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Nanocellulose-based foams and aerogels:
processing, properties, and applications
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Nanocellulose is a renewable and biocompatible nanomaterial with a high strength low density and tunable
surface chemistry. This review summarizes the main processing routes and significant properties of

nanocellulose-based foams and aerogels. Challenges, such as how to produce long-term stable wet

foams or how to avoid structural collapse of the material during solvent removal using e.g. supercritical
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drying, are discussed. Recent advances in the use of ice templating to generate iso- or anisotropic foams

with tunable mechanical and thermal properties are highlighted. We illustrate how the porous
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1. Introduction

Cellulose is a homopolysaccharide consisting of a linear chain
of linked anhydroglucose units (AGU)." The three hydroxyl
groups on each AGU enable the cellulose chains to assemble
with each other, determining e.g. the formation of fibrillar and
semicrystalline species.” Individual cellulose molecules are
brought together into larger units, called elementary fibrils or
microfibrils, which have a diameter of 3-4 nm and a length
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architecture and properties of nanocellulose-based foams and aerogels can be tailored for applications
in e.g. thermal insulation and energy storage.

estimated to be over 1-2 pm. Each microfibril is composed of
nano-sized and highly crystalline rod like fragments, referred
to as cellulose nanocrystals (CNC).> The microfibrils are
packed into larger units, referred to as macrofibrils, with
diameters ranging from 15 to 60 nm, which are in turn
assembled into the familiar cellulose fibre (diameters 20-50
pum; lengths 1-4 mm). Cellulose nanofibrils (CNF) is a term
commonly used to denote both the microfibrils and the
macrofibrils.*

Nanocellulose in the form of CNC and CNF has been the
focus of a significant research interest during the last two
decades. Nanocellulose is an abundant and renewable nano-
material that combines a low density, high strength and
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flexibility with chemical inertness and possibility to modify
the surface chemistry.® The first stable colloidal suspension of
CNC was produced in 1950, by Ranby and Ribi via acid
hydrolysis of wood and cotton cellulose.® Sulphuric acid is
commonly used for producing sulphonated CNC,” although
CNC with other surface groups have been produced by
hydrolyses with hydrochloric,*® phosphoric,* hydrobromic,*
and phosphotungstic'* acids. The geometrical dimensions of
CNC vary with the cellulosic source (cotton, ramie, tunicate,
bacterial cellulose, softwood pulp, microcrystalline cellulose,
etc.); but typically, the width is a few nanometres and lengths
range from tenth nanometres to several micrometres. More
information can be found in recent reviews."*?

The production of CNF often requires chemical (carbox-
ymethylation,™ carboxylation,'® quaternization,'® etc.) or enzy-
matic'” pretreatments to be carried out prior to mechanical
treatment. The CNF dimensions depend on the processing
conditions and possible post-treatments such as chemical
modification or fractionation.*® CNF have typically a diameter of
3-50 nm and a length of a few micrometres.

While early work on nanocellulose-based materials primarily
focused on reinforced nanocomposites,>* a broad range of
applications are today being investigated, including e.g. food-
packaging,*?* coatings,* biomedical,”**” and printed electronics*®
devices. Reviews on the production methods of nanocelluloses,'®
their rheology,” barrier properties,* chemical modifications*** or
self-assembly® are available for the interested readers.

The research interest in nanocellulose-based foams and
aerogels is recent but rapidly growing. The combination of an
ultralow density, tunable porous architecture and
outstanding mechanical properties makes them of interest
for a wide range of applications including e.g. biomedical
scaffolds, thermal insulation and devices for storage and
generation of energy.

This review aims to describe and discuss the processing,
properties, and applications of nanocellulose-based foams and
aerogels and highlights challenges that need to be overcome to
enable the production of foams and aerogels with tailored
properties for novel applications.
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The terms “foam” and “aerogel” are commonly used inter-
changeably to describe nanocellulose-based porous materials.
Previous reports have defined a (nanocellulose-based) aerogel
as “a highly porous solid of ultra-low density and with nano-
metric pore sizes formed by replacement of liquid in a gel with
gas”.’* Foams are usually more broadly defined, commonly
referred to as “solid porous materials with micrometric pore
sizes”.** Throughout this review, when referring to
nanocellulose-based foams or aerogels, we will then use the
following definitions (Fig. 1):

- A nanocellulose(-based) foam is a multi-phase porous
material with a porosity larger than 50% in which gas (e.g. air) is
dispersed in a liquid, solid or hydrogel. The diameter of the
bubbles (or the pore size) is usually larger than 50 nm.

- A nanocellulose(-based) aerogel is a mesoporous solid
material (i.e. pore size in the range 2-50 nm) of high porosity
(>90%).

2. Processing: from nanocellulose-
based dispersions to porous solids

Processing of nanocellulose-based foams and aerogels involves
two main steps (Fig. 1): (i) preparation of a gel or wet foam from
a dispersion, and (ii) removal of the solvent by evaporation
(oven drying), freeze drying, and supercritical drying preceded
by solvent exchange. Fig. 1 also shows that foams can be
structured directly from the dispersion by e.g. freezing of the
solvents.

2.1. Preparation and stability of nanocellulose-based wet
foams/gels

Gas bubbles can be introduced into a nanocellulose-based
aqueous dispersion by either vigorous stirring or shaking (the
so called Bartsch method), by pouring (the Ross-Miles
method)* or sparging, i.e. by bubbling air into the dispersion
(the Bikerman method).** Gas bubbles can also be created by
desorption or decomposition of added compounds, so called
foaming agents.*

Nanocellulose Wedfgdm Structuring and solvent removal Porous solid
Hydrogel

- G\Ia\lse; _ﬁ%%;"el Convective
SpaTaon” drying Solid Foam
Gas-in-solid
- Delay or avoid bubbles coalescence dispersion
- B ? >
CNF ubble diameters = 50 nm sl & 605
- Pore size 2 50 nm
CNC ”
Solvent — Superecritical —— Aerogel
dryin Mesoporous solid
exchange ying material
- Disparsion/ - Porosity =2 90%
Hydrogel . ) - 2nm < Pore size < 50 nm
Freezing = | Freeze-drying | ==
b
Precooling - Directional freezing
Refrigerator and/or - Direct quenching
freezer

Fig. 1 From nanocellulose to nanocellulose-based foams and aerogels: terminology and processing.
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Fig. 2 Particle-stabilized foams: (a) particle at an air/water interface,
(b) particle-stabilized foam lamella (adapted from Hunter et al.*®).

Coalescence, partitioning and creaming of the inherently
unstable gas bubbles need to be avoided or delayed to yield wet
foams that are stable over a sufficient time. Foams drain,
coarsen, and finally collapse when the films between the
bubbles rupture.*® More details on foam stability mechanisms
can be found in reviews of e.g. Lam et al.,”” Hunter et al,*®
Kaptay,***° and Fameau et al.**

Surfactants are frequently used to stabilize wet foams.**
Adsorption of surfactants to the air-water interface reduces the
interfacial surface tension, can induce a disjoining pressure
and improve the rigidity of the interfacial film. Most surfactant-
stabilized foams, however, show a limited stability due to
bubble disproportionation and coalescence caused by surfac-
tant desorption.*” Adsorption of particles to the air-water
interface to form the so called Pickering foams has been shown
to result in wet foams with a very high stability (Fig. 2).** Eqn (1)
describes the energy required to remove adsorbed spherical
particles from an interface® (here, air/water interface):

AG = TRy aw(l + cos 6)* (1)

where R, vaw, 0 represent the radius of the particle, the air-
water interfacial tension, and the three-phase content angle,
respectively (Fig. 2a). According to eqn (1), the detachment

(a) Surfactant-stabilized
nanocellulose-based wet foam

TEMPO-CNF

)

«» Non-ionic surfactant: Pluronic P123
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energy is the largest when 6 = 90, but maximum stability is
often found for contact angles between 60 and 90° for particle
sizes ranging from 10 nm to 30 um.*”**

Thinning of the foam lamella by drainage and evaporation
increases the probability of film rupture and bubble coales-
cence. The particle size, contact angle, and surface coverage
have a strong influence on the foam stability.** Smaller particles
delay or eliminate coalescence more efficiently that larger and/
or flocculated particles.’”

Anisotropic particles with a high aspect ratio, such as
nanocellulose, are expected to stabilize wet foams more effi-
ciently than spherical particles, because of the higher surface
coverage and the entangled particle network formed around the
gas bubbles.*®

Wet nanocellulose-based foams that displayed long-term
stability have been obtained by vigorous stirring of an
aqueous dispersion of TEMPO-oxidized CNF and a non-ionic
surfactant (Fig. 3a).”*> The stability of the CNF/surfactant
foams after heating was improved by reinforcing the CNF
network by slow release of calcium ions.*

Cervin et al.**** succeeded in forming stable CNF wet foams
after adsorbing either octylamine or decylamine (two amine-
functionalized surfactants) onto the CNF surface (Fig. 3b).
The partially hydrophobic CNF adsorbed onto the air-water
interface and promoted the formation of a thick entangled CNF
layer onto the gas bubble surface. Cervin et al.*® showed that
foams with higher stability were obtained when only 1/3 of the
total charges of the CNF was screened by octylamine, compared
to foams where 3 times more octylamine was added, corre-
sponding to a 1-to-1 charge ratio. This suggests that the elec-
trostatic component of the disjoining pressure also plays a role
in the foam stability; indeed, increasing the salt concentration
decreased the wet foam stability.*> Hence, while increasing the
hydrophobicity of the nanocellulose particles promotes accu-
mulation of CNF at the air/water interface, it is also essential to
maintain a sufficient charge density on the surface of the

Nanocellulose-stabilized wet foams

(b) CNF-stabilized foam

Octylamine-modified CNF

—

(c) CNC and MC-stabilized foam

Adsorbed methylcellulose

Fig. 3 Wet nanocellulose-based foams stabilized by (a) a non-ionic surfactant,*? (b) partially hydrophobic CNF** and (c) methylcellulose and

CNC.%¢
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Table 1 Processing of nanocellulose-based foams and aerogels
Feedstock Processing
Porous

Nanocellulose” Matrix/fillers Post-modification ~ Pre-step® Freezing Drying® solids  Ref
Carboxymethy- Octyl-/decylamine — Mechanical — Oven Foam 44,45 and 61
/TEMPO-CNF stirring
TEMPO-CNF Surfactant, 42

CaCO;, GA”
CNC Methylcellulose (Oil bath) 46
Neat/modified — Stirring; Supercritical drying Aerogel 53 and 65
CNC freezer; SE
BNC SE 54 and 69
Enzy-CNF Stearoyl grafting 70
TEMPO-CNF — 49 and 63
TEMPO-CNF — —/SE DQ liquid N, FD Foam 49
CNF — DQ liquid N,/ethanol 71
Enz-/Holo-CNF Starch Fridge/freezer Freezer 72

Xyloglucan DQ liquid N, 31,73 and 74
Enz-/TEMPO-CNF — DQ in various liquid 32

solvents (e.g. acetone)
TEMPO-CNF Stirring DQ liquid butyl acetate
at —18°C

TEMPO-/CHO-CNF  Octylamine — DQ liquid N, 61
TEMPO-CNF PEI® 75
CNC — DQ liquid N,/ethanol
CNC Polyvinyl alcohol Freezer/DQ liquid N, 76
BNC Zinc oxide SE FD 77
Enz-CNF Starch Fridge Freezer 78 and 79
Enz-CNF Starch — Fridge Dry ice CO, plate FD Foam 78 and 79
TEMPO-CNF/CNC  GO?, Sepiolite, BA” — Freeze-casting 60 and 80
TEMPO-CNF GO’ or — — FD 81

lignin/hemicellulose

or VIMS?
CNF — Fluorosilanes/TiO, — FD FD Foam 82-84

PE resin” — Freezer/liquid N, Spray ~ FD + oven 85 and 86

Soy protein Fridge Freezer FD 87

CNT? — DQ liquid N,/propane FD 88

— Palmitoyl SE FD 89 and 90

MTMOS” DQ liquid N, 91

PEI” 92

Resin TEOS + TMCS? — DQ liquid N, FD + oven 93

/n-hexane

CHO-CNF Collagen — Freezer FD 94
Enzy-/TEMPO-CNF SE DQ liquid N, 66 and 95-97
Enzy-CNF MMT? Fridge 79
TEMPO-CNF Hydroxyapatite ~/SE 98
TEMPO-CNF AgNO; DQ ethanol 99

— Freezer/FD/DQ liquid N, 62, 68, 100

and 101

Nanozeolites — Freezer 102

GO nanosheets, Heating Dry ice/acetone 103

CNT’

— Pyrrole, AgNO;, DQ liquid N, + freezer 104

Fe(NOs);

Carboxymethy-CNF Silanes DQ liquid N, 64 and 105

BTCA, NaPO,H, PEI/PAH-PAA/CNT” FD + oven 106 and 107
BNC TMCS? SE DQ liquid N, 108

¢ Carboxymethy-CNF, Enzy-CNF, CHO-CNF, TEMPO-CNF, and Holo-CNF refer to carboxymethylated, enzymatic-pre-treated, aldehyde-modified,
TEMPO-oxidized, and holocellulose CNF, respectively. BNC refers to bacterial nanocellulose. © GA = gluconic acid; PEI = polyethylenimine;
PAH = poly(allylamine hydrochloride); PAA = polyacrylic acid; CNT = carbon nanotubes; GO = graphene oxide; BA = boric acid; PE
resin = polyamide epichlorohydrin resin; MTMOS = methyltrimethoxysilane; TEOS = tetraethylorthosilicate; TMCS = trimethylchlorosilane;
MMT = montmorillonite clay; VIMS = vinyltrimethoxysilane. ¢ SE = solvent exchange (usually from water to either tert-butanol or ethanol);
FD = freeze-drying; DQ = direct quenching.
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modified particles to prevent flocculation and induce a repul-
sive disjoining pressure.*”

A recent report described a straightforward procedure to
produce aqueous wet foams based on unmodified CNC and
methylcellulose (MC) (Fig. 3c).*® It was suggested that MC
accumulated at the air/water interface and that adsorption of
CNC to MC stabilized the interface and inhibited MC desorp-
tion. The MC/CNC-foams displayed a good long-term stability,
also at elevated temperatures.*®

Porous materials have also been prepared from Pickering
water-in oil emulsions by polymerization*” or crosslinking of the
continuous phase. Removal of the aqueous phase by e.g. freeze-
drying*® resulted in dry foams where the porosity and pore size
distribution were a replica of the initial emulsion droplets.

Finally, nanocellulose (hydro)gels can simply be prepared by
physical entanglement e.g. by increasing the solid content of the
aqueous nanocellulose dispersions,® or by reducing the
colloidal stability by e.g. changing the pH.*

2.2. Preparation of solid foams and aerogels

The main challenge in the production of nanocellulose-based
porous solids is to maintain the porous structure during
solvent removal. Evaporation of water from a porous material
produces capillary pressure-induced stresses® that can deform
the pores and result in warping and collapse or cracking.

Different drying techniques have been developed to avoid
deformation or collapse of the porous network during solvent
removal (Table 1). Nanocellulose-based porous solids have so
far been produced using two main solvent-removal processes:
(i) supercritical drying and (ii) ice sublimation; the latter being
often combined with ice templating (IT).

2.2.1. Supercritical drying of wet gels. Supercritical drying
is the traditional drying technique used for the formation of
ultralight and porous solids, so called aerogels.** Substitution of
the original solvent (usually water) by a supercritical fluid
prevents the formation of a liquid/vapour interface, thus elim-
inating the formation of a meniscus and the generation of
a capillary pressure during solvent removal. Carbon dioxide
(CO,) is commonly used in supercritical drying, with an easily
accessible critical temperature and pressure of 31.3 °C and 72.9
atm, respectively.

The supercritical fluid, e.g. carbon dioxide, is often immis-
cible with the original solvent, e.g. water. This requires that
water is exchanged with an intermediate solvent, e.g. ethanol,
prior to final exchange with carbon dioxide (Table 1). The
pressure and decompression rate also need to be optimized for
the specific system. An optimal pressure of 150 bar has, for
example, been suggested for the preparation of porous alginate
beads of uniform size,>> whereas a pressure of 100 bar is
commonly used for the production of nanocellulose-based
aerogels.>*** In the case of alginate beads, a pressure of 100
bar was not high enough to form beads of regular size and
smooth surface texture, suggesting that the pressure was too
close to the critical point of the water/ethanol mixture.**

Rapid decompression can, according to Sanz-Moral et al.,*
induce deformation of the aerogels due to too rapid expansion

This journal is © The Royal Society of Chemistry 2017

View Article Online

Journal of Materials Chemistry A

of the carbon dioxide. Nanocellulose aerogels are usually
produced using slow depressurization rates. Heath et al>
applied a depressurization rate of 5 bar min~" for 20 minutes to
produce CNC aerogels, while Sakai et al.** supercritically dried
TEMPO-CNF aerogels using a depressurization time of 60
minutes. However, supercritical drying is not extensively used
(Table 1), mainly because of the high cost of the equipment and
complexity of the process.

2.2.2. Freezing and ice templating. Freezing followed by
sublimation of the frozen solvent is a commonly used method
to prepare low-density nanocellulose-based foams and aerogels.
Rapid freezing of the solvent, e.g. by rapid immersion of
a dispersion in liquid nitrogen, can preserve the structure of the
original dispersion. Slower freezing, however, results in segre-
gation of the solvent and the dispersed phase, so called ice
templating (IT).***” Sublimation of the formed ice by e.g. freeze-
drying avoids formation of a liquid/vapour interface and thus
the creation of a capillary pressure that can deform or collapse
the porous structure (Fig. 4a). This process is given different
names, e.g. freeze-casting,***® freeze-drying, lyophilization or
cryodesiccation.*

Here, we will distinguish between homogeneous freezing
which consists in rapid freezing of a gel, from unidirectional ice
templating where the orientation and (slow) growth of the ice
crystals are controlled, resulting in a structured frozen disper-
sion (Fig. 5). The frozen solvent is removed by sublimation
irrespective of how the dispersion has been frozen. Ice subli-
mation is commonly carried out using a freeze-dryer or
a vacuum oven (Table 1), at low temperature (—55 °C) and
pressure (<0.02 mbar).

Homogeneous freezing. The freezing step usually investigated
in homogeneous freezing consists in either dipping the
aqueous nanocellulose-based suspension/gel in a liquid
nitrogen bath or placing it in a freezer (Table 1). Rapid freezing
results in an unaffected intrinsic gel structure of the wet
dispersion, while slower freezing can result in segregation of the
dispersed phase from the growing ice crystals. Fast freezing of
aqueous CNF dispersions in liquid ethanol (—114 °C) resulted
in small ice crystals and a final pore size of 1-60 nm, while

A 4
(a) WATER (b) co, ol
\ C (critical point) / ,“ C 2
218 72 -* :
(7.3 MPa) o H
LiQuip co,(N) .
.
T OF B TTEPRC T :
= " = €O, (s) T Supercritical 2
= SoLD . drying path 2
8 (ice) = GAS & =
£ . {vapor] & €O,(g) .
i ) (d) [ E— ‘-----------Y

AT o

Ice templating path ;
100 374 -785 311

Temperature (°C) Temperature (°C)

Fig. 4 Phase diagrams of (a) water and (b) carbon dioxide (CO,). The
critical and triple points are represented on the diagram by the letter C
and T, respectively. The phase evolution of water and CO, during ice
sublimation and supercritical drying processes, respectively, are
shown by the dashed arrows. The (a) to (d) steps on the water phase
diagram corresponds to the ice templating principles detailed in Fig. 5.

J. Mater. Chem. A, 2017, 5, 16105-16117 | 16109


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ta02807e

Open Access Article. Published on 30 May 2017. Downloaded on 1/16/2026 6:09:32 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

Nanocellulose dispersion

o |
(a) Starting dispersion
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=
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4 Ice growth direction

(c) Sublimation

(d) Densification

Fig. 5 Schematic diagram of directional ice-templating of nano-
cellulose dispersion (adapted from Deville®®).

slower cooling in liquid benzonitrile (—13 °C) led to larger pores
after ice sublimation.**

Directional ice templating. Subjecting the freezing dispersion
to a directional thermal gradient results in directional ice
templating (Fig. 5).”” While homogeneous freezing leads to
isotropic foams, often referred to as cellular foams with a 3D
cell structure (Fig. 6a and c), unidirectional IT produces
honeycomb structures, where 2D pores/cells are aligned parallel
to the freezing direction (Fig. 6b and d).** One advantage of
unidirectional IT is the repeatability of the process: for similar
operating conditions (cooling rate and temperature) and
nanocellulose-based gel, a same porous structure can be ach-
ieved. Such a templating method, however, may require specific

Nanocellulose C Mold D
suspension f Nanocellulose
j‘ Liquid N, ‘ ‘wsion

Mold | I‘ Copper rod
Liquid N,

Ice growth direction

Fig.6 SEM images of horizontal cross-section of CNF (A) and CNC (B)
foams obtained by homogeneous freezing (C) and unidirectional ice
templating (D), respectively (adapted from Munier et al.®° Reproduced
with the permission of ACS Publications).
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equipment, and a simpler technique should therefore be
considered for larger scale material.*® Apart from controlling
the freezing conditions, the anisotropic growth of ice crystals
can be affected by an electromagnetic field,”” which may also
influence the redistribution and orientation of e.g. CNC or
magnetic fillers.

3. Properties of nanocellulose-based
solid foams and aerogels

3.1. Density and porosity

Ultralight and highly porous nanocellulose-based solid foams
and aerogels display densities ranging from 1 to 200 kg m 3,642
and the corresponding porosity can be higher than 99%. The
bulk density of nanocellulose-based foams and aerogels
depends on the initial solid concentration (Fig. 7), the possible
expansion of the dispersion during the formation of the foam or
structured gel, and shrinkage during solvent removal.

The volumetric shrinkage during solvent-exchange and/or
solvent removal can also be altered by the particle concentra-
tion and interactions of the nanocellulose suspension.®**
When comparing TEMPO-CNF with Enz-CNF, Martoia et al.*
observed that the foam shrinkage drastically increased below
a critical CNF concentration, c¢*, below which the entangled
CNF networks lost their mechanical integrity. The ¢* value for
the highly charged TEMPO-CNF was much lower (0.2 wt%) than
that of the weakly charged Enz-CNF (1 wt%). The formation of
a percolative network is thus important to maintain the struc-
ture of the wet foam/gel during solvent removal and reduce the
shrinkage. Crosslinking between nanocellulose may, similarly,
reduce the foam/aerogel shrinkage during solvent removal.®

The density of particle-stabilized foams was found to depend
on the octylamine/CNF ratio.** Adding more octylamine resul-
ted in a reduction of the density of the dried foams.

Solvent exchange at low temperature (—20 °C) followed by
supercritical CO, drying can preserve the porous structure of
the wet foam or gel but even under these conditions, some
shrinkage (between 10 and 15%) of nanocellulose-based aero-
gels is often observed.*

Drying of wet nanocellulose-based foams is commonly per-
formed in an oven at 60 °C with a perforated aluminum cover

Fig. 7 Foams obtained by homogeneous freezing and freeze-drying
of (A) 0.7 and (B) 1.1 wt% carboxymethylated-pre-treated CNF
dispersions (reproduced with the permission of the Royal Society of
Chemistry®4).

This journal is © The Royal Society of Chemistry 2017
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over the wet foams to maintain a high humidity level.*>**
Reduced convection and high moisture content promote
a uniform moisture removal and minimize the drying stress
within the foam, preventing it from collapsing and shrinking.
Using forced drying, Cervin et al.** observed indeed a drastic
collapse of the foam, while drying at 20 °C and 50% of relative
humidity preserved the foam structure and density.

3.2. Specific surface area

High specific surface area (SSA) is desirable for foams used as
e.g. insulators, electrodes, catalyst supports, and adsorbents.*

A straightforward way to increase the SSA of nanocellulose
foams and aerogels is to avoid pore closure, e.g. by the
replacement of water by tert-butanol (TBA).*>*” Ishida et al.®’
reported that the SSA of tunicate CNC foams prepared by TBA
solvent exchange (130 m* g~ ') was significantly higher than that
of foams prepared by freeze-drying (25 m? g~ '). Similarly, aer-
ogels with a very high SSA (maximum of 284 m* g" ') based on
Enz-CNF and TEMPO-CNF were obtained after successive water
to TBA exchanges.®® Nemoto et al.*® highlighted that the good
dispersibility of nanocellulose in the solvent mixture is impor-
tant to produce foams/aerogels with large SSA. By optimizing
the amount of added TBA in the aqueous TEMPO-CNF disper-
sion, they produced TEMPO-CNF foams with SSA > 310 m* g~ "
by homogeneous freezing.*®

The largest SSA value reported so far for nanocellulose-based
foams/aerogels is in the range 500-600 m* ¢~ and was obtained
by supercritical CO, drying of 0.2-2 wt% TEMPO-CNF gels.*
The SSA of these aerogels did not vary with the density (ranging
from 0.001 to 0.003 g cm ™ ®), suggesting that the nanofibers did
not aggregate or form dense bundles as the concentration
increased.®® Sakai et al* confirmed that supercritical CO,
drying of TEMPO-CNF resulted in much higher SSA (=300-350
m? g ') than TEMPO-CNF foams produced by homogeneous
freezing using water (SSA = 20 m”> g~ ") or TBA (SSA = 160 m”
g~ ') as solvent.

3.3. Pore size and morphology

The pore size and morphology of nanocellulose-based foams
and aerogels have a strong influence on e.g. the mechanical and
thermal properties. The porous architecture is strongly influ-
enced by the processing route, but also by the particle size and
shape, and interactions.

Nanocellulose-based aerogels with small (<50 nm) and open
pores are commonly obtained using supercritical drying.* Ice
templating of nanocellulose-based gels/dispersions templates
the porous materials with open pores of diameter = 50 nm,
where pores are a replica of the solvent crystals.”” A rapid
cooling rate can however lead to a more homogeneous fibrillar
structure with smaller pores (between 1 and 60 nm) and a less
pronounced sheet-like structure (Fig. 8).>> The nanocellulose gel
concentration affects in particular the anisotropy ratio and size
of the cells.”” A decrease in pore size and a more regular
microstructure is commonly observed with an increasing
particle concentration.”"*" Pores of elongated and circular cross-
section were observed for CNC and CNF foams produced by
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TEMPO-CNF (a-b): p =0.011 g cm-3
NG N .

2mm

Fig. 8 Influence of the freezing temperature on the foam morphology
and pore structure obtained by homogeneous freezing (adapted from
Martoia et al.*? Reproduced with the permission of Elsevier).

unidirectional IT, respectively, which suggests that the ability of
CNF to entangle and form a gel can restrict the growth of
lamellar ice crystals.®® Reducing the colloidal stability of
carboxylated CNF and CNC aqueous dispersions by addition of
NaCl or reducing the pH resulted in a significant reduction in
the degree of alignment of the nanocellulose particles in the
walls of foams obtained by unidirectional IT.*

Use of fillers or any other polymeric matrix may also influ-
ence the final architecture of the porous solid.’*® The addition of
starch, for example, reduced the pore size of nanocellulose/
starch composite foams by approximately 65%.”

3.4. Mechanical properties

The compressive deformation of cellular solids occurs in three
main stages (Fig. 9): (i) a linear elastic behaviour caused by the
cell wall bending and defined by an apparent Young's modulus,
E, up to an initial apparent yield stress, ¢;* (ii) a plateau region,
which marks the plastic deformation due to the collapse of the
cells (or elastic buckling); and (iii) a densification regime, where
the opposing cell walls approach each other and eventually
touch. At a certain critical strain, the material shows consider-
able stiffening due to densification of the porous structure.
Differences in mechanical properties between nanocellulose-
based 2D honeycombs and 3D foams were assessed by Pra-
kobna et al.” 2D honeycombs showed superior mechanical
properties when tested in the longitudinal direction, as all the

COMPRESSION DENSIFICATION

CELL WALLS iTOUTH
INCREASING
RELATIVE DENSITY,

IN PLANE }
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REGION N\
N\,

ELASTIC BUCKUNG

STRESS o

o 0.25 05 075 1.0
STRAIN €

Fig. 9 (Left) A honeycomb with hexagonal cells and plane directions.
(Right) A schematic diagram for honeycomb of increasing relative
density loaded in compression in the Xz direction, showing the three
stages of compressive deformation (adapted from Gibson and
Ashby9).
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material was arranged along the freezing direction (see X;
direction on Fig. 9). With more isotropic cell shape, 3D foams
exhibited lower longitudinal but higher transverse Young's
modulus values than those of longitudinal and transverse-
tested honeycombs, respectively.

The compressive behaviour of nanocellulose-based foams
and aerogels is commonly described by eqn (2):74**°

)

where E is the elastic modulus and # is the scaling exponent and
p*/ps is the relative density.

Honeycomb and open-cell foam models predict n = 1 and
n = 2, respectively,”'* but many materials exhibit much higher
exponents.*>® The scaling exponent of TEMPO-CNF foams (n =
2.29) obtained by direct quenching at —68 °C suggests that
TEMPO-CNF foams have a microstructure and deformation
mechanism similar to open-cell foams (Fig. 10).*> In contrast,
the scaling exponent of Enz-CNF foams (n = 3.11) proved to be
in good agreement with previous studies on cellulose or silica
aerogels (3 < n < 4). 1ot

The work to failure or energy absorption of nanocellulose-
based foams has also been assessed for packaging applica-
tion. Although few studies reported this property, the work to
failure is usually found to increase with increasing relative
density of the material.”*'*

3.5. Thermal, electrical, and acoustic properties

Foams and aerogels have low thermal conductivity, low dielec-
tric loss and the ability to absorb sound. The acoustic properties
of nanocellulose-based foams and aerogels have been assessed
for CNF and CNC foams obtained by homogeneous freezing.**
At low frequencies (<1000 Hz), the sound absorption ability was
poor, whereas at 4000 Hz, mechanically-treated CNF and
TEMPO-CNF foams reached absorption ratios of 57 and 54%,

- -
o o

w £
T T

_
o
N

-
o
N
Ty

Enzymatic foams

TEMPO-oxidized
foams

Young’s modulus E (kPa)

102
Relative density p/ps

Fig.10 Apparent compression modulus, E, as a function of the relative
density, p/ps of TEMPO- and Enz-CNF foams obtained by homoge-
neous freezing (quenching temperature of —68 °C) (adapted from
Martoia et al.*2 Reproduced with the permission of Elsevier).
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respectively. The measured sound-absorption ratios of the 3D
foams were larger than wood-based panels such as particle-
board and plywood.**®

Neat nanocellulose foams/aerogels display a very low elec-
trical conductivity and are suitable for devices that must
transmit microwaves such as radomes, which are sandwich
structures with a foam core that should display a low dielectric
loss.™* Using nanocellulose in energy storage devices or ther-
moelectric materials, however, requires that the electrical
conductivity is enhanced. Conductive materials such as poly-
pyrrole'®* or carbon nanotubes have been added to increase the
electrical conductivity of the nanocellulose-based hybrids and
composites.'*

The thermal properties of nanocellulose-based foams and
aerogels have been the focus of recent studies.*>****'> The
thermal conductivity of a foam or an aerogel in air can be
approximated by the sum of four contributions: (i) conduction
through the solid; (ii) conduction through the gas; (iii)
convection within the cells; and (iv) radiation through the cell
walls and across the cell voids.****

The conduction through the gas is usually dominating while
convection is assumed to be negligible for closed foams with
cell sizes below 10 mm.' The gaseous contribution can be
significantly reduced by narrowing the pore size to less than the
mean free path of gas molecules in air (ca. 70-75 nm).*

The contribution of the solid phase usually scales with the
bulk density of the aerogel. Kobayashi et al® showed that
TEMPO-CNF foams (produced by supercritical CO, drying)
exhibited a decrease in thermal conductivity from 0.04 to
=0.018 W m~" K ', as the density decreased from 37 to
~17 mg cm >, respectively. Enhancing the interfacial thermal
resistance of the material, or Kapitza resistance, can contribute
to reduce the thermal conductivity of a composite material.

The radiative contribution to heat transfer at room temper-
ature is usually considered to be small. However, it is generally
found to increase with increasing cell size and to decrease with
increasing relative density.'”® The radiative part of the thermal
conduction can be reduced by including materials that strongly
absorb infrared radiation such as carbonaceous materials. The
addition of 10% graphene oxide in TEMPO-CNF/sepiolite/
graphene oxide foams, for example, increased the mass atten-
uation coefficient in the mid-infrared range by 26%.*°

The heat transfer properties of TEMPO-CNF foams and aer-
ogels obtained by three different processes was recently re-
ported and discussed.* Aerogels of high specific surface area
and small pore size (around 30 nm) exhibited increasing
thermal conductivities with increasing density. Surprisingly,
the thermal conductivity of CNF foams with pore sizes ranging
from few micrometres to 100 micrometres range decreased with
increasing density of the foams. Reasons for such a thermal
behaviour are still not completely established but the authors
suggested that reduction of the pore size may not be the only
way to reduce the thermal conductivity of cellular solids;
creating microscale spaces with distinct partitions seems to be
a more efficient approach.*

Wicklein et al® showed that anisotropic nanocomposite
foams of nanocellulose with sepiolite and graphene oxide

This journal is © The Royal Society of Chemistry 2017
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produced by directional ice templating displayed a very low
radial thermal conductivity (0.015 mW m~" K™ ') in the direc-
tion perpendicular to the ice growth.

4. Applications

Nanocellulose-based porous materials have been investigated
as absorbent materials,®>°*?>">%?” templates for inorganic***'**
or carbon porous materials,""*""” gas membranes/filters,*®”>
and packaging materials.”"*® This section reviews recent
attempts to apply nanocellulose-based foams and aerogels as
scaffolds in biomedical applications, for use in electrical
devices and energy storage systems, and as thermal insulation
and fire retardant materials.

4.1. Scaffolds for biomedical and pharmaceutical
applications

3D cell culture scaffolds usually consist of a highly inter-
connected porous network that favours cellular infiltration and
allows proper exchange of nutrients and metabolic waste
throughout the cell culture scaffold.*® To this end, bacterial
nanocellulose has proven to be a promising candidate, mainly
due to the durability of the bio-generated network.*
Nanocellulose-based foams and aerogels have been shown to
support growth and proliferation of cells.***” Using 3D TEMPO-
CNF aerogel scaffolds for cell cultures resulted in less than 5%
of cell death after 72 h of cell growth.”” An even lower cell death
was observed when low charge density TEMPO-CNF (1.56 mmol
g " against 2.04 mmol g~ ') was used to form the scaffolds. This
suggests that modified nanocellulose can be considered as
a biocompatible and non-toxic material.*® Similarly, CNF aero-
gel microspheres facilitated 3T3 NIH cell attachment, penetra-
tion, differentiation, and proliferation within 2 weeks only.*
Foams made from aldehyde-modified CNF crosslinked to
collagen (2 to 7 wt%) with a good stability at different pH-values
supported indeed better the growth and proliferation of cells
compared with non-crosslinked foams.** Functionalized
nanocellulose-based porous materials can also serve as anti-
bacterial materials after addition of silver'® or zinc oxide
nanoparticles.””

Nanocellulose foams and aerogels have also been used for
controlled drug delivery. The drug release profile can be tuned
by varying the porous structure of the nanocellulose foam
scaffolds and by controlling the drug/cellulose interac-
tions."*>*** For instance, adsorption of sodium salicylate (NaSA)
on polyethylenimine-grafted CNF (PEI-CNF) foams enhanced
the drug loading capacity by more than 20 times compared with
that of neat CNF foams.®” The PEI-CNF foams also exhibited pH-
and temperature responsive properties: a much faster release
was achieved at neutral pH and high temperature (50 °C against
20 °C).*

4.2. Electrical devices and nanocellulose-based energy
storage systems

The low density, high strength and flexibility of nanocellulose
foams and aerogels are of interest in electrical devices and
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energy storage systems but usually require that the electrical
conductivity is substantially increased. Functionalization of
highly porous CNF foams with 4-7 wt% of doped polyaniline
(PANI) resulted in electrical conductivity values ranging from 7
x 1072 to 4 x 107> S ecm '.*** The functionalization did not
result in adverse effects on the structure and porosity of the
entangled nanofiber network that provided a continuous per-
colative template for the conductive polymers. Similarly, using
a dip-coating method, Zhou et al'** synthesized CNF/
polypyrrole/silver nanoparticles hybrid foams. The electrical
conductivity was lower than expected (0.5 x 10~ % S cm ™) sug-
gesting that the silver nanoparticles were unable to form
a continuous network. Compressing the functionalized foams
between 30% to 70% resulted in a significant increase of the
electrical conductivity from 2 x 10 2 to 15 x 10" > S cm™ ", The
pore structure can also have a significant influence on the
electrical conductivity; Wang et al.®® showed that the electrical
conductivity of CNF/carbon nanotube (CNT) foams produced by
slow freezing (in liquid nitrogen) exhibited a higher electrical
conductivity than foams obtained after rapid freezing in liquid
propane (Fig. 11). The higher conductivity of the slowly frozen
foams was related to the anisotropic, sheet-like pore architec-
ture that resulted in a percolative CNF/CNT network.*®

The Layer by Layer (LbL) assembly technique has also been
used to produce conductive nanocellulose-based foams and
aerogels. LbL assembly of functional polymers and nano-
particles was used to assemble a succession of thin films (from 5
to 10 bilayers of cationic and anionic polymers) on negatively
charged carboxymethylated CNF aerogels.'*® LbL coatings of
poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)
(PEDOT:PSS) and single-wall carbon nanotubes (SWCNT) to the
CNF aerogels resulted in an electrical conductivity of 1.4 x 10>
S em ! (for 10 bilayers) and 1.2 x 10" S em™* (for 5 bilayers),
respectively. The SWCNT/CNF aerogels were also used as

Slow cooling
From liquid nitrogen, 3 mm thick

Rapid cooling
From liquid propane, 1 mm thick

1

Aggregation
to sheets

The sheets
interconnected

for aerogel
skeleton
CNF/FWCNT 95/5 w/w CNF/FWCNT 95/5 w/w
_1¢ :
w10 . b
o
2
:510-4 o °
B ]
3 P e 2
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5 15 25 700
FWCNT weight fraction (w/w)
Fig. 11 Influence of cooling temperature on the electrical conduc-

tivity of CNF/FWCNT (few walled carbon nanotubes) foams produced
by homogeneous freezing. The conductivity of foams frozen either in
liquid nitrogen or in liquid propane are represented by the full black
and hollow dots, respectively (adapted from Wang et al.®8 Reproduced
with the permission of Wiley Online Library).
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electrodes in an aqueous supercapacitor, resulting in a device
with a capacitance estimated to 419 F g~ *; a much higher value
than previously reported for SWCNT coated paper substrates
(200 F g~ )22 or SWCNT LbL freestanding films (159 F g~ *)."**

The LbL approach has also been used to assemble a 3D energy-
storage device inside of a CNF aerogel.'”” Anionically charged CNF
aerogels were produced by homogeneous freezing and cross-
linked using butanetetracarboxylic acid (BTCA) and sodium
hypophosphite (NaPO,H,) to form wet-resilient aerogels.

LbL was used to deposit the first electrode on the CNF aer-
ogels using a total of five bilayers of [COOH-functionalized CNT/
polyethylenimine (PEI)] (see Fig. 12, left picture).’* The sepa-
rator was made of a 30-bilayer film of PEI/polyacrylic acid (PAA)
(Fig. 12, middle picture).

The second electrode was then deposited, using five bilayers
of PEI and COOH-functionalized SWCNT (Fig. 12, right picture).

The device displayed the typical square-shaped voltammo-
grams for supercapacitors resulting from double-layer charging of
a carbon surface, and a capacitance of 25 F g~ over 400 cycles,
comparable to traditional carbon-based supercapacitors.'”” LbL
coated CNF aerogels have also been used as scaffolds for batteries,
using PEI/CNT layers as anode, the PEI/PAA layer as separator and
a copper hexacyanoferrate as cathode.

Yang et al™* incorporated capacitive nanoparticles, either
polypyrrole nanofibers, or polypyrrole-coated carbon nanotubes or
spherical manganese dioxide nanoparticles to dispersions of
aldehyde- and hydrazide modified CNC, which formed covalent
hydrazone cross-links immediately upon contact.** Rapid freezing

Aerogel substrate LbL electrode 1

Masking + contact  LbL separator

=3

LbL electrode 2 Masking + contact

=g

B substrate Separator
== Electrode1 == Electrode 2

Electrode 1

Fig. 12 (a) Energy-storage device assembly in a CNF aerogel by LbL
technique and (b and c) SEM cross sections of the respective first PEI/
CNT electrode (left), the PEI/CNT electrode with separator (middle),
and the full device (right). Scale bars (b) 50 pm and (c) 2 um (repro-
duced with the permission of Macmillan Publishers Limited®?).
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followed by freeze drying of these hybrid networks resulted in
aerogels with a high porosity (~99%) that displayed excellent
capacitance retention (between 40 and 45%) at high charge-
discharge rates (up to 1000 mV s~ ') as well as good cycle stability.
Only minor changes in capacitive performance were noticed
during in situ compression, highlighting, once again, the excellent
mechanical properties provided by the nanocellulose scaffold.

4.3. Thermally insulating and fire retardant materials

Cellulose has a low solid thermal conductivity that makes
cellulose-based materials useful for thermal insulation. Tradi-
tional cellulose-based insulation materials display thermal
conductivities in the range of 40-50 mW m ' K™ ', which is
somewhat higher than modern polymer or mineral wool based
insulating materials.*****

Recent works have shown that nanocellulose foams and
aerogels can display thermal conductivity below 25 mW m™*
K ' (=air conductivity), which classifies them as super-
insulating materials.**%%80126:127

Attempts have been made to reduce the thermal conductivity
by combining nanocelluloses with other nanosized or nano-
porous particles.3%19>126:127

Wicklein et al®* combined nanocelluloses with graphene
oxide and sepiolite and produced anisotropic composite foams

EPS

Brick

NC-GO

300 mm 154 mm

300 mm

360 mm

Before

‘ (=

Fig. 13 Thermal insulation and fire retardancy of nanocellulose-based
composite foam containing sepiolite (SEP), graphene oxide (GO) and
boric acid: (@) comparison of the insulation thickness of expanded
polystyrene (EPS) and composite foam (CNF-SEP-GO) needed to
reach passive house standard (b) burning test of the nanocomposite
foams soaked in ethanol resulted in a carbonized residue (reproduced
with the permission of Macmillan Publisher Limited®).
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by ice templating. The foams displayed a very low thermal
conductivity in the direction transverse to the tubular macro-
pores. The reduction of the thermal conductivity from 18 to 15
mW m~' K~' compared to neat CNF foams was related to an
enhanced interfacial thermal resistance in the pore walls of the
composite foams.

It was suggested that the nanocellulose-based foams could
replace standard commercial EPS foams (1 =35 mWm ' K™ )
with a 50% reduction in thickness needed to reach passive
house standard (Fig. 13a).

The nanocomposite foams also showed excellent fire
retardancy (Fig. 13b). The addition of inorganic fillers such as
clays or graphene is a well-known approach to enhance the fire
retardant properties of organic and inorganic composites.'”®
The Limiting Oxygen Index (LOI) was as high as 34, which is
significantly better than commercial flame-retardant contain-
ing polymer-based foams, which display LOI in the range 22-25.

Conclusions and outlook

Nanocellulose possesses a combination of properties suitable
for the production of ultralight, strong and flexible foams and
aerogels for a rapidly growing range of applications. Several
processing routes have been developed that enable production
of nanocellulose-based foams and aerogels with a tunable
porosity and pore architecture. Studies on the properties and
structure of the wet foams are sparse and a fundamental
understanding of the stability of the foams is still lacking.
Studies on how the stability and dynamics of the air-liquid
interface is influenced by nanocellulose could provide impor-
tant insight into how the wet foams stability can be enhanced.

Challenges related to uncontrolled structural changes
during solvent removal are currently limiting the scale up and
there is a need for novel solvent-removal processes and a better
understanding on how to minimize the structural changes
during drying. Simplified solvent exchange and supercritical
drying processes could be of potential interest. Time-resolved
tomographic studies during drying coupled with information
on the drying front movement and local drying stresses could
also be used to provide a deeper understanding and perhaps
also guidelines on how to minimize the stresses during drying
of nanocellulose-based foams and aerogels.

The compressive behaviour of nanocellulose-based foams is
relatively well studied and is well explained by cellular solids
models. Studies on the electrical and thermal properties, on the
other hand, are rare and the structure-property relationships
are not well established.

Promising advanced materials have been achieved by
combining nanocellulose with other nanosized components.
Selection of the foam/aerogel wall composition is of pivotal
importance for imparting novel functionalities to the material
such as electrical conductivity or fire retardancy.

We expect that the research on nanocellulose-based foams
and aerogels will continue to grow and look forward to the
development of novel process routes and lightweight materials
with outstanding properties for target applications.

This journal is © The Royal Society of Chemistry 2017
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