire la
strada dello sviluppo di schiume composite a base di CNM che sarebbero su-
per-isolanti, meccanicamente resistenti e poco sensibili all’'umidita.

74



Acknowledgements

Working at MMK for almost five years was certainly an unforgettable ex-
perience and here are the names of those who took part in it and who make me
confident that, if I went all the way back to 2016, I would definitely sign for
it again.

Lennart, by not ignoring yet another email from a French student who
wants to gain experience abroad, you have truly turned my life around. You
first hosted me for an internship, then, as I was back in France, you gave me
a second shot for PhD studies that took me all over Europe (when it was still
easy) and allowed me to meet and work with so many interesting people. Most
of all, you sent me to a summer school in Ronneby, where I sure learned about
X-rays, but it is also there that I casually met the mother of my child to come,
so I do not know if there are words to express my gratitude about that. Work-
ing in your group was really special and valuable, and wherever my path takes
me next, what I learned under your supervision is going to follow me for good.

Many experienced researchers have guided my steps during my studies. I
particularly want to thank Aji, my co-supervisor, for closely collaborating
with me and teaching me how to make good nanocellulose, Niklas for being
an exemplary scientist, a helpful listener and counsellor, and German for
showing me the first steps towards the beams and their wonders. Andreas, my
first “chef”, I wouldn’t have come this far if not for your enthusiasm when we
worked on our first foams. Nathalie, yes I put you up here because you have
been an absolute inspiration, a great teacher, a dear friend and, more than three
years later, I still feel the strength of the push you gave me in the right direc-
tion.

I should also celebrate the true pillars of MMK, the people who taught me
everything I know about working with lab equipment: Kjell, Lasse, Ken, Jek-
abs, Anumol, Jing, Pelle, Jakob, and of course Zoltan, I really enjoyed our
chats. Anne, Helmi, all the administration staff and all the other researchers,
you make this department live and I wish you to continue to make it work so
well.

I obviously need to warmly thank Ornella at this point, the one true lab
responsible who showed me how things are properly done, and thanks to
whom I still have trouble calling “accurate” whatever experiment I do. You
have also been a role model and one of the people who have made me feel at

75



home when I first came to Stockholm, together with Micha, Yingxin, Chris-
tina, Yulia, Valentina, Arnaud. [ wouldn’t have come back if you hadn’t been
such a dream team in the first place. Not to mention my happiest encounter
during my first stay: Andrej, the Raven who refused to be categorised, the
musical gourmet, who made me realise that moving far away from home can
get you to meet people who speak to your soul.

On to the very core, now, my generation, those who have been there from
start to finish. Vera, how could have things gone wrong when I had the luck
of getting the desk that is next to yours? Your help and support have been
crucial all the way, we have worked, chatted, shared, endured so much to-
gether that all my future offices will feel a little empty. I have looked up to
you the whole time and I continue to do so, as I know I still have a lot to
experience with you, Panos, Harry and your little ones. I am honoured to be
your friend. Kosta, what can I say, you have been my ultimate work buddy
and a great friend. You are the one who brought the energy and good mood
on a daily basis, the help and advice, the fun at work, at the bar, behind the
keyboard, you didn’t manage to make me play dodgeball but I’d cross any
jungle with you watching my back. Martin, I always felt home when hanging
out with you. You probably saved my ass a couple times with your knowledge,
you probably saved my abs by making me laugh so much at your jokes and
impressions. [ always felt like we were on the same page, except when Google
Maps was in the middle. The three of you have been by my side for too long
to ever be forgotten and I wish our paths to cross again and again.

To those who will continue to carry the torch of Bergstrom’s group, my
encouragements and best wishes. Tamara, I could always count on your help
when I needed it and you have made me a better English writer. Andi, you
have simply saved one of my main papers so I am deeply grateful and I wish
you to confidently cruise through many successful beam times. Ehsan, [ have
really appreciated your honest perspective on things and your generosity, you
are a smart guy and I am sure you will manage to become an expert. Carina,
your happiness and eagerness to learn and help are really heart-warming, [ am
certain that our legacy is in good hands with you and [ wish you an awesome
PhD. Agnes, I have only met you at the very end but you have my sympathy
and best wishes to succeed in your studies.

Thank you to all the colleagues that have been part of our group for shorter
times and who all brought their contribution to making this a great experience:
Hugo, the mad chemist from Blois, Zhong Peng, Aygiil, Jens, Karin, Damien,
Maria, Felicitas, Melanie. Fredrik, you were almost a part of our group too,
the way I see it, and I enjoyed hanging out with you a lot. A special thought
goes to the three students I supervised: Michiel, Lukasz and Veit, you have
been of great help and made me grow as a scientist. Veit, you have been par-
ticularly brilliant, some of the elements of this thesis definitely wouldn’t be

76



there without your work and I found no better place to acknowledge it than
here.

There are so many other people around MMK that I am grateful for having
met, and I have to start with Paulo, the second most important person I met at
RACIRI, but the first I go to when I need to escape from work. I have not had
many friends like you in my life, | hope you are aware of that, and I wish to
spend at least as many more good moments with you as the number of papers
you will write. Vahid, the thinker who increased the Ph of my PhD to a level
I did not think possible. What amazing discussions we have had about all sorts
of topics, I will certainly miss them and I wish you to find fulfilment and free-
dom, Sir. With you and Xia, who taught me the ways of the Lao Wai, I don’t
think our office has ever been boring. Aditya, another great thinker and friend,
with whom every fika is a source of valuable experience sharing and funny
takes on this strange world, your fighting spirit is an inspiration. The rest of
my little fifth floor gang gets my warmest thoughts: Misha, Ira, Alisa, Milla,
Z¢, Fredrik, you are an amazing company and I hope we will keep seeing each
other.

To the members of Aji’s group, it was great having you around and seeing
other people who do and present stuff that I actually understand. Luis, I feel
very lucky for having worked with you, you are a brilliant chemist with a
bright future ahead. Andrea, Dimitrios, Maria, Sahar, keep it up and best of
luck with your projects.

A special thought to the valuable people I have met during my travels. My
MULTIMAT team, which I have been a part of for three years, in particular
Elizabeth for her energy and kindness, Remco and Walter for being my Géte-
borg pals, and of course Michael Persson, Magnus Palmlof and Leif Karlson
for hosting me at Nouryon.

Thank you to Laura and Brando for listening to my childish Italian. Thank
you to Atefeh, Sadaf, Elnaz, Saeed and the rest of the Persian community for
being so joyful and real. Thank you to the frequent customers of Grona Villan,
Wassilios, Przemek and those that alcohol made me forget about. Thank you
to all the innebandy players who kicked my ass and bruised my legs. Thank
you to Jennifer and the rest of the French Connection for being part of a very
special summer. Thank you to Robert and his quizzes, Deepak and the other
guys in Uppsala. Thank you and good luck to all the newer students that I wish
I had known more closely. My apologies to those I may have forgotten, if you
could see at what day and time I am writing this, I believe you would forgive
me.

I am of course not forgetting those I geographically left behind five years
ago. Jérome, Nicolas, Maxime and my other long-time friends. Maximilien,
Christophe, Khalil and the other fellow students who became chemists in
messy Paris with me. My parents, brother and sister, who have always coped

77



with me, even at my lowest, and have never ceased to support me. One year
and a half without seeing you is something that [ wish will never happen again.
The rest of my family, those who are still here and those who aren’t, with a
special word for Nonno, who passed on his father’s chemist genes to me, and
who has been a role model for as long as I can remember.

Eva, the love of my life, my best friend and my partner, the mother of my
child, Without you, I do not think I would be sitting here, finishing my thesis
with a smile on my face and a warm confidence about my future. You found
me quite lost, but now you can watch me knowing exactly where I am and
where I have to go, and that is nowhere else but by your side. And to you, my
little one, I do not dedicate this book, but every second that is given to me
from the moment I finish this sentence.

78



References

(1) Rénby, B. G. Aqueous Colloidal Solutions of Cellulose Micelles. Acta Chem.
Scand. 1949, 3, 649-650. https://doi.org/10.3891/acta.chem.scand.03-0649.

2) Rénby, B. G. Fibrous Macromolecular Systems. Cellulose and Muscle. The
Colloidal Properties of Cellulose Micelles. Discuss. Faraday Soc. 1951, 11.
https://doi.org/10.1039/DF9511100158.

3) Herrick, F.; Casebier, R.; Hamilton, J.; Sandberg, K. Microfibrillated
Cellulose: Morphology and Accessibility. In J Appl Polym Sci Symp; No.
CONF-8205234-Vol. 2. ITT Rayonier Inc., Shelton, WA, 1983; Vol. 37, pp
797-813.

4 Turbak, A.; Snyder, F.; Sandberg, K. Microfibrillated Cellulose, a New
Cellulose Product: Properties, Uses, and Commercial Potential. J App! Polym
Sci Symp 1983, 37, 815-827.

) Hamers, R. J. Nanomaterials and Global Sustainability. Acc. Chem. Res. 2017,
50 (3), 633—637. https://doi.org/10.1021/acs.accounts.6b00634.

(6) Jeevanandam, J.; Barhoum, A.; Chan, Y. S.; Dufresne, A.; Danquah, M. K.
Review on Nanoparticles and Nanostructured Materials: History, Sources,
Toxicity and Regulations. Beilstein J. Nanotechnol. 2018, 9 (1), 1050-1074.
https://doi.org/10.3762/bjnano.9.98.

(7N Satyanarayana, K. G.; Rangan, A.; Prasad, V. S.; Magalhdes, W. L. E.
Preparation, Characterization, and Applications of Nanomaterials (Cellulose,
Lignin, and Silica) from Renewable (Lignocellulosic) Resources. In
Handbook of Composites from Renewable Materials; Thakur, V. K., Thakur,
M. K., Kessler, M. R., Eds.; Wiley, 2017, Vol. 7, pp 1-66.
https://doi.org/10.1002/9781119441632.ch126.

(®) Martin-Martinez, F. J.; Jin, K.; Lopez Barreiro, D.; Buehler, M. J. The Rise
of Hierarchical Nanostructured Materials from Renewable Sources: Learning
from  Nature. ACS  Nano 2018, 12 (8), 7425-7433.
https://doi.org/10.1021/acsnano.8b04379.

9) Livingston, A.; Trout, B. L.; Horvath, 1. T.; Johnson, M. D.; Vaccaro, L.;
Coronas, J.; Babbitt, C. W.; Zhang, X.; Pradeep, T.; Drioli, E.; Hayler, J. D.;
Tam, K. C.; Kappe, C. O.; Fane, A. G.; Szekely, G. Challenges and Directions
for Green Chemical Engineering-Role of Nanoscale Materials. In Sustainable
Nanoscale Engineering; Szekely, G., Livingston, A., Eds.; Elsevier, 2020; pp
1-18. https://doi.org/10.1016/B978-0-12-814681-1.00001-1.

(10)  Kontturi, E.; Laaksonen, P.; Linder, M. B.; Nonappa; Groschel, A. H.; Rojas,
0. J.; Ikkala, O. Advanced Materials through Assembly of Nanocelluloses.
Adv. Mater. 2018, 30, 1703779. https://doi.org/10.1002/adma.201703779.

(11)  Le Couteur, P.; Burreson, J. Napoleon’s Buttons; Penguin, 2004.

79



(12)

(13)

(14)

(15)

(16)

(17

(18)

(19)

(20)

2]

(22)

(23)

24

80

IUPAC. Biopolymers. In Compendium of Chemical Terminology, 2nd ed. (the
“Gold Book”); McNaught, A., Wilkinson, A., Eds.; Blackwell Scientific
Publications, Oxford, 1997. https://doi.org/10.1351/goldbook.B00661.
Brigham, C. Biopolymers: Biodegradable Alternatives to Traditional Plastics.
Green Chem. An Incl. Approach 2017, 753-770.
https://doi.org/10.1016/B978-0-12-809270-5.00027-3.

Kabir, E.; Kaur, R.; Lee, J.; Kim, K. H.; Kwon, E. E. Prospects of Biopolymer
Technology as an Alternative Option for Non-Degradable Plastics and
Sustainable Management of Plastic Wastes. J. Clean. Prod. 2020, 258,
120536. https://doi.org/10.1016/j.jclepro.2020.120536.

Klemm, D.; Kramer, F.; Moritz, S.; Lindstrom, T.; Ankerfors, M.; Gray, D.;
Dorris, A. Nanocelluloses: A New Family of Nature-Based Materials. Angew.
Chemie - Int. Ed. 2011, 50 (24), 5438-5466.
https://doi.org/10.1002/anie.201001273.

Moon, R. J.; Martini, A.; Nairn, J.; Simonsen, J.; Youngblood, J. Cellulose
Nanomaterials Review: Structure, Properties and Nanocomposites. Chem.
Soc. Rev. 2011, 40 (7), 3941-3994. https://doi.org/10.1039/c0cs00108b.
Garg, M.; Linares, M.; Zozoulenko, I. Theoretical Rationalization of Self-
Assembly of Cellulose Nanocrystals: Effect of Surface Modifications and
Counterions.  Biomacromolecules 2020, 21 (8), 3069-3080.
https://doi.org/10.1021/acs.biomac.0c00469.

Abitbol, T.; Rivkin, A.; Cao, Y.; Nevo, Y.; Abraham, E.; Ben-Shalom, T.;
Lapidot, S.; Shoseyov, O. Nanocellulose, a Tiny Fiber with Huge
Applications.  Curr. Opin.  Biotechnol. 2016, 39 (I), 76-88.
https://doi.org/10.1016/j.copbio.2016.01.002.

Saito, T.; Isogai, A. TEMPO-Mediated Oxidation of Native Cellulose. The
Effect of Oxidation Conditions on Chemical and Crystal Structures of the
Water-Insoluble Fractions. Biomacromolecules 2004, 5 (5), 1983—1989.
https://doi.org/10.1021/bm0497769.

Rajinipriya, M.; Nagalakshmaiah, M.; Robert, M.; Elkoun, S. Importance of
Agricultural and Industrial Waste in the Field of Nanocellulose and Recent
Industrial Developments of Wood Based Nanocellulose: A Review. ACS
Sustain. Chem. Eng. 2018, 6, 2807-2828.
https://doi.org/10.1021/acssuschemeng.7b03437.

Salas, C.; Nypeld, T.; Rodriguez-Abreu, C.; Carrillo, C.; Rojas, O. J.
Nanocellulose Properties and Applications in Colloids and Interfaces. Curr.
Opin. Colloid  Interface  Sci. 2014, 19 (5, 383-39¢6.
https://doi.org/10.1016/j.cocis.2014.10.003.

Isogai, A.; Saito, T.; Fukuzumi, H. TEMPO-Oxidized Cellulose Nanofibers.
Nanoscale 2011, 3 (1), 71-85. https://doi.org/10.1039/cOnr00583e.
Hakansson, K. M. O.; Henriksson, I. C.; de la Pefia Vazquez, C.; Kuzmenko,
V.; Markstedt, K.; Enoksson, P.; Gatenholm, P. Solidification of 3D Printed
Nanofibril Hydrogels into Functional 3D Cellulose Structures. Adv. Mater.
Technol. 2016, 1 (7), 1600096. https://doi.org/10.1002/admt.201600096.
Schiitz, C.; Bruckner, J. R.; Honorato-rios, C.; Tosheva, Z.; Anyfantakis, M.;
Lagerwall, J. P. F. From Equilibrium Liquid Crystal Formation and Kinetic
Arrest to Photonic Bandgap Films Using Suspensions of Cellulose



(25)

(26)

27

(28)

(29)

(30)

€2))

(32)

(33)

(34

(35)

(36)

Nanocrystals. Crystals 2020, 10, 199. https://doi.org/10.3390/cryst10030199.
Li, K.; Clarkson, C. M.; Wang, L.; Liu, Y.; Lamm, M.; Pang, Z.; Zhou, Y ;
Qian, J.; Tajvidi, M.; Gardner, D. J.; Tekinalp, H.; Hu, L.; Li, T.; Ragauskas,
A. J.; Youngblood, P.; Ozcan, S. Alignment of Cellulose Nanofibers:
Harnessing Nanoscale Properties to Macroscale Benefits. ACS Nano 2021, 15
(3), 3646-3673. https://doi.org/10.1021/acsnano.0c07613.

Prathapan, R.; Tabor, R. F.; Garnier, G.; Hu, J. Recent Progress in Cellulose
Nanocrystal Alignment and Its Applications. ACS Appl. Bio Mater. 2020, 3
(4), 1828-1844. https://doi.org/10.1021/acsabm.0c00104.

Wang, Q.; Yao, Q.; Liu, J; Sun, J.; Zhu, Q.; Chen, H. Processing
Nanocellulose to Bulk Materials: A Review. Cellulose 2019, 26 (13-14),
7585-7617. https://doi.org/10.1007/s10570-019-02642-3.

Smalyukh, I. I. Thermal Management by Engineering the Alignment of
Nanocellulose. Adv. Mater. 2020, 2001228, 1-11.
https://doi.org/10.1002/adma.202001228.

Mao, Y.; Liu, K.; Zhan, C.; Geng, L.; Chu, B.; Hsiao, B. S. Characterization
of Nanocellulose Using Small-Angle Neutron, X-Ray, and Dynamic Light
Scattering Techniques. J. Phys. Chem. B 2017, 121 (6), 1340-1351.
https://doi.org/10.1021/acs.jpcb.6b11425.

Liu, Y.; Schiitz, C.; Salazar-Alvarez, G.; Bergstrom, L. Assembly, Gelation,
and Helicoidal Consolidation of Nanocellulose Dispersions. Langmuir 2019,
35 (10), 3600-3606. https://doi.org/10.1021/acs.langmuir.8b04013.
Nechyporchuk, O.; Belgacem, M. N.; Pignon, F. Current Progress in
Rheology of Cellulose Nanofibril Suspensions. Biomacromolecules 2016, 17
(7), 2311-2320. https://doi.org/10.1021/acs.biomac.6b00668.

Tanaka, R.; Saito, T.; Hondo, H.; Isogai, A. Influence of Flexibility and
Dimensions of Nanocelluloses on the Flow Properties of Their Aqueous
Dispersions.  Biomacromolecules ~ 2015, 16 (7)), 2127-2131.
https://doi.org/10.1021/acs.biomac.5b00539.

Xu, Y.; Atrens, A.; Stokes, J. R. A Review of Nanocrystalline Cellulose
Suspensions: Rheology, Liquid Crystal Ordering and Colloidal Phase
Behaviour. Adv.  Colloid Interface Sci. 2020, 275, 102076.
https://doi.org/10.1016/j.cis.2019.102076.

Ebeling, T.; Paillet, M.; Borsali, R.; Diat, O.; Dufresne, A.; Cavaillé, J. Y.;
Chanzy, H. Shear-Induced Orientation Phenomena in Suspensions of
Cellulose Microcrystals, Revealed by Small Angle X-Ray Scattering.
Langmuir 1999, 15 (19), 6123-6126. https://doi.org/10.1021/1a990046+.
Tanaka, R.; Kuribayashi, T.; Ogawa, Y.; Saito, T.; Isogai, A.; Nishiyama, Y.
Ensemble Evaluation of Polydisperse Nanocellulose Dimensions: Rheology,
Electron Microscopy, X-Ray Scattering and Turbidimetry. Cellulose 2017, 24
(8), 1-12. https://doi.org/10.1007/s10570-017-1334-6.

Pignon, F.; Challamel, M.; De Geyer, A.; Elchamaa, M.; Semeraro, E. F.;
Hengl, N.; Jean, B.; Putaux, J. L.; Gicquel, E.; Bras, J.; Prevost, S.; Sztucki,
M.; Narayanan, T.; Djeridi, H. Breakdown and Buildup Mechanisms of
Cellulose Nanocrystal Suspensions under Shear and upon Relaxation Probed
by SAXS and SALS. Carbohydr. Polym. 2021, 260, 117751.
https://doi.org/10.1016/j.carbpol.2021.117751.

81



(37

(3%)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

(43)

82

Faustini, M.; Nicole, L.; Ruiz-Hitzky, E.; Sanchez, C. History of Organic-
Inorganic Hybrid Materials: Prehistory, Art, Science, and Advanced
Applications.  Adv.  Funct. Mater. 2018, 28 (27), 1704158.
https://doi.org/10.1002/adfm.201704158.

Duy, L. E.; Ongparakul, S. K.; Amart, C. S.; Hanthong, P. P.; Arnjanakom,
S. K.; Budula, A. A.; Uan, G. G. One-Pot Fabrication of Hydrophobic
Nanocellulose-Silica Film for Water Resistant Packaging Application. J.
Japan Inst. Energy 2017, 261-265. https://doi.org/10.3775/jie.96.261.

Kim, J. H.; Kim, J. H.; Choi, E. S.; Yu, H. K.; Kim, J. H.; Wu, Q.; Chun, S.
J.; Lee, S. Y.; Lee, S. Y. Colloidal Silica Nanoparticle-Assisted Structural
Control of Cellulose Nanofiber Paper Separators for Lithium-Ion Batteries. J.
Power Sources 2013, 242, 533-540.
https://doi.org/10.1016/j.jpowsour.2013.05.142.

Nechyporchuk, O.; Bordes, R.; Kéhnke, T. Wet Spinning of Flame-Retardant
Cellulosic Fibers Supported by Interfacial Complexation of Cellulose
Nanofibrils with Silica Nanoparticles. ACS Appl. Mater. Interfaces 2017, 9
(44), 39069-39077. https://doi.org/10.1021/acsami.7b13466.
Ruiz-Palomero, C.; Soriano, M. L.; Valcarcel, M. Nanocellulose as Analyte
and Analytical Tool: Opportunities and Challenges. 7rAC - Trends Anal.
Chem. 2017, 87, 1-18. https://doi.org/10.1016/j.trac.2016.11.007.

Carosio, F.; Kochumalayil, J.; Fina, A.; Berglund, L. A. Extreme Thermal
Shielding Effects in Nanopaper Based on Multilayers of Aligned Clay
Nanoplatelets in Cellulose Nanofiber Matrix. Adv. Mater. Interfaces 2016, 3
(19), 1-5. https://doi.org/10.1002/admi.201600551.

Aulin, C.; Salazar-Alvarez, G.; Lindstrom, T. High Strength, Flexible and
Transparent Nanofibrillated Cellulose-Nanoclay Biohybrid Films with
Tunable Oxygen and Water Vapor Permeability. Nanoscale 2012, 4 (20),
6622-6628. https://doi.org/10.1039/c2nr31726e.

Peng, N.; Hu, D.; Zeng, J.; Li, Y.; Liang, L.; Chang, C. Superabsorbent
Cellulose-Clay Nanocomposite Hydrogels for Highly Efficient Removal of
Dye in Water. ACS Sustain. Chem. Eng. 2016, 4 (12), 7217-7224.
https://doi.org/10.1021/acssuschemeng.6b02178.

Torvinen, K. Nanoporous Kaolin — Cellulose Nano Fi Bril Composites for
Printed Electronics. Flex. Print. Electron. 2017. https://doi.org/10.1088/2058-
8585/aa6d97.

Yasir Beeran, P. T.; Bobnar, V.; Gorgieva, S.; Grohens, Y.; FinSgar, M.;
Thomas, S.; Kokol, V. Mechanically Strong, Flexible and Thermally Stable
Graphene Oxide/Nanocellulosic Films with Enhanced Dielectric Properties.
RSC Adv. 2016, 6 (54), 49138-49149. https://doi.org/10.1039/c6ra06744a.
Yan, C.; Wang, J.; Kang, W.; Cui, M.; Wang, X.; Foo, C. Y.; Chee, K. J.; Lee,
P. S. Highly Stretchable Piezoresistive Graphene-Nanocellulose Nanopaper
for Strain Sensors. Adv. Mater. 2014, 26 (13), 2022-2027.
https://doi.org/10.1002/adma.201304742.

Zhu, C.; Liu, P.; Mathew, A. P. Self-Assembled TEMPO Cellulose
Nanofibers: Graphene Oxide-Based Biohybrids for Water Purification. ACS
Appl. Mater. Interfaces 2017, 9 (24), 21048-21058.
https://doi.org/10.1021/acsami.7b06358.



(49)

(50)

(51

(52)

(53)

(54

(55)

(56)

(57)

(58)

(59)

(60)

(61)

(62)

(63)

Oun, A. A.; Shankar, S.; Rhim, J.-W. Multifunctional Nanocellulose/Metal
and Metal Oxide Nanoparticle Hybrid Nanomaterials. Crit. Rev. Food Sci.
Nutr. 2019, 60 3), 435-460.
https://doi.org/10.1080/10408398.2018.1536966.

Islam, S.; Chen, L.; Sisler, J.; Tam, K. C. Cellulose Nanocrystal (CNC) —
Inorganic Hybrid Systems: Synthesis, Properties and Applications. J. Mater.
Chem. B 2018, 6, 864—883. https://doi.org/10.1039/C7TB03016A.
Keshavarzi, N.; Mashayekhy Rad, F.; Mace, A.; Ansari, F.; Akhtar, F.;
Nilsson, U.; Berglund, L.; Bergstrdm, L. Nanocellulose-Zeolite Composite
Films for Odor Elimination. ACS Appl. Mater. Interfaces 2015, 7 (26), 14254—
14262. https://doi.org/10.1021/acsami.5b02252.

Matsumoto, M.; Kitaoka, T. Ultraselective Gas Separation by Nanoporous
Metal—Organic Frameworks Embedded in Gas-Barrier Nanocellulose Films.
Adv. Mater. 2016, 28 ), 1765-1769.
https://doi.org/10.1002/adma.201504784.

Valencia, L.; Abdelhamid, H. N. Nanocellulose Leaf-like Zeolitic Imidazolate
Framework (ZIF-L) Foams for Selective Capture of Carbon Dioxide.
Carbohydr. Polym. 2019, 213 (February), 338-345.
https://doi.org/10.1016/j.carbpol.2019.03.011.

Wicklein, B.; Salazar-Alvarez, G. Functional Hybrids Based on Biogenic
Nanofibrils and Inorganic Nanomaterials. J. Mater. Chem. 4 2013, 1 (18),
5469-5478. https://doi.org/10.1039/c3ta01690k.

Giese, M.; Blusch, L. K.; Khan, M. K.; MacLachlan, M. J. Functional
Materials from Cellulose-Derived Liquid-Crystal Templates. Angew. Chemie
- Int. Ed. 2015, 54 (10), 2888-2910. https://doi.org/10.1002/anie.201407141.
Shchipunov, Y.; Postnova, I. Cellulose Mineralization as a Route for Novel
Functional Materials. 2018, 1705042, 1-28.
https://doi.org/10.1002/adfm.201705042.

UN Environment and International Energy Agency. Towards a Zero-
Emission, Efficient, and Resilient Buildings and Construction Sector. Global
Status Report 2017; 2017. https://doi.org/10.1787/enestats.

International Energy Agency and the United Nations Environment
Programme. 2018 Global Status Report: Towards a Zero-emission, Efficient
and  Resilient  Buildings  and  Construction  Sector;  2018.
https://doi.org/10.1038/s41370-017-0014-9.

International Energy Agency. Policy Pathway - Modernising Building Energy
Codes - 2013; International Energy Agency: Paris, 2013.
https://doi.org/10.1127/0941-2948/2010/0430.

International Energy Agency. Transition to Sustainable Buildings - Strategies
and Opportunities to 2050; International Energy Agency: Paris, 2013.

Jelle, B. P. Traditional, State-of-the-Art and Future Thermal Building
Insulation Materials and Solutions - Properties, Requirements and
Possibilities. Energy  Build. 2011, 43 (10), 2549-2563.
https://doi.org/10.1016/j.enbuild.2011.05.015.

Winterling, H.; Sonntag, N. Rigid Polystyrene Foam (EPS, XPS); 2011; Vol.
101.

Federation of European Rigid Polyurethane Foam Association. Thermal

83



(64)

(65)

(66)

(67)

(68)

(69)

(70)

(71)

(72)

(73)

(74)

(75)

(76)

(77)

84

Insulation Materials Made of Rigid Polyurethane Foam (PUR/PIR); 2006.
Lavoine, N.; Bergstrom, L. Nanocellulose-Based Foams and Aerogels:
Processing, Properties, and Applications. J. Mater. Chem. A 2017, 5, 16105.
https://doi.org/10.1039/c7ta02807e.

Li, C.; Chen, Z.; Dong, W.; Lin, L.; Zhu, X.; Liu, Q.; Zhang, Y.; Zhai, N;
Zhou, Z.; Wang, Y.; Chen, B.; Ji, Y.; Chen, X.; Xu, X.; Yang, Y.; Zhang, H.
A Review of Silicon-Based Aerogel Thermal Insulation Materials:
Performance Optimization through Composition and Microstructure. J. Non.
Cryst. Solids 2020, No. October, 120517.
https://doi.org/10.1016/j.jnoncrysol.2020.120517.

Baetens, R.; Jelle, B. P.; Gustavsen, A. Aerogel Insulation for Building
Applications: A State-of-the-Art Review. Energy Build. 2011, 43 (4), 761—
7609. https://doi.org/10.1016/j.enbuild.2010.12.012.

Bheekhun, N.; Rahim, A.; Talib, A.; Hassan, M. R. Aerogels in Aerospace: A
Review. Adv. Mater. Sci. Eng. 2013, 2013, 1-18.
https://doi.org/10.1155/2013/406065.

Wordsworth, R.; Kerber, L.; Cockell, C. Enabling Martian Habitability with
Silica Aerogel via the Solid-State Greenhouse Effect. Nat. Astron. 2019.
https://doi.org/10.1038/s41550-019-0813-0.

Barrios, E.; Fox, D.; Sip, Y. Y. L.; Catarata, R.; Calderon, J. E.; Azim, N.;
Afrin, S.; Zhang, Z.; Zhai, L. Nanomaterials in Advanced, High-Performance
Aerogel Composites: A Review. Polymers (Basel). 2019, 11, 726.
https://doi.org/10.3390/polym11040726.

Guo, J. F.; Tang, G. H. A Theoretical Model for Gas-Contributed Thermal
Conductivity in Nanoporous Aerogels. Int. J. Heat Mass Transf. 2019, 137,
64—73. https://doi.org/10.1016/j.ijheatmasstransfer.2019.03.106.

Obori, M.; Suh, D.; Yamasaki, S.; Kodama, T.; Saito, T.; Isogai, A.; Shiomi,
J. Parametric Model to Analyze the Components of the Thermal Conductivity
of a Cellulose-Nanofibril Aerogel. Phys. Rev. Appl. 2019, 11 (2), 024044.
https://doi.org/10.1103/PhysRevApplied.11.024044.

Cahill, D. G.; Goodson, K.; Majumdar, A. Thermometry and Thermal
Transport in Micro/Nanoscale Solid-State Devices and Structures. J. Heat
Transfer 2002, 124 (2), 223-241. https://doi.org/10.1115/1.1454111.
Losego, M. D.; Grady, M. E.; Sottos, N. R.; Cahill, D. G.; Braun, P. V. Effects
of Chemical Bonding on Heat Transport across Interfaces. Nat. Mater. 2012,
11 (June), 502-506. https://doi.org/10.1038/nmat3303.

Malek, K.; Coppens, M. O. Knudsen Self- and Fickian Diffusion in Rough
Nanoporous Media. J. Chem. Phys. 2003, 119 (5), 2801-2811.
https://doi.org/10.1063/1.1584652.

Zeng, S. Q.; Hunt, A.; Greif, R. Transport Properties of Gas in Silica Aerogel.
J. Non. Cryst. Solids 1995, 186, 264-270. https://doi.org/10.1016/0022-
3093(95)00052-6.

Li, D.; Mcgaughey, A. J. H. Phonon Dynamics at Surfaces and Interfaces and
Its Implications in Energy Transport in Nanostructured Materials — An
Opinion Paper. Nanoscale Microscale Thermophys. Eng. 2015, 19 (2), 166—
182. https://doi.org/10.1080/15567265.2015.1035199.

Chen, G. Phonon Heat Conduction in Nanostructures. Int. J. Therm. Sci. 2000,



(78)

(79)

(80)

(81)

(82)

(83)

(84)

(85)

(86)

(87)

(83)

(89)

(90)

39, 471-480. https://doi.org/10.1016/S1290-0729(00)00202-7.

Kapitza, P. L. The Study of Heat Transfer in Helium II. J. Phys. 1941, 4 (181),
114-153. https://doi.org/10.1016/B978-0-08-015816-7.50014-6.

Wang, X.; Ho, V.; Segalman, R. A.; Cahill, D. G. Thermal Conductivity of
High-Modulus Polymer Fibers. Macromolecules 2013, 46 (12), 4937-4943.
https://doi.org/10.1021/ma400612y.

Hung, S. W.; Kikugawa, G.; Shiomi, J. Mechanism of Temperature
Dependent Thermal Transport across the Interface between Self-Assembled
Monolayer and Water. J. Phys. Chem. C 2016, 120 (47), 26678-26685.
https://doi.org/10.1021/acs.jpcc.6b09516.

Xie, Y.; Xu, S.; Xu, Z.; Wu, H.; Deng, C.; Wang, X. Interface-Mediated
Extremely Low Thermal Conductivity of Graphene Aerogel. Carbon N. Y.
2016, 98, 381-390. https://doi.org/10.1016/j.carbon.2015.11.033.

Luo, H.; Lu, H.; Leventis, N. The Compressive Behavior of Isocyanate-
Crosslinked Silica Aerogel at High Strain Rates. Mech. Time-Dependent
Mater. 2006, 10 (2), 83—111. https://doi.org/10.1007/s11043-006-9015-0.
Meador, M. A. B.; Vivod, S. L.; McCorkle, L.; Quade, D.; Sullivan, R. M.;
Ghosn, L. J.; Clark, N.; Capadona, L. A. Reinforcing Polymer Cross-Linked
Aerogels with Carbon Nanofibers. J. Mater. Chem. 2008, 18 (16), 1843—1852.
https://doi.org/10.1039/b800602d.

Ma, H.; Zheng, X.; Luo, X.; Yi, Y.; Yang, F. Simulation and Analysis of
Mechanical Properties of Silica Aerogels: From Rationalization to Prediction.
Materials (Basel). 2018, 11 (2), 214. https://doi.org/10.3390/mal11020214.
Zhao, S.; Malfait, W. J.; Guerrero Alburquerque, N.; Koebel, M. M.;
Nystrom, G. Biopolymer Aerogels: Chemistry, Properties and Applications.
Angew. Chemie Int. Ed. 2018, 57, 7580.
https://doi.org/10.1002/anie.201709014.

Budtova, T. Bio-Based Aerogels: A New Generation of Thermal
Superinsulating Materials. In Cellulose Science and Technology: Chemistry,
Analysis and Applications; Rosenau, T., Potthast, A., Hell, J., Eds.; John
Wiley & Sons, Inc., 2019; juy) 371-392.
https://doi.org/10.1002/9781119217619.ch15.

Churkina, G.; Organschi, A.; Reyer, C. P. O.; Ruff, A.; Vinke, K.; Liu, Z.;
Reck, B. K.; Graedel, T. E.; Schellnhuber, H. J. Buildings as a Global Carbon
Sink. Nat. Sustain. 2020, 3 (4),269-276. https://doi.org/10.1038/s41893-019-
0462-4.

Rudaz, C.; Courson, R.; Bonnet, L.; Calas-Etienne, S.; Sallée, H.; Budtova,
T. Aeropectin: Fully Biomass-Based Mechanically Strong and Thermal
Superinsulating Aerogel. Biomacromolecules 2014, 15 (6), 2188-2195.
https://doi.org/10.1021/bm500345u.

Zhao, S.; Malfait, W. J.; Demilecamps, A.; Zhang, Y.; Brunner, S.; Huber, L.;
Tingaut, P.; Rigacci, A.; Budtova, T.; Koebel, M. M. Strong, Thermally
Superinsulating Biopolymer-Silica Aerogel Hybrids by Cogelation of Silicic
Acid with Pectin. Angew. Chemie - Int. Ed. 2015, 54 (48), 14282—-14286.
https://doi.org/10.1002/anie.201507328.

Groult, S.; Budtova, T. Thermal Conductivity/Structure Correlations in
Thermal Super-Insulating Pectin Aerogels. Carbohydr. Polym. 2018, 196,

85



C2))

(92)

(93)

94)

(95)

(96)

7

(98)

99)

(100)

(101)

(102)

(103)

86

73-81. https://doi.org/10.1016/j.carbpol.2018.05.026.

Glenn, G. M.; Irving, D. W. Starch-Based Microcellular Foams. Am. Assoc.
Cereal Chem. 1995, 72 (2), 155-161.

Gurikov, P.; Raman, S. P.; Weinrich, D.; Fricke, M.; Smirnova, I. A Novel
Approach to Alginate Aerogels: Carbon Dioxide Induced Gelation. RSC Adv.
2015, 5 (11), 7812—7818. https://doi.org/10.1039/c4ral4653k.

Kobayashi, Y.; Saito, T.; Isogai, A. Aerogels with 3D Ordered Nanofiber
Skeletons of Liquid-Crystalline Nanocellulose Derivatives as Tough and
Transparent Insulators. Angew. Chemie - Int. Ed. 2014, 53, 10394-10397.
https://doi.org/10.1002/anie.201405123.

Sakai, K.; Kobayashi, Y.; Saito, T.; Isogai, A. Partitioned Airs at Microscale
and Nanoscale: Thermal Diffusivity in Ultrahigh Porosity Solids of
Nanocellulose. Sci. Rep. 2016, 6, 20434. https://doi.org/10.1038/srep20434.
Jiménez-Saelices, C.; Seantier, B.; Grohens, Y.; Capron, I. Thermal
Superinsulating Materials Made from Nanofibrillated Cellulose-Stabilized
Pickering Emulsions. ACS Appl. Mater. Interfaces 2018, 10 (18), 16193—
16202. https://doi.org/10.1021/acsami.8b02418.

Chen, W.; Li, Q.; Wang, Y.; Yi, X.; Zeng, J.; Yu, H,; Liu, Y.; Li, J.
Comparative Study of Aerogels Obtained from Differently Prepared
Nanocellulose  Fibers.  ChemSusChem 2014, 7 (1), 154-161.
https://doi.org/10.1002/cssc.201300950.

Seantier, B.; Bendahou, D.; Bendahou, A.; Grohens, Y.; Kaddami, H. Multi-
Scale Cellulose Based New Bio-Aerogel Composites with Thermal Super-
Insulating and Tunable Mechanical Properties. Carbohydr. Polym. 2016, 138,
335-348. https://doi.org/10.1016/j.carbpol.2015.11.032.

Belbekhouche, S.; Bras, J.; Siqueira, G.; Chappey, C.; Lebrun, L.; Khelifi, B.;
Marais, S.; Dufresne, A. Water Sorption Behavior and Gas Barrier Properties
of Cellulose Whiskers and Microfibrils Films. Carbohydr. Polym. 2011, 83
(4), 1740-1748. https://doi.org/10.1016/j.carbpol.2010.10.036.

Kulasinski, K.; Guyer, R.; Derome, D.; Carmeliet, J. Water Adsorption in
Wood Microfibril-Hemicellulose System: Role of the Crystalline-Amorphous
Interface. Biomacromolecules 2015, 16 9), 2972-2978.
https://doi.org/10.1021/acs.biomac.5b00878.

Mihranyan, A.; Llagostera, A. P.; Karmhag, R.; Stremme, M.; Ek, R.
Moisture Sorption by Cellulose Powders of Varying Crystallinity. Int. J.
Pharm. 2004, 269 (2), 433-442.
https://doi.org/10.1016/j.ijpharm.2003.09.030.

Chen, M.; Coasne, B.; Guyer, R.; Derome, D.; Carmeliet, J. Role of Hydrogen
Bonding in Hysteresis Observed in Sorption-Induced Swelling of Soft
Nanoporous Polymers. Nat. Commun. 2018, 9, 3507.
https://doi.org/10.1038/s41467-018-05897-9.

Bendahou, D.; Bendahou, A.; Seantier, B.; Grohens, Y.; Kaddami, H. Nano-
Fibrillated Cellulose-Zeolites Based New Hybrid Composites Aerogels with
Super Thermal Insulating Properties. Ind. Crops Prod. 2015, 65, 374-382.
https://doi.org/10.1016/j.indcrop.2014.11.012.

Zhao, S.; Zhang, Z.; S¢be, G.; Wu, R.; Rivera Virtudazo, R. V.; Tingaut, P.;
Koebel, M. M. Multiscale Assembly of Superinsulating Silica Aerogels



(104)

(105)

(106)

(107)

(108)

(109)

(110)

(111)

(112)

(113)

(114)

within Silylated Nanocellulosic Scaffolds: Improved Mechanical Properties
Promoted by Nanoscale Chemical Compatibilization. Adv. Funct. Mater.
2015, 25 (15), 2326-2334. https://doi.org/10.1002/adfm.201404368.

Zhou, S.; Apostolopoulou-Kalkavoura, V.; Tavares da Costa, M. V.
Bergstrom, L.; Stromme, M.; Xu, C. Elastic Aerogels of Cellulose
Nanofibers@Metal-Organic Frameworks for Thermal Insulation and Fire
Retardancy. Nano-Micro Lett. 2020, 12 (1), 1-13.
https://doi.org/10.1007/s40820-019-0343-4.

Nguyen, S. T.; Feng, J.; Ng, S. K.; Wong, J. P. W_; Tan, V. B. C.; Duong, H.
M. Advanced Thermal Insulation and Absorption Properties of Recycled
Cellulose Aerogels. Colloids Surfaces A Physicochem. Eng. Asp. 2014, 445,
128-134. https://doi.org/10.1016/j.colsurfa.2014.01.015.

Wicklein, B.; Kocjan, A.; Salazar-Alvarez, G.; Carosio, F.; Camino, G.;
Antonietti, M.; Bergstrom, L. Thermally Insulating and Fire-Retardant
Lightweight Anisotropic Foams Based on Nanocellulose and Graphene
Oxide. Nat. Nanotechnol. 2015, 10, 277-283.
https://doi.org/10.1038/nnano.2014.248.

Chu, G.; Qu, D.; Zussman, E.; Xu, Y. Ice-Assisted Assembly of Liquid
Crystalline Cellulose Nanocrystals for Preparing Anisotropic Aerogels with
Ordered  Structures. Chem. Mater. 2017, 29, 3980-3988.
https://doi.org/10.1021/acs.chemmater.7b00361.

Fei, H.; Shuyuan, Z.; Guangping, S.; Xiaodong, H.; Mingwei, L. Structure
and Hydrophobic Properties of Flexible Organic Inorganic Hybrid Silica
Cellulose Aerogels. Rare Mater. Eng. 2016, 45 (S1), 392-395.

Fu, J.; Wang, S.; He, C.; Lu, Z.; Huang, J.; Chen, Z. Facilitated Fabrication
of High Strength Silica Aerogels Using Cellulose Nanofibrils as Scaffold.
Carbohydr. Polym. 2016, 147, 89-96.
https://doi.org/10.1016/j.carbpol.2016.03.048.

Liu, D.; Wu, Q.; Andersson, R. L.; Hedenqvist, M. S.; Farris, S.; Olsson, R.
T. Cellulose Nanofibril Core-Shell Silica Coatings and Their Conversion into
Thermally Stable Nanotube Aerogels. J. Mater. Chem. A 2015, 3 (JUNE),
15745-15754. https://doi.org/10.1039/C5TA03646A.

Wong, J. C. H.; Kaymak, H.; Tingaut, P.; Brunner, S.; Koebel, M. M.
Mechanical and Thermal Properties of Nanofibrillated Cellulose Reinforced
Silica Aerogel Composites. Microporous Mesoporous Mater. 2015, 217,
150-158. https://doi.org/10.1016/j.micromeso.2015.06.025.

Zhang, Z.; Sc¢be, G.; Rentsch, D.; Zimmermann, T.; Tingaut, P.
Ultralightweight and Flexible Silylated Nanocellulose Sponges for the
Selective Removal of Oil from Water. Chem. Mater. 2014, 26 (8), 2659-2668.
https://doi.org/10.1021/cm5004164.

Donius, A. E.; Liu, A.; Berglund, L. A.; Wegst, U. G. K. Superior Mechanical
Performance of Highly Porous, Anisotropic Nanocellulose-Montmorillonite
Aerogels Prepared by Freeze Casting. J. Mech. Behav. Biomed. Mater. 2014,
37, 88-99. https://doi.org/10.1016/j.jmbbm.2014.05.012.

Gawryla, M. D.; Van Den Berg, O.; Weder, C.; Schiraldi, D. A. Clay
Aerogel/Cellulose Whisker Nanocomposites: A Nanoscale Wattle and Daub.
J Mater. Chem. 2009, 19 (15), 2118-2124.

87



(115)

(116)

(117)

(118)

(119)

(120)

(121)

(122)

(123)

(124)

(125)

88

https://doi.org/10.1039/b823218k.

Guo, W.; Wang, X.; Zhang, P.; Liu, J.; Song, L.; Hu, Y. Nano-Fibrillated
Cellulose-Hydroxyapatite Based Composite Foams with Excellent Fire
Resistance. Carbohydr. Polym. 2018, 195, 71-78.
https://doi.org/10.1016/j.carbpol.2018.04.063.

Wang, M.; Anoshkin, I. V.; Nasibulin, A. G.; Ras, R. H. A.; Nonappa; Laine,
J.; Kauppinen, E. I.; Tkkala, O. Electrical Behaviour of Native Cellulose
Nanofibril/Carbon Nanotube Hybrid Aerogels under Cyclic Compression.
RSC Adv. 2016, 6 (92), 89051-89056. https://doi.org/10.1039/c6ral 6202a.
Yao, X.; Yu, W.; Xu, X.; Chen, F.; Fu, Q. Amphiphilic, Ultralight, and
Multifunctional Graphene/Nanofibrillated Cellulose Aerogel Achieved by
Cation-Induced Gelation and Chemical Reduction. Nanoscale 2015, 7 (9),
3959-3964. https://doi.org/10.1039/c4nr07402e.

Yao, Q.; Fan, B.; Xiong, Y.; Jin, C.; Sun, Q.; Sheng, C. 3D Assembly Based
on 2D Structure of Cellulose Nanofibril/Graphene Oxide Hybrid Aerogel for
Adsorptive Removal of Antibiotics in Water. Sci. Rep. 2017, 7 (March), 1—-
13. https://doi.org/10.1038/srep45914.

Zheng, Q.; Cai, Z.; Ma, Z.; Gong, S. Cellulose Nanofibril/Reduced Graphene
Oxide/Carbon Nanotube Hybrid Aerogels for Highly Flexible and All-Solid-
State Supercapacitors. ACS Appl. Mater. Interfaces 2015, 7 (5), 3263-3271.
https://doi.org/10.1021/am507999s.

Zhu, H.; Yang, X.; Cranston, E. D.; Zhu, S. Flexible and Porous
Nanocellulose Aerogels with High Loadings of Metal-Organic-Framework
Particles for Separations Applications. Adv. Mater. 2016, 28 (35), 7652—7657.
https://doi.org/10.1002/adma.201601351.

Zhu, L.; Zong, L.; Wu, X_; Li, M.; Wang, H.; You, J.; Li, C. Shapeable Fibrous
Aerogels of Metal-Organic-Frameworks Templated with Nanocellulose for
Rapid and Large-Capacity Adsorption. ACS Nano 2018, 12 (5), 4462-4468.
https://doi.org/10.1021/acsnano.8b00566.

Elazzouzi-Hafraoui, S.; Nishiyama, Y.; Putaux, J.-L.; Heux, L.; Dubreuil, F.;
Rochas, C. The Shape and Size Distribution of Crystalline Nanoparticles
Prepared by Acid Hydrolysis of Native Cellulose. Biomacromolecules 2008,
9 (1), 57-65. https://doi.org/10.1021/bm700769p.

Cherhal, F.; Cousin, F.; Capron, I. Influence of Charge Density and Ionic
Strength on the Aggregation Process of Cellulose Nanocrystals in Aqueous
Suspension, as Revealed by Small-Angle Neutron Scattering. Langmuir 2015,
31 (20), 5596-5602. https://doi.org/10.1021/acs.langmuir.5b00851.

Schiitz, C.; Agthe, M.; Fall, A. B.; Gordeyeva, K.; Guccini, V.; Salajkova,
M.; Plivelic, T. S.; Lagerwall, J. P. F.; Salazar-Alvarez, G.; Bergstrom, L. Rod
Packing in Chiral Nematic Cellulose Nanocrystal Dispersions Studied by
Small-Angle X-Ray Scattering and Laser Diffraction. Langmuir 2015, 31
(23), 6507—6513. https://doi.org/10.1021/acs.langmuir.5b00924.

Chau, M.; Sriskandha, S. E.; Pichugin, D.; Th??rien-Aubin, H.;
Nykypanchuk, D.; Chauve, G.; M??thot, M.; Bouchard, J.; Gang, O.;
Kumacheva, E. Ion-Mediated Gelation of Aqueous Suspensions of Cellulose
Nanocrystals.  Biomacromolecules 2015, 16  (8), 2455-2462.
https://doi.org/10.1021/acs.biomac.5b00701.



(126)

(127)

(128)

(129)

(130)

(131)

(132)

(133)

(134)

(135)

(136)

(137)

(138)

(139)

(140)

Hamad, W. Y. Cellulose Nanocrystals: Properties, Production and
Applications; Stevens, C. V, Ed.; John Wiley & Sons, 2017.
https://doi.org/10.1002/9781118675601.

Kloser, E.; Gray, D. G. Surface Grafting of Cellulose Nanocrystals with
Poly(Ethylene Oxide) in Aqueous Media. Langmuir 2010, 26 (16), 13450—
13456. https://doi.org/10.1021/1a101795s.

Bai, W.; Holbery, J.; Li, K. A Technique for Production of Nanocrystalline
Cellulose with a Narrow Size Distribution. Cellulose 2009, 16 (3), 455-465.
https://doi.org/10.1007/s10570-009-9277-1.

Ojuva, A.; Akhtar, F.; Tomsia, A. P.; Bergstrom, L. Laminated Adsorbents
with Very Rapid CO 2 Uptake by Freeze-Casting of Zeolites. ACS Appl.
Mater. Interfaces 2013, 5 7, 2669-2676.
https://doi.org/10.1021/am400122r.

Abramoff, M. D.; Magalhaes, P. J.; Ram, S. J. Image Processing with ImageJ.
Biophotonics Int. 2004, 11 (7), 36—42.

Abitbol, T.; Kloser, E.; Gray, D. G. Estimation of the Surface Sulfur Content
of Cellulose Nanocrystals Prepared by Sulfuric Acid Hydrolysis. Cellulose
2013, 20 (2), 785—794. https://doi.org/10.1007/s10570-013-9871-0.

Reid, M. S.; Villalobos, M.; Cranston, E. D. Benchmarking Cellulose
Nanocrystals: From the Laboratory to Industrial Production. Langmuir 2017,
33 (7), 1583—1598. https://doi.org/10.1021/acs.langmuir.6b03765.

Beck, S.; Méthot, M.; Bouchard, J. General Procedure for Determining
Cellulose Nanocrystal Sulfate Half-Ester Content by Conductometric
Titration. Cellulose 2015, 22 (1), 101-116. https://doi.org/10.1007/s10570-
014-0513-y.

Scandinavian pulp paper and board testing committee. Total Acidic Group
Content; 2002; pp 1-4.

Sehaqui, H.; Ezekiel Mushi, N.; Morimune, S.; Salajkova, M.; Nishino, T.;
Berglund, L. a. Cellulose Nanofiber Orientation in Nanopaper and
Nanocomposites by Cold Drawing. ACS Appl. Mater. Interfaces 2012, 4 (2),
1043-1049. https://doi.org/10.1021/am2016766.

Dri, F. L.; Shang, S.; Jr, L. G. H.; Saxe, P.; Liu, Z.; Moon, R. J.; Zavattieri, P.
D. Anisotropy and Temperature Dependence of Structural, Thermodynamic,
and Elastic Properties of Crystalline Cellulose IB:A First-Principles
Investigation. Model. Simul. Mater. Sci. Eng. 2014, 22 (8), 085012.
https://doi.org/10.1088/0965-0393/22/8/085012.

Tang, H.; Butchosa, N.; Zhou, Q. A Transparent, Hazy, and Strong
Macroscopic Ribbon of Oriented Cellulose Nanofibrils Bearing
Poly(Ethylene  Glycol).  Adv.  Mater. 2015, 27, 2070-2076.
https://doi.org/10.1002/adma.201404565.

Burger, C.; Hsiao, B. S.; Chu, B. Preferred Orientation in Polymer Fiber
Scattering. Polym. Rev. 2010, 50 (1), 91-111. https://doi.org/Pii
919458341\r10.1080/15583720903503494.

J. J. Hermans P. H. Hermans D. Vermaas A. Weidinger. Cellulose Fibres
From The X-Ray Pibre Diagram. Recl. des Trav. Chim. des Pays-Bas 1946,
65 (6), 427-447.

Gelb, L. D.; Gubbins, K. E. Characterization of Porous Glasses : Simulation

89



(141)

(142)

(143)

(144)

(145)

(146)

(147)

(148)

(149)

(150)

(151)

(152)

90

Models , Adsorption Isotherms , and the Brunauer - Emmett - Teller Analysis
Method. Langmuir 1998, 14,2097-2111. https://doi.org/10.1021/1a9710379.
Baisheng, N.; Xianfeng, L.; Longlong, Y.; Junqing, M.; Xiangchun, L. Pore
Structure Characterization of Different Rank Coals Using Gas Adsorption and
Scanning  Electron  Microscopy.  Fuel 2015, 158, 908-917.
https://doi.org/10.1016/j.fuel.2015.06.050.

Gibson, L. J.; Ashby, M. F. The Mechanics of Honeycombs. In Cellular
Solids: Structure and Properties; Gibson, L. J.; Ashby, M. F., Ed.; Cambridge
University Press: Cambridge, UK., 1999; pp 93-174.
https://doi.org/10.1017/CB0O9781139878326.006.

Sehaqui, H.; Zhou, Q.; Berglund, L. A. High-Porosity Aerogels of High
Specific Surface Area Prepared from Nanofibrillated Cellulose (NFC).
Compos. Sci. Technol. 2011, 71, 1593-1599.
https://doi.org/10.1016/j.compscitech.2011.07.003.
Apostolopoulou-Kalkavoura, V.; Gordeyeva, K.; Lavoine, N.; Bergstrom, L.
Thermal Conductivity of Hygroscopic Foams Based on Cellulose Nanofibrils
and a Nonionic Polyoxamer. Cellulose 2018, 25, 1117-1126.
https://doi.org/10.1007/s10570-017-1633-y.

Gustafsson, S. E. Transient Plane Source Techniques for Thermal
Conductivity and Thermal Diffusivity Measurements of Solid Materials. Rev.
Sci. Instrum. 1991, 62 (3), 797-804. https://doi.org/10.1063/1.1142087.
Apostolopoulou-Kalkavoura, V.; Hu, S.; Lavoine, N.; Garg, M.; Linares, M.;
Munier, P.; Zozoulenko, I.; Shiomi, J.; Bergstrom, L. Humidity-Dependent
Thermal Boundary Conductance Controls Heat Transport of Super-Insulating
Nanofibrillar Foams Humidity-Dependent Thermal Boundary Conductance
Controls Heat Transport of Super-Insulating Nanofibrillar Foams. Matter
2020, 1-14. https://doi.org/10.1016/j.matt.2020.11.007.

Ocklind, A. Humidifier P-series http://www.cellkraft.se/downloads/P-
Series.pdf.

Lagiiela, S.; Bison, P.; Peron, F.; Romagnoni, P. Thermal Conductivity
Measurements on Wood Materials with Transient Plane Source Technique.
Thermochim. Acta 2015, 600, 45-51.
https://doi.org/10.1016/j.tca.2014.11.021.

Agthe, M_; Plivelic, T. S.; Labrador, A. M.; Bergstrom, L.; Salazar-Alvarez,
G. Following in Real-Time the Two-Step Assembly of Nanoparticles into
Mesocrystals in Levitating Drops. Nano Lett. 2016, 16, 6838—6843.
https://doi.org/10.1021/acs.nanolett.6b02586.

Liu, Y.; Agthe, M.; Salajkova, M.; Gordeyeva, K.; Guccini, V.; Fall, A.;
Salazar-Alvarez, G.; Schiitz, C.; Bergstrom, L. Assembly of Cellulose
Nanocrystals in a Levitating Drop Probed by Time-Resolved Small Angle X-
Ray Scattering. Nanoscale 2018, 10, 18113-18118.
https://doi.org/10.1039/C8NR05598]J.

Orts, W. J.; Godbout, L.; Marchessault, R. H.; Revol, J.-F. Enhanced Ordering
of Liquid Crystalline Suspensions of Cellulose Microfibrils: A Small Angle
Neutron Scattering Study. Macromolecules 1998, 31 (17), 5717-5725.
https://doi.org/10.1021/ma9711452.

Yarin, A. L.; Brenn, G.; Kastner, O.; Tropea, C. Drying of Acoustically



(153)

(154)

(155)

(156)

(157)

(158)

(159)

(160)

(161)

(162)

(163)

(164)

Levitated Droplets of Liquid-Solid Suspensions: Evaporation and Crust
Formation. Phys. Fluids 2002, 14 ), 2289-2298.
https://doi.org/10.1063/1.1483308.

Law, C. K.; Xiong, T. Y.; Wang, C. Alcohol Droplet Vaporization in Humid
Air. Int. J  Heat Mass Transf- 1987, 30 (7), 1435-1443.
https://doi.org/10.1016/0017-9310(87)90175-X.

Schmitt, J.; Calabrese, V.; Da Silva, M. A.; Lindhoud, S.; Alfredsson, V.;
Scott, J. L.; Edler, K. J. TEMPO-Oxidised Cellulose Nanofibrils; Probing the
Mechanisms of Gelation: Via Small Angle X-Ray Scattering. Phys. Chem.
Chem. Phys. 2018, 20 (23), 16012-16020.
https://doi.org/10.1039/c8cp00355f.

Nayuk, R.; Huber, K. Formfactors of Hollow and Massive Rectangular
Parallelepipeds at Variable Degree of Anisometry. Zeitschrift fur Phys.
Chemie 2012, 226 (7-8), 837-854. https://doi.org/10.1524/zpch.2012.0257.
Paladini, G.; Venuti, V.; Almasy, L.; Melone, L.; Crupi, V.; Majolino, D.;
Pastori, N.; Fiorati, A.; Punta, C. Cross-Linked Cellulose Nano-Sponges: A
Small Angle Neutron Scattering (SANS) Study. Cellulose 2019, 26 (17),
9005-9019. https://doi.org/10.1007/s10570-019-02732-2.

Matsunaga, T.; Sakai, T.; Akagi, Y.; Chung, U. II; Shibayama, M. SANS and
SLS Studies on Tetra-Arm PEG Gels in as-Prepared and Swollen States.
Macromolecules 2009, 42 (16), 6245-6252.
https://doi.org/10.1021/ma901013q.

Tian, B.; Wang, Z.; de Campo, L.; Gilbert, E. P.; Dalgliesh, R. M.; Velichko,
E.; van der Goot, A. J.; Bouwman, W. G. Small Angle Neutron Scattering
Quantifies the Hierarchical Structure in Fibrous Calcium Caseinate. Food
Hydrocoll. 2020, 106 (April), 105912.
https://doi.org/10.1016/j.foodhyd.2020.105912.

Gray, D. G. Order and Gelation of Cellulose Nanocrystal Suspensions : An
Overview of Some Issues Author for Correspondence : Philos. Trans. A 2018,
1-7. https://doi.org/10.1098/rsta.2017.0038.

Baravian, C.; Michot, L. J.; Paineau, E.; Bihannic, I.; Davidson, P.; Impéror-
Clerc, M.; Belamie, E.; Levitz, P. An Effective Geometrical Approach to the
Structure of Colloidal Suspensions of Very Anisometric Particles. EPL 2010,
90 (3), 36005. https://doi.org/10.1209/0295-5075/90/36005.

Gabriel, J. C. P.; Camerel, F.; Lemaire, B. J.; Desvaux, H.; Davidson, P.;
Batail, P. Swollen Liquid-Crystalline Lamellar Phase Based on Extended
Solid-like Sheets. Nature 2001, 413 (6855), 504-508.
https://doi.org/10.1038/35097046.

Michot, L. J.; Bihannic, I.; Maddi, S.; Funari, S.; Baravian, C.; Levitz, P.;
Davidson, P. Liquid — Crystalline Aqueous Clay Suspensions. PNAS 2006,
103 (44), 16101-16104. https://doi.org/10.1073/pnas.0605201103.

Segad, M.; Hanski, S.; Olsson, U.; Ruokolainen, J.; Akesson, T.; Jonsson, B.
Microstructural and Swelling Properties of Ca and Na Montmorillonite: (In
Situ) Observations with Cryo-TEM and SAXS. J. Phys. Chem. C 2012, 116,
7596-7601. https://doi.org/10.1021/jp300531y.

Schoonheydt, R. A.; Johnston, C. T. Chapter 5 — Surface and Interface
Chemistry of Clay Minerals. In Developments in Clay Science; Faiza, B.,

91



(165)

(166)

(167)

(168)

(169)

(170)

(171)

(172)

(173)

(174)

(175)

(176)

177)

92

Lagaly, G., Eds.; Elsevier, 2013; Vol. 5, pp 139-172.
https://doi.org/10.1016/B978-0-08-098258-8.00005-5.

Michot, L. J.; Bihannic, I.; Thomas, F.; Lartiges, B. S.; Waldvogel, Y.; Caillet,
C.; Thieme, J.; Funari, S. S.; Levitz, P. Coagulation of Na-Montmorillonite
by Inorganic Cations at Neutral PH. A Combined Transmission X-Ray
Microscopy, Small Angle and Wide Angle X-Ray Scattering Study. Langmuir
2013, 29 (10), 3500-3510. https://doi.org/10.1021/1a400245n.

Morvan, M.; Espinat, D.; Lambard, J.; Zemb, T. Ultrasmall- and Small-Angle
X-Ray Scattering of Smectite Clay Suspensions. Colloids Surfaces A
Physicochem. Eng. Asp. 1994, 82 (2), 193-203. https://doi.org/10.1016/0927-
7757(93)02656-Y.

Yoonessi, M.; Toghiani, H.; Daulton, T. L.; Lin, J. S.; Pittman, C. U. Clay
Delamination in Clay/Poly(Dicyclopentadiene) Nanocomposites Quantified
by Small Angle Neutron Scattering and High-Resolution Transmission
Electron Microscopy. Macromolecules 2005, 38 (3), 818-831.
https://doi.org/10.1021/ma048663e.

Lagaly, G.; Dékany, 1. Chapter 8 - Colloid Clay Science. In Developments in
Clay Science; Faiza, B., Lagaly, G., Eds.; Elsevier, 2013; Vol. 5, pp 243-345.
https://doi.org/10.1016/B978-0-08-098258-8.00010-9.

Xu, H.-N.; Tang, Y.-Y.; Ouyang, X.-K. Shear-Induced Breakup of Cellulose
Nanocrystal Aggregates. Langmuir 2017, 33, 235-242.
https://doi.org/10.1021/acs.langmuir.6b03807.

Haywood, A. D.; Weigandt, K. M.; Saha, P.; Noor, M.; Green, M. J.; Davis,
V. A. New Insights into the Flow and Microstructural Relaxation Behavior of
Biphasic Cellulose Nanocrystal Dispersions from RheoSANS. Soft Matter
2017, 13 (45), 8451-8462. https://doi.org/10.1039/C7SM00685C.
Nordenstrom, M.; Fall, A. B.; Nystrom, G.; Wagberg, L. The Formation of
Colloidal ~ Nanocellulose Glasses and  Gels. Langmuir  2017.
https://doi.org/10.1021/acs.langmuir.7b01832.

Jiménez-Saelices, C.; Seantier, B.; Cathala, B.; Grohens, Y. Spray Freeze-
Dried Nanofibrillated Cellulose Aerogels with Thermal Superinsulating
Properties. Carbohydpr. Polym. 2017, 157, 105-113.
https://doi.org/10.1016/j.carbpol.2016.09.068.

Wada, M. Lateral Thermal Expansion of Cellulose Ip and IIII Polymorphs. J.
Polym. Sci. Part B Polym. Phys. 2002, 40 (11), 1095-1102.
https://doi.org/10.1002/polb.10166.

Hori, R.; Wada, M. The Thermal Expansion of Wood Cellulose Crystals.
Cellulose 2005, 12 (5), 479—484. https://doi.org/10.1007/s10570-005-5967-5.
Diaz, J. A.; Ye, Z.; Wu, X.; Moore, A. L.; Moon, R. J.; Martini, A.; Boday,
D. J.; Youngblood, J. P. Thermal Conductivity in Nanostructured Films: From
Single Cellulose Nanocrystals to Bulk Films. Biomacromolecules 2014, 15
(11), 4096—4101. https://doi.org/10.1021/bm501131a.

Uetani, K.; Okada, T.; Oyama, H. T. Crystallite Size Effect on Thermal
Conductive  Properties  of  Nonwoven  Nanocellulose  Sheets.
Biomacromolecules 2015, 16 7, 2220-2227.
https://doi.org/10.1021/acs.biomac.5b00617.

Deville, S. Freeze-Casting of Porous Biomaterials: Structure, Properties and



(178)

(179)

(180)

(181)

(182)

(183)

(184)

(185)

(186)

Opportunities.  Materials ~ (Basel). 2010, 3 (3), 1913-1927.
https://doi.org/10.3390/ma3031913.

Wegst, U. G. K.; Schecter, M.; Donius, A. E.; Hunger, P. M. Biomaterials by
Freeze Casting. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. 2010, 368
(1917), 2099-2121. https://doi.org/10.1098/rsta.2010.0014.

Bouville, F.; Maire, E.; Deville, S. Self-Assembly of Faceted Particles
Triggered by a Moving Ice Front. Langmuir 2014, 30 (29), 8656—8663.
https://doi.org/10.1021/1a404426d.

Dash, R.; Li, Y.; Ragauskas, A. J. Cellulose Nanowhisker Foams by Freeze
Casting. Carbohydr. Polym. 2012, 88 (2), 789-792.
https://doi.org/10.1016/j.carbpol.2011.12.035.

Tripathi, A.; Tardy, B. L.; Khan, S.; Liebner, F.; Rojas, O. J. Expanding the
Upper Limits of Robustness for Cellulose Nanocrystal Aerogels: Outstanding
Mechanical Performance and Associated Pore Compression of Chiral-
Nematic Architectures. J. Mater. Chem. A4 2019, 7, 15309-15319.
https://doi.org/10.1039/C9TA03950C.

Adachi, K.; Daicho, K.; Furuta, M.; Shiga, T.; Saito, T.; Kodama, T. Thermal
Conduction through Individual Cellulose Nanofibers. Appl. Phys. Lett. 2021,
118,053701. https://doi.org/10.1063/5.0042463.

Chernatynskiy, A.; Clarke, D. R.; Phillpot, S. R. Thermal Transport in
Nanostructured Materials. In Handbook of Nanoscience, Engineering, and
Technology; Goddard III, W., Brenner, D., Lyshevski, S., Iafrate, G., Eds.;
CRC Press, 2018; pp 568-595. https://doi.org/10.1201/b11930-24.

Park, M.; Lee, D.; Shin, S.; Hyun, J. Effect of Negatively Charged Cellulose
Nanofibers on the Dispersion of Hydroxyapatite Nanoparticles for Scaffolds
in Bone Tissue Engineering. Colloids Surfaces B Biointerfaces 2015, 130,
222-228. https://doi.org/10.1016/j.colsurfb.2015.04.014.

Jaxel, J.; Markevicius, G.; Rigacci, A.; Budtova, T. Thermal Superinsulating
Silica Aerogels Reinforced with Short Man-Made Cellulose Fibers. Compos.
Part A Appl. Sci. Manuf. 2017, 103, 113-121.
https://doi.org/10.1016/j.compositesa.2017.09.018.

Markevicius, G.; Ladj, R.; Niemeyer, P.; Budtova, T.; Rigacci, A. Ambient-
Dried Thermal Superinsulating Monolithic Silica-Based Aerogels with Short
Cellulosic  Fibers. J. Mater. Sci. 2017, 52 (4), 2210-2221.
https://doi.org/10.1007/s10853-016-0514-3.

93



