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Nanocellulose (NC)-based materials constitute a new class of bio-based building blocks that are inspiring
advances for the next generation of high-performance sustainable materials. However, NC exhibits
important drawbacks which limit its applications, such as its inherent interaction with bacteria and
proteins, low conductivity, poor thermal stability, high water absorption (leading to, among other things,
loss of structural integrity), etc. An efficient strategy to improve this, besides the possibility of introducing
further properties, is through mineralization by in situ growing inorganic subcomponents to form NC-
based hybrids. Following the example of nature which has been mineralizing biopolymers from the
beginning of life to create complex structures (forming protective shields or structural supports),
mineralization can be adopted in different (2D/3D) configurations, for instance, membranes, scaffolds,
sponges, and monoliths (as per requirements), by in situ growing multiple subcomponents such as metal
oxides, silicates, and metal-organic frameworks. The components act synergistically complementing
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each other, thus providing new functionalities that the components individually do not possess. For

instance, it is possible to introduce properties such as self-healing behavior, magnetic character,

antimicrobial properties, electrical and thermal conductivity, etc.,, which opens a wide range of

opportunities in a variety of fields (e.g., energy, printed electronics, biomedicine, water/gas purification,

etc.) of current interest and requirements. The present review paper summarizes and discusses the

advanced applications of thus-formed nanocellulose hybrids, along with a general overview of the

synthesis protocol and advanced characterization tools used to analyze these complex materials.

1. Introduction

From the birth of the universe, nature during evolutionary
processes has produced via biomineralization a multitude of
fascinating hybrid materials that, with remarkable elegance and
efficiency of structures, combine organic and inorganic
components at the nanoscale, synergistically combining their
properties at the macroscale. Over the last few decades, scien-
tists have followed the example of nature and developed
synthetic hybrid materials by merging the properties of
biopolymers, optimized by evolution, with those of synthetic
components, leading to the elaboration of materials with
unique characteristics and applications.

A type of biopolymer that has attracted the attention of
materials scientists over the last few decades is nanocellulose
(NC). NC-based materials exhibit an unprecedented combina-
tion of properties, which leads to, among many other advan-
tages, excellent mechanical properties, the capability to support
cell growth, and versatile surface chemistry to tailor function-
alities.’™ Therefore, NC-based materials constitute a new class
of bio-based “building blocks” that are inspiring advances for
the next generation of high-performance sustainable materials.
NC materials can help satisfy the current demand for products
made from renewable and sustainable resources with low
environmental impact and low safety risks to animal/human
health.”

The macromolecular architectures provided by NC consti-
tute precious backbones or templates for the fabrication of
hybrid materials. Mineralization of structures with subcompo-
nents such as metal oxides, silicates, and metal-organic
frameworks is possible through the chemical modification of
the abundant hydroxyl groups present on the surface of NC,
making it an attractive path towards the optimal expression of
properties brought together by multiple components in one
single material. The hybrids thus formed by mineralization of
NC can possess several unique and promising characteristics
like self-healing, magnetic character, and antimicrobial prop-
erties, as well as electrical and thermal conductivity, which can
be exploited to develop smart materials, opening a wide range
of opportunities in a variety of fields (e.g., energy,® printed
electronics,”® biomedicine,”' water/gas purification,"** catal-
ysis,*™* etc.). The mineralization can be adopted in different
configurations, for instance, membranes, scaffolds, sponges,
and monoliths, as per requirements. The unique characteristics
and their implementation for emerging applications have
therefore stimulated intense scientific research efforts in the
hybridization of nanocellulose.

This journal is © The Royal Society of Chemistry 2022

The current review paper summarizes and discusses the
recent interesting applications of nanocellulose hybrids,
focusing on the literature from the last five years. It is however
impossible to completely describe this field in a single review;
therefore, this article provides the reader a general overview of
the main applications of the hybrid materials formed via
mineralization along with a discussion of the synthesis proce-
dure, properties, and advanced characterization tools used to
analyze these complex materials. Selected representative
examples are described in detail.

2. Nanocellulose (NC)

Cellulose, which is considered the most abundant organic raw
material on Earth, is composed of hundreds to millions of
glucose units connected with B-1,4-glycosidic bonds that give
rise to a high molecular weight homopolysaccharide.® In
nature, cellulose is found as yarns composed of numerous
individual fibers assembled in hierarchical order. Intra-
molecular and intermolecular forces generate larger units
known as elemental fibrils (protofibrils), which are packed into
units called microfibrils. The hydroxyl (-OH) groups of the
glucose units represent active sites for modifications due to
their high reactivity. Cellulose-based materials stand out due to
their low cost, low density, low carbon footprint, and biode-
gradable and renewable nature."”

Cellulose particles can be extracted from a wide range of
sources, varying in size, chemical composition, and other
properties such as crystallinity. In the last few decades, NC, i.e.,
cellulose in the form of nanostructures, has been proven to be
one of the most prominent green materials and has attracted
extensive research and industrial interest.'®" Two main types of
nanocellulose can be extracted from cellulose, as schematically
shown in Fig. 1, differing in the steps involved in their isolation
and their structure."">

Cellulose nanofibrils (CNFs) are flexible ribbons obtained by
mechanical treatment of cellulose fibers, composed of alter-
nating amorphous and crystalline domains. They can be
produced from different sources via mechanical disintegration
with high-shear processes such as grinding, microfluidization,
and homogenization. CNFs possess a high aspect ratio (=100)
with dimensions of 2-60 nm in diameter and a few microns in
length, depending on the processing method.*™*

Cellulose nanocrystals (CNCs) are rigid rod-like particles ob-
tained by chemical treatment of cellulose, mainly acid hydro-
lysis of the amorphous parts using sulfuric acid. CNCs are
primarily crystalline, with a length of 100-1000 nm and
a diameter of 2-20 nm. The dimensions vary depending on the
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Fig. 1 Conceptual schematic representation of the hierarchical structure of cellulose from trees.

source from which they are obtained, as well as the preparation
conditions. Another characteristic of CNCs is that they can
organize in a chiral nematic manner in suspensions leading to
the formation of iridescent films when dried, unlike CNFs."2¢28

It is worth mentioning that, besides CNFs and CNCs,
bacterial cellulose (BC) is also a very important cellulose-based
nanomaterial that allows the creation of products with a good
level of performance. BC is synthesized by bacteria and exhibits
diameters of around 20-100 nm. Although this article is mainly
focused on CNFs and CNCs, we do provide some selected
examples of BC-based hybrid materials, and we recommend the
reader the review by Gorgieva et al. for further details about this
topic.*

3. Nanocellulose mineralization
3.1. Mineralized materials in nature

Nature has employed mineralization for producing a variety of
materials that have the ability to perform amazing functions
and possess unique properties. These materials are usually
formed at ambient physiological conditions by arranging soft
and hard phases in complex hierarchical architectures, with
a fairly limited number of sub-components. The materials are
often lightweight with characteristic dimensions ranging in the
nano- to macroscale and exhibit different levels of strength and
flexibility.*® There are several examples of natural mineralized
materials such as mollusk shells, the skeleton of sea urchins,
bone, teeth, algae, biogenic silica, etc.,** some of which are
described in brief below.

e Bone. The bone comprises mineralized collagen fibrils as
a basic building block, where the plate-shaped nanocrystals of
carbonated hydroxyapatite are embedded in a collagen frame-
work. The mechanical properties of the bone are largely deter-
mined by the number of minerals in the tissue.

e Teeth. The mammalian tooth consists of a hard compo-
nent, enamel, which is supported by the less mineralized and
more resilient connective tissue dentin, formed from and sup-
ported by the dental pulp. Enamel is highly mineralized tissue,

9250 | J Mater. Chem. A, 2022, 10, 9248-9276

composed of around 97% mineral (w/w), ~1% organic material,
and ~2% water.

e Calcified cartilage. Calcified cartilage is a highly mineral-
ized thin interlayer between the hyaline articular cartilage and
the subchondral bone, participating in transmitting mechan-
ical stress and biological stimuli from the hyaline cartilage to
the bone. This is largely constituted of collagen as an organic
compound and hydroxyapatite as an inorganic component.

e Mollusk shells. Shells are largely made up of calcium
carbonate forming multi-layered microstructures, along with
a small amount of organic component. Due to the microstruc-
ture of the composite, these shells show an increase in tough-
ness by around three orders of magnitude compared to that of
non-biogenic calcium carbonate.

e Nacre. The nacreous layer is composed of aragonite
polygonal tablets, arranged in a laminated structure between
thin sheets of the organic matrix, of some biopolymers such as
silk proteins and polysaccharides. The mixing of the brittle
tablets and the thin layers of biopolymers in laminate config-
uration provide mechanical strength and enhanced toughness,
and make the material resilient.

e Algae and diatoms. The cell wall of most algae is largely
made up of organic components such as cellulose, hemi-
cellulose, mucilage, pectin, etc. mineralized with calcium
carbonate, silica, etc., in different combinations for different
algae. Diatoms which represent a large group of several genera
of algae contain a cell wall made up of silica (siliceous shells).

e Magnetotactic bacteria. These refer to a polyphyletic group
of bacteria having the ability to orient themselves along the
magnetic field lines of Earth. These bacteria possess organelles
called magnetosomes that contain magnetic crystals such as
Fe;0, and Fe;S,.

Scientists are interested in exploring these naturally miner-
alized materials to follow the designs and protocols of nature
for assembling or disassembling the building block efficiently
to generate materials that can mimic natural structures.****%
There are certainly interesting as well as usually common
observations about the structures and building blocks of these

This journal is © The Royal Society of Chemistry 2022
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materials.**® For example, (i) these materials usually display
the formation of organized hierarchical structures at a range of
scales from molecular to macroscopic levels. By studying the
self-similar structure of the composite, mimicking the bone
structure, it has been shown that the hierarchical organization
contributes to the robustness of these materials.** (ii) The
building blocks of these materials are generally nanomaterials,
assembled through nanofabrication methodologies. It has been
shown that the composite in nature shows a generic mechanical
structure, where the nanometer size of the particles ensures
optimum strength and maximum tolerance to flaws (robust-
ness).* (iii) Most of the time the building block possesses
anisotropic geometry and is dispersed in a matrix of soft
molecules. For instance, enamel consists of rod-like nano-
crystals, with low soft protein content. The anisotropy of the
building blocks can explain the stiffness of the natural miner-
alized materials such as bone in spite of the low mineral
content.* It should however be mentioned that the overall
response of the material is required to be isotropic, despite the
anisotropic character at some hierarchical level.

Considering all the above points, it is worth concluding that
nanocellulose can serve as a building block for fabricating
artificial mineralized materials, due to its properties, such as
nanometer size, anisotropy in structure, ability to form a self-
organized hierarchical structure and ability to play the role of
the soft matrix.

3.2. Scope and motivation of NC mineralization

Even though nanocellulose exhibits amazing properties and
capabilities, several challenges limit its implementation in
multiple applications, such as its inherent interaction with
bacteria and proteins (leading to surface fouling), poor thermal
stability, loss of structural integrity due to water-induced
swelling, low conductivity, high flammability, and poor
compatibility with polymer matrixes.'”*” Moreover, despite its
anionic groups, e.g., carbonyl or sulphate/phosphate (depend-
ing on the acid used in the hydrolysis process (for CNC extrac-
tion)), on the surface, pristine NC does not offer enough
functionality for water/gas separation, so the NC-based
membranes/filters are not sufficiently good to solve the
current water pollution problems. Nevertheless, NC has very
good processability into different porous materials, which can
serve as templates to in situ grow functional nanoparticles that
impart further properties to the resultant hybrid material. Upon
the mineralization processes, the components act synergisti-
cally complementing each other, thus providing new function-
alities that the components individually do not possess.

The physical properties of the mineralized materials will
essentially depend on the chemical composition of the phases
(nanocellulose + metal-organic frameworks/metal oxide nano-
particles, etc.), and the processing method/conditions to form
the final 2D/3D material. Any further interaction among the
components that form the hybrid (chemical or physical cross-
linking) can be furthermore used to tune the properties of the
final material. Different hybridization strategies can be carried
out depending on the desired end-use, for instance, to provide

This journal is © The Royal Society of Chemistry 2022
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mechanical reinforcement,*® to enhance/prevent cell-adhesion
and cell-proliferation,* or to tailor specific functionalities.

Another important aspect in the tailoring of hybrid networks
concerns the chemical pathways that are used to design a given
hybrid material. Most mineralization processes are carried out
via depositing the inorganic materials through vapor (e.g.,
chemical vapor deposition, atomic layer deposition, magnetron
sputtering, or inkjet-printed coating) or in solution (sol-gel
chemistry).'® A very convenient route is via conventional sol-gel
chemistry, for instance (i) via hydrolysis of organically modified
metal alkoxides or metal halides; (ii) using specific bridged
precursors such as silsesquioxanes and polyfunctional precur-
sors, or (iii) via hydrothermal synthesis in polar solvents.***
The deposition through vapor is efficient but leads to a large
number of inhomogeneities. Deposition through solution, on
the other hand, leads to better homogeneity; however, the tight
network of nanocellulose can make it impenetrable for solvent
molecules, especially when organic solvents are required. A
possible solution for this is to mineralize through “inclusion”,
in which cellulose can be dissolved in ionic liquids before
mineralization.** Furthermore, besides a vast amount of
hydroxyl groups, nanocellulose has anionic groups such as
sulfate and carboxylate, which enhance the adsorption capacity
of metals.*® The mineralization of MOFs is based on this
cellulose-metal interaction, as it can proceed by the addition of
linkers that act as MOF precursors and are exposed to standard
solvothermal and hydrothermal methods. The authors recom-
mend the recent review by Abdelhamid et al., which explains
this topic in detail.*

It's important to differentiate mineralization (in situ
hybridization) processes from other types of ex situ hybridiza-
tion routes. Ex situ hybridization refers to those processes in
which the components of the hybrid material are synthesized/
extracted separately and mixed to undergo chemical/physical
bonding between them in the nanoscale (as opposed to
composites where the components are mixed at the macro level,
e.g., matrix + reinforcing additive or filler). On the other hand, in
situ hybridization (mineralization) refers to the growth of one or
multiple subcomponents from the surface of the substrate (in
this case, nanocellulose), thus having strong chemical bonding
between the different phases.

Mineralization processes are especially advantageous/
attractive functionalization routes for biopolymers such as
nanocellulose because of the following reasons: (i) NC offers
a high and highly reactive surface area favoring the formation of
porous structures. The combination of both properties allows
high loadings of mineralized nanoparticles and therefore a high
level of functionality. (ii) Mineralization processes can also be
used to imprint the unique signatures of cellulose nanocrystals
(helically ordered rod-like structure and entropic topological
constraints) onto inorganic nanoparticles when mineralizing
a CNC suspension in the chiral nematic phase.***” The nano-
cellulose phase can be removed for instance via calcination to
obtain templated inorganic nanoparticles.*”* However, this is
beyond the scope of this article, where we focus on materials,
retaining nanocellulose as the main component. (iii) As stated
earlier, mineralization can be used to induce several unique
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properties in nanocellulose, which are otherwise not present,
such as thermal stability, flame resistance, antimicrobial
activity, photocatalytic activity, electrical conductivity, wear and
abrasion resistance, magnetic character, etc., useful for a range
of applications (discussed in later sections of the article). (iv) In
situ mineralization can also be useful in imparting secondary
properties to the nanocellulose matrix. For example, purifica-
tion of aqueous solutions from metal ions using NC membrane
can give rise to the formation of metal/metal oxide nano-
particles in the NC matrix, resulting in added advantages of
antimicrobial and photocatalytic activities.* (v) Mineralization
of NC can be carried out at ambient or near ambient conditions
utilizing simpler, cost-effective, and scalable green chemistry
methods. (vi) Moreover, the bioinspired mineralization of
nanocellulose can be employed for developing materials having
properties analogous to those of their natural counterparts. For
instance, inspired by the structure of bone, in situ mineraliza-
tion of bacterial cellulose, aligned by the stretching process, was
carried out to produce materials having high elastic modulus
and hardness comparable to mouse trabecular bone.***" Simi-
larly, by drawing inspiration from several properties (e.g.,
organic-inorganic composite, 3D porous structures, cyto-
compatibility, etc.) of naturally mineralized materials, Wu et al.
fabricated a scaffold via in situ biomimetic mineralization of the
hydroxyethyl cellulose/soy protein isolate and hydroxyapatite
for bone defect repair. The synthesized scaffolds possess
interconnected porous structures, with improved mechanical
properties and controllable degradation rate, as well as
a calcium/phosphorus ratio (1.65) almost equivalent to that of
natural bone tissue (1.67).”> Mohammadi et al. reported the
design strategy for a mineralized biocomposite that can have
complex shapes of dental implant crowns, drawing inspiration
from the impact-resistant dactyl club of the stomatopod. This
material consists of a self-assembled chiral nematic structure of
CNCs, mixed with genetically engineered proteins, that can
bind with CNCs as well as regulate the in situ growth of apatite
crystals. The synthesized bioinspired composite manifests high
strength, stiffness, and fracture toughness, along with a graded
microstructure, resembling that seen in naturally mineralized
materials, e.g. human teeth or the stomatopod dactyl club.* In
another study, mineralized oral films able to provide ions
required for remineralization of early demineralized tooth
lesions were prepared using hydroxyethyl cellulose, cellulose
nanofibers, and nepheline fluorapatite glass powder.>* A nature-
inspired strategy has been reported to fabricate super-
hydrophobic cotton fabric possessing unique features such as
resistance to ultraviolet irradiation as well as to mechanical
wear and abrasion, high temperature, organic solvent immer-
sion, etc.”* An electrochemical sensing device having the capa-
bility of in situ sensing of chiral molecules has been developed
by mineralization of wood membrane by Prussian blue, taking
inspiration from nature's protocol of mineralizing wood.>®
Besides the conventional mineralized inorganic materials on
biopolymers, multiple other subcomponents have been recently
explored for mineralizing NC, targeting different applications.
The main candidates are metal/metal oxide nanoparticles,
metal-organic frameworks, and bioactive glass, as further
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described below. A representative SEM micrograph of these
different nanomaterials is shown in Fig. 2.

Metal nanoparticles (MNPs) such as gold (Au), silver (Ag),
nickel (Ni), ruthenium (Ru), palladium (Pd), platinum (Pt),
copper (Cu), and iron (Fe) nanoparticles (NPs) are important in
many fields owing to their unique optical, electrical, and anti-
bacterial properties besides good catalytic effects.’” MNPs can
be prepared by electrochemical methods, thermal decomposi-
tion, electromagnetic irradiation, sol-gel chemistry, and
chemical reduction methods. MNPs usually become thermo-
dynamically unstable and tend to aggregate due to their large
specific surface area. NC has been reported to promote the
nucleation of nanoparticles due to its good stabilizing effect for
MNPs, besides preventing their agglomeration.*® The develop-
ment of NC/MNP hybrid materials is an excellent way to obtain
high-performance materials, loading or assembling various
MNPs on NC via chemical reduction,* reduction by UV irradi-
ation, and thermal reduction synthesis.®® The applications of
these hybrid materials include plasmonic sensors,** wound
dressings,®* visual detection of volatile compounds,* surface-
enhanced Raman scattering (SERS) detection,** and catalysis.*

Metal oxide nanoparticles (MONPs) are considered heteroge-
neous catalysts having excellent optical properties, as well as
antibacterial and magnetic properties (properties varying
depending on the type of metal and oxidation state). Examples
are zinc oxide (ZnO), magnesium oxide (MgO), titanium dioxide
(TiO,), copper oxide (CuO), etc. MONPs have been studied for

00 nm
—

Fig. 2 TEM micrograph of (a) CNFs from bamboo fibers,®* and SEM
micrographs of (b) CNCs isolated from cotton linters,®* (c) bimetallic
FeMn-MOF particles,®® (d) nanosized bioactive glass particles
(NBGPs),¢ (e) copper nanoparticles,®” and (f) ZnO nanowires.®®

This journal is © The Royal Society of Chemistry 2022
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applications such as biocides, catalysts, electronics, biosensors,
optical devices, and healthcare products.’ Therefore,
combining nanocellulose with MONPs makes it possible to
synthesize hybrid materials that can be used in drug delivery,
bio-separation, packaging, wound healing, or
purification. 576467

Metal-organic frameworks (MOFs), also known as porous
coordination polymers (PCPs), have emerged as a new class of
porous organic/inorganic hybrid materials, which are con-
structed by organic linkers and metal nodes.®** These mate-
rials constitute a unique large family of crystalline 3D solids
that have exceptional characteristics such as extremely high
surface area (1000-10 000 m* g '), high porosity, flexible
functionality, redox properties, and tunable pore size,””* which
give them great versatility for their application in different fields
of research which include gas storage,” separation,’’* catal-
ysis,”®”’® photocatalysis,”” energy conversion,” drug delivery,”
and opto-electronics,®* among others. MOFs can be synthesized
by different techniques, for instance via conventional electric
heating, microwave heating, electrochemistry, mechanochem-
istry, ultrasound-assisted synthesis, sonochemistry, or step-by-
step methods.?*"*

Bioactive glass (BG) is based on the SiO,-P,05-CaO-Na,O
system and it is considered a very promising material in the
biomedical area due to its ability to bond with bone and soft
tissues.® Moreover, BG also offers bioactivity or a stimulatory
effect on osteoblast cell activity (osteogenesis and vasculariza-
tion) through a combination of surface reactivity and ion
release (including soluble silica species, phosphate, and
calcium),**®* which occurs during the degradation process. A
strong bone-to-material bond can be generated by BG due to the
formation of a hydroxy-carbonated apatite (HCA) layer on its
surface,® therefore, it is a material that is quite applicable in
bone regeneration/repair,” soft tissue regeneration, wound
healing, and drug delivery.** BG can be mainly produced via
melt-quenching,® microemulsion, flame synthesis, and sol-gel
methods,*>® with the last giving the possibility of controlling
the size and morphology.*” On the other hand, NC has been
studied for tissue engineering due to its biocompatibility and
a refined 3D network, which is similar to the shape of collagen
nanofibers. By this, investigations have been carried out to
develop 3D-BG scaffolds using NC as a template via the sol-gel
route for biomedical applications.>*

water

4. Processing strategies of
nanocellulose-based materials

The final properties of the hybrid material also depend strongly
on the processing pathways, and in this review article we focus
on 2D/3-dimensional materials in which NC is the main
component. There are big differences between CNFs and CNCs
when considered as materials components. For CNFs, a strong
network is formed arising from physical interactions between the
nanofibers and their long aspect ratio, which makes them an
ideal candidate for the fabrication of 2-dimensional (e.g., films/
membranes) or 3-dimensional materials (e.g., foams/aerogels,

This journal is © The Royal Society of Chemistry 2022
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scaffolds, or monoliths). CNCs, on the other hand, do not form
as strong materials as CNFs (unless they are surface-modified or
crosslinked), due to their stiff rod-like nature. However, they can
form iridescent films due to their intrinsic nature of self-
assembling into chiral nematic liquid crystals. The strength of
the network and thus the resultant materials based on either
CNFs or CNCs can be tuned by surface modification (e.g., via
(2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) mediated oxida-
tion (TO)) or via physical (e.g., by incorporation of multivalent
metal ions) or chemical crosslinking.

Mineralized hybrid materials are processed following
conventional processing techniques for nanocellulose, where
the material can be either produced using “pre-mineralized”
nanofibers or nanocrystals or having produced the material first
to then mineralize it with the subcomponent of choice,
depending on the application. It's worth mentioning that the
mineralization processes can disrupt the hydrogen bonding
interactions among the nanofibers/nanocrystals, therefore
potentially compromising the mechanical properties of the
materials, which can be solved in different ways, for instance
introducing another component to form an interpenetrated
network.”

4.1. 2-Dimensional materials

The fabrication of 2-dimensional materials, here referring to
films and membranes, is the most well-established method to
process (nano)cellulosic materials, following the example of the
paper industry. Due to the higher aspect ratio and strong
hydrogen bonding, nanocellulose-based films are much
stronger than common paper used for writing, printing, or
packaging. Moreover, transparency can also be achieved due to
the nanometric size of the particles. Various alignment tech-
niques (such as wet stretching, wet extrusion, and cold drawing)
have been developed to enhance the mechanical performance
of the films even more. The authors recommend the review by
Fang et al. for further information on this topic.*

Membranes are films with controlled porosity, which can be
utilized for separation processes, while the pore size/density can
be easily tuned by varying the size (length and diameter) of the
fibrils. A typical process to produce nanocellulosic films is via
vacuum filtration of a nanocellulose suspension, forming
a densely packed layer resulting in a wet nanocellulose pad that
is subsequently peeled off from the filter and dried under
pressure.’® Another method to obtain nanocellulose films/
membranes is by using the casting/evaporation process that
consists of the controlled removal of solvent from a suspension
containing nanocellulose. Hybrid nanocellulosic films/
membranes (also called cellulose nanopapers (CNPs)) ob-
tained by these processes have been investigated for many
applications such as water treatment, electronics and photonic
devices, and detection of  biomolecules upon
mineralization.*>%

4.2. 3-Dimensional materials

3-Dimensional materials refer to structures built with a signifi-
cant length in the z-axis, besides the x and y axes. There are
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several challenges in the preparation of 3D materials compared
to 2D ones, for instance, the challenge of making the z-axis
show comparable performance to the x and y axes, considering
that the z-axis strength depends a lot on the properties of the
layer, as well as on the orientation of the subcomponents.
Multiple processing techniques have been explored over the last
few years to prepare 3-dimensional nanocellulosic materials,
such as 3D printing, to form monoliths or scaffolds, freeze-
casting, and other foaming methods to prepare foams/
aerogels. The inherent porosity of the materials, due to the
space gap between the nanofibrils/nanocrystals, enables these
3D materials to be used in gas capture, water purification, and
various biomedical applications, among others.

Foams and aerogels are essentially 3D porous materials with
ultralow density. These materials exhibit promising potential in
a wide range of applications, such as thermal insulation,
biomedical scaffolds, and devices for energy storage. The
difference between a foam and an aerogel, according to Lavoine
et al.,"*° lies essentially in the degree of porosity. A foam exhibits
a porosity larger than 50% in which gas is dispersed in a liquid,
solid, or hydrogel, with pore sizes larger than 50 nm. Aerogels,
on the other hand, exhibit porosity higher than 90% and pore
sizes ranging between 2 and 50 nm. The processing of
nanocellulose-based aerogels/foams, though there are several
reported methods, basically relies upon careful solvent removal
from an NC suspension. This can be done via different methods
(e.g., oven drying, freeze-drying, and supercritical drying
preceded by solvent exchange), while the resultant foam prop-
erties will dramatically depend on the processing conditions,
varying the pore structure, anisotropy, thermal conductivity,
and mechanical performance. Highly anisotropic foams/
aerogels can be, for example, prepared via unidirectional
freeze-casting methods.'**"* Hybrid foams and aerogels have
shown great potential in fields such as engineering, construc-
tion,'*>"*° energy,""* and biomedical,"** and can be applied with
different kinds of compounds to design materials with distinct
functional properties (Fig. 3).

Additive manufacturing, commonly known as 3D printing, is
a technique that enables 3-dimensional customer-specific prod-
ucts with high complexity in design and architecture to be ob-
tained, which are fabricated layer-by-layer using digital designing
tools. Thermoplastics are the base of standard 3D printing for
polymers (via fused deposition modeling) but the use of cellu-
losic materials as primary building blocks is receiving increasing
attention also in 3D printing, simply due to the growing interest
in developing fully bio-based materials. Though multiple 3D
printing methods have been reported for nanocellulose-based
materials,"® direct-ink-writing (DIW) is the most prominent
technique for nanocellulose in the absence of a polymer
matrix."** In DIW, a liquid phase with low but sufficient viscosity
and shear-thinning behavior (to avoid nozzle clogging) is
required, as well as a crosslinking mechanism to maintain the
printed shape.'*® One of the main uses of DIW is in biomedicine,
where the building materials, such as NC, are mixed with cells to
create tissue-like structures (referred to as 3D-bioprinting).*** 3D-
bioprinting is revolutionizing tissue engineering considering the
requirement for ultra-high rates of reliability in order to precisely
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mimic the complex architectures that compose the human body.
In this context, NC is an excellent candidate as a building block
considering its structural similarity to extracellular matrices
(ECMs) in terms of porosity and interconnected framework, and
excellent biocompatibility.**

Moreover, a revolutionizing development in this subject is
4D bio-printing, which incorporates the fourth dimension of
“time” to create tissue that responds to a predetermined stim-
ulus, promoting physiologically relevant transformations over
time. This is especially important, considering the lack of
physico-spatial control of 3D-bioprinting, which is indeed
essential due to the dynamic conformational changes of human
tissue. Nevertheless, there are still important hurdles in the
bioprinting of long-term compatible artificial tissue, such as
that (i) the bio-structures should exhibit fast and selective
stimuli-responsiveness, (ii) biological tissue adopts anisotropic
structures which play a critical role in shape changes and
movements in biological organisms, while most current bio-
printing approaches use isotropic synthetic polymers, (iii) most
crosslinking mechanisms (required to achieve high printing-
resolution) rely on chemistries that have off-target biological
activity, and (iv) the bio-structures should allow cell-adhesion in
a specific manner to ensure full compatibility. To date, no single
material has been able to simultaneously address these chal-
lenges. Can nanocellulose be the platform to make the perfect
material for bioprinting? Can hybridization improve the prop-
erties for this purpose? These are still open questions, and it's
not something that we will go into in detail within this review
article. However, this is indeed something to mention as an
outlook of NC-based hybrid materials.

5. Probing the mineralization of
nanocellulose via advanced
characterization tools

The characterization of the nanocellulose hybridization is
based on either studying the structural and/or interaction
changes in the cellulose material, or aiming for a selective
application.””"*® In this part of the article, our focus is to
answer the question of how to elucidate the changes in the
nanocellulose structure and properties upon hybridization,
specifically focusing on in situ processes, where inorganic
nanomaterials are grown in nanocellulose matrices, providing
insights to the reader about the utilization of techniques which
can be used to probe in situ hybridizations. The section does not
provide the details of the techniques (the readers may look into
dedicated reviews on the specific techniques for a better idea
about the experimental details, e.g., ref. 117, 119, and 120), but
instead provides an overview of the capabilities of these
techniques.

Most characterization techniques yield images or spectra,
which can be refined for obtaining the topographic, geometric,
structural, chemical, or physical details of the system. The
information provided by the characterization methods can be
used to establish important relations such as cause and effect,
and structure and property, and provide guidance in making
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Fig. 3 Conceptual schematic illustration of the subcomponents to hybridize nanocellulose, processing routes, and the potential main appli-

cations of the resultant hybrid materials.

critical decisions for their applications. The different charac-
terization techniques used to achieve these objectives can be
broadly categorized as spectroscopic, macroscopic, micro-
scopic, and scattering techniques. The spectroscopic tech-
niques (e.g.,, UV-visible spectroscopy, photoluminescence,
infrared absorption, Raman scattering, etc.) provide informa-
tion about chemical compositions, bonding, etc. In TEMPO-
CNCs hybridized with capped gold nanoparticles, synthesized
in situ for the detection of pathogenic DNA, the presence of gold
nanoparticles has been examined and colorimetric detection of
DNA carried out using UV-vis spectroscopy.'**

The macroscopic techniques such as rheology, zeta potential
measurements, TGA, quartz crystal microbalance with dissipa-
tion (QCMD), etc. provide information on the macroscopic
properties of pristine cellulose as well as modifications therein
on hybridization. Rheology in combination with several other
techniques has been utilized to investigate CNF-silica aerogels
prepared by a one-step in situ aqueous sol-gel process.'** In the
process, sodium silicate (Na,SiO;) underwent hydrolysis and
polymerization in the presence of CNFs to yield hydrogels
having storage and loss moduli that confirm the ability of CNFs
to function as the structural skeleton.™ Similarly, copper and
palladium-oxide nanoparticle loaded CNC-based aerogels have
been in situ synthesized and characterized by a variety of tech-
niques including macroscopic techniques like BET, porosity
measurements, etc.*>> QCMD has been used to examine the in
situ adsorption of the metal ions on the nanocellulose film in

This journal is © The Royal Society of Chemistry 2022

terms of adsorbed mass, which is then correlated with the size
of the small nanoclusters (Fig. 4(a)).*

The microscopic techniques (e.g, scanning electron
microscopy (SEM), transmission electron microscopy (TEM),
scanning tunneling microscopy (STM), atomic force microscopy
(AFM), etc.) enable direct visualization of the complex structures
in the real space. For instance, the morphology of a hybrid film
comprising CNFs mineralized with silver nanoparticles and
reduced graphene oxide has been explored using different
microscopic techniques.”* The scattering techniques (e.g,
small-angle scattering, diffraction, light scattering, etc.) on the
other hand provide information on the reciprocal space and are
powerful tools for probing the systems in the native state, and in
real time. A set of very interesting experiments combining
shear-free mixing with scanning in situ SAXS have been per-
formed by T. Rosén et al, to obtain time-resolved nanoscale
kinetics during the ion-induced assembly of dispersed cellulose
nanofibrils.**

In general, a combination of techniques is required to
correctly explore and implement a system, particularly a multi-
component system such as NC-based hybrids, in the sense that
changes at various length and time scales can be simulta-
neously investigated by coupling the different techniques. For
instance, a recent review article summarizes the coupling of the
rheology with the different optical, scattering, and spectro-
scopic techniques, which are powerful alternatives to study the
mineralization of NC-based materials."*
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Fig. 4 Selected examples probing the in situ hybridization of the nanocellulose (a) utilization of the QCMD to observe the real time adsorption of
the metal ion (in terms of adsorbed mass) on the TEMPO-oxidized nanocellulose film.*® (b) In situ SAXS to follow the real-time growth of the
nanoparticles on nanocellulose.*® (c) Various types of metal ions adsorbed on cellulose and GO sheets. The capturing action of the phosphate
group towards Mg and Cr ions is shown on the right (fragments extracted from the complex structures). The tendency of the metal ions to self-

interact and form clusters is highlighted in the pictures on the left, whe
bound to their carboxyl groups.3t°

One of the most suitable techniques for structural in situ
characterization is small-angle scattering (SAS), as the dimen-
sions of both the components are in nanometer length scales.
SAS is a powerful technique that probes nanomaterials to
determine their shape, size, and size distribution, the interac-
tion between the particles, and the morphology of their hybrids.
In SAS, one measures the intensity of the scattered X-rays/
neutrons at low angles, sensitive to the length scales in the
nanometer region."">**” The structural details of the hybrids

9256 | J Mater. Chem. A, 2022, 10, 9248-9276

re copper and silver ions are in contact with the GO sheets sometimes

based on borate-functionalized cellulose nanofibers and noble-
metal nanoparticles have been probed by utilizing SAXS studies.
It has been shown that there is a coexistence of the individual
nanoparticles and some nanoparticle aggregates in the cellu-
lose matrix. The study utilizes a laboratory-based SAXS instru-
ment and could successfully provide evidence of the formation
of the nanoparticles in the hybrid but does not provide kinetics
of the growth."”® In another study, the real-time growth of metal
oxide nanoparticles has been followed in the matrix of
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nanocellulose (Fig. 4(b)). A vacuum filtration technique has
been used for this purpose, where the vapor of the salt solution
is passed through the CNF film. The salt ions are found to be
reduced in the cellulose film, transformed into nanoparticles,
and finally stabilized by the cellulose. These measurements
were performed at a synchrotron source and may not be
possible at a low-intensity lab X-ray source.*

The additional advantage of contrast variation in such two-
component hybrids is brought by the small-angle neutron
scattering (SANS) where one of the components can be matched
to the solvent to examine the structural details of the other. The
ease of contrast variation in SANS arises from the difference in
the scattering length of the neutron for different isotopes (e.g.,
the coherent scattering length of neutrons for hydrogen is about
—3.74 fm while that for deuterium is about 6.674 fm). There-
fore, in a multi-component system, the scattering from one of
the components can be suppressed by partial deuteration of
either the component or the solvent. The hybrids of the gold
nanorods and cellulose nanocrystals have been probed by
contrast-matching both the components to the solvent (mixed
H,0/D,0 solvent) one by one, enabling the structural changes
in the other to be probed. It has been seen that there is
a transfer of the nematic structure of CNCs to gold nanorods,
understood by an entropy-driven transition from an isotropic to
a cholesteric phase.™

QCMD is another technique capable of investigating the in
situ hybridization of cellulose by different organic/inorganic
components. For example, the adsorption of the nanoparticle
from a dispersion on a CNF substrate has been probed using
QCMD along with AFM imaging.”** AFM provides direct
evidence of nanoparticle adsorption, while QCMD can provide
real-time data of the nanoparticles’ adsorption in terms of
adsorbed mass, uniformity of the layer, etc. QCMD is a nano-
mechanical acoustic-based technique that utilizes acoustic
waves generated by oscillating a piezoelectric quartz crystal
sensor and can in situ detect extremely small changes (of the
order of ng cm™?) in the mass adsorbed on the sensor. The AC
field is applied through the electrodes, to excite the quartz
sensor, undergoing mechanical shear oscillations, at the reso-
nance and overtone frequencies. Any change in the mass of the
sensor through adsorption of the external molecules produces
the corresponding changes in the frequencies and dissipation.
In the simple case of the uniform layer formation, the changes
in the frequency can be directly related to the adsorbed mass,
according to the Sauerbrey equation. The dissipation factor (D,
= 2I,/f,) is another important parameter, measured in
a QCMD, and is related to the dissipative energy losses, caused
by the deposited masses. The variation in the dissipation factor
can be useful to extract information about the structural
changes, in the case when the deposited mass does not form
a rigid and uniform film. A low dissipation value suggests the
formation of a thin film with rigid properties while a high value
indicates the formation of a swollen and mobile film. QCMD
data can be modeled to extract the exact morphology of the
adsorbed layer. QCMD, being a simple and high-resolution
mass sensing technique, is now extensively utilized to study
the adsorption of various nanomaterials on the cellulosic

This journal is © The Royal Society of Chemistry 2022
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surface, reaction kinetics, and degree of hydration. The real-
time adsorption of salt ions on the nanocellulose surface has
been explored and connected with the formation of nano-
clusters of size about 2-5 nm (Fig. 4(a)).* In a similar study, the
film of regenerated cellulose deposited on the QCMD sensor
was exposed to AgNO; solution to look for the formation of
silver nanoparticles.**

Innovative utilization of the routine techniques and recon-
struction of the three-dimensional images is also one of the
most popular recent interests. In a study by Kim et al., hybrid-
ization of bacterial cellulose with graphene oxide nanoflakes
has been examined for 3D neuronal bilayer formation. The
three-dimensional alignment of the CNFs in the hybridized
hydrogel, where the 3D stacked images of nanofibers were
reconstructed by employing laser scanning confocal scattering
microscopy, collected the light scattered at the refractive-
mismatched interfaces.”® Synchrotron-based X-ray tomo-
graphic microscopy has also been utilized to create a three-
dimensional structure of hybrid aerogels prepared from a scaf-
fold of cellulose and silica sol. The study utilizes phase mapping
to extract maximum information including sub-micron topo-
logical details of the cellulosic network, affecting the physical
properties of the aerogel. Overall, the applicability of synchro-
tron X-ray tomography has been demonstrated for qualitative
and quantitative investigations of complex nanostructures,
useful for understanding their macroscopic behavior.***

In brief, there are advanced techniques (SAS, QCMD,
tomography, etc.) that can follow the in situ growth of the
nanohybrids, which can be utilized to develop a feedback
mechanism during the fabrication of these hybrids, enabling
control over the process parameters. It is perhaps not possible
to describe all the techniques which have been routinely used to
probe nanocellulose hybrids, therefore a table summarizing the
suitability/applicability, advantages, and limitations of these
techniques as well as selected examples has been presented in
the ESI (Table S17).

Computer simulations are also of great importance in
understanding the formation of NC-based hybrids, at the
microscopic as well as macroscopic level, and help to establish
structure-property relations. Through modeling, one can
handle molecular models made of thousands of atoms and
explore their evolution for extended periods (tens of nanosec-
onds and many thousands of configurations). However,
modeling mineralization reactions is not an easy task (espe-
cially for biopolymers with complex structures such as NC) as
the current simulation methods have important limitations. For
instance, molecular models are often limited to crystalline
forms and selected portions of the cellulose chains, resorting to
periodic boundary conditions to mimic an infinite size. The
systems are typically described either at the atomic or at the
granular level (coarse-grained models), where groups of atoms
are condensed into representative beads. These simplifications
result in modeling of the macroscopic behavior, such as the
determination of amorphous transition states for the room-
temperature conversion of the cellulose allomorphs and char-
acterization of the interface between the crystalline forms of
these structures;'®* the reproduction of the partitioning free
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energies between water and other solvents including, some-
times, “ad hoc” cellulose-cellulose nonbonding interactions;"**
the evaluation of the effects due to solvents on the transition
from crystalline to amorphous structures;** the analysis of
different physicochemical and mechanical properties of native
cellulose fibers and the physical response to temperature and
mechanical bending;"” the description of the fibril orientations
and motion upon cellulose deformation,™® etc. However, a more
meticulous inspection of each part of the system, with an
atomic-level representation that possibly includes reactivity
(bond breaking and formation), is crucial to simulate an in situ
hybridization process, where chemical reactions occur (typically
ions with hydroxyl/carbonyl groups in cellulose), proceeded by
the formation of nanoclusters and subsequent aggregation to
form the resultant nanoparticles.

The option to include reactivity in classical molecular
dynamics simulations of materials is offered by a few poten-
tials,"*** and it has been elegantly and efficiently improved,
and expanded in the ReaxFF paradigm,'** which has been
extended over the years to many different branches of materials
science.'® As far as cellulose is concerned, recent ReaxFF MD
simulations have shown the behavior of cellulose at high
temperature,"®**® and its decomposition, dehydration, and
evolution in the geological context. ReaxFF has also been used
to study the influence of metal ions on cellulose behavior,
recognizing major intrafibrillar rearrangements at the fibril
surface and not involving the core.*” A relevant study was done
by Zhu et al., who used the ReaxFF MD methodologies to study
the assembly of nanocellulose and graphene oxide,"° disclosing
the formation of layered cellulose-graphene oxide configura-
tions, molecular networks, and the decisive cooperative action
of all the assembled components. They prepared a great variety
of different multi-component models, containing many thou-
sands of atoms to evaluate the synergy of cellulose and GO, and
to estimate the fiber packing, and material porosity. Through
this, the authors extracted representative configurations from
the last 50-100 ps of the production molecular dynamics (MD)
trajectories, and an accurate analysis was carried out. Distance
and spatial distribution functions, root mean square deviations
of the cellulose atoms in relation to average reference struc-
tures, hydrogen bonding networks, percentage of adsorbed
ions, protonation states of the side chains, intermolecular
interactions, and other useful information related to the solvent
effect, such as water penetration and diffusion inside the
cellulose matrices, ion solvation layers, etc., were examined in
detail.

Zhu and collaborators also found that GO sheets of various
sizes could self-interact both in solution and inside the cellu-
lose material, forming nanoparticles in situ. As experimentally
noted, the GO sheets could lay flat on the surfaces of the fibers
and, as theoretically observed, be stably anchored to cellulose
layers through intermolecular hydrogen bonds between their
hydroxyl/carboxyl groups and the respective cellulose moieties,
which were sometimes reinforced with the connections of the
functionalities of the GO primary planes.

All the presented models of a cellulose-based material, where
pristine cellulose was engineered (adding GO sheets,
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functionalizing the side chains with carboxyl, phosphate, and
methyl groups, etc.), were fruitfully used to disclose possible
mechanisms of the entrapment of various types of metal ions
(such as Cu**, Ag*, Ca**, Zn**, Mg”*, Cr**, etc.), and their cluster
formation. The adsorption and capture processes were analyzed
following the trajectories of the ions from the solvent to the
material interface, focusing on distance distributions of the
neighboring species and types of interactions. As far as copper
is concerned, the simulations showed that, in solution, it was
usually found in various types of complexes with the
surrounding water oxygens, namely distorted tetragonal, octa-
hedral, square pyramidal, and trigonal bipyramidal configura-
tions, with an average Cu-O distance of approximately 2.0 A, but
also in combination with its charge balancing counterions. The
presence of a negatively charged material acted as an attractor
that could drive the ions and induce their migration towards
specific locations. In the case of cellulose, the preferential
landing regions were those where a charge balance was reached.
There, the ions were stably anchored to the interface through
the cooperative interactions of the main attractors (carboxyl)
and the hydroxyl of all the composite components (concerted
action), as suggested by the first peaks at 1.8-2.0 A of the
distance distribution plots. Furthermore, depending on the ion
concentration, the adsorbed ions showed the tendency to form
metal clusters at the material interface, probably because their
complexation/immobilization created nucleation seeds for
nanoparticle growth, thus being one of the first simulations to
indicate a mineralization reaction in an NC-based material,
corroborating experimental results, thus suggesting the great
potential of using computation simulations for disclosing
mineralization processes, making it a prominent research
subject to investigate further with different subcomponents,
and in different environments. A few examples of ion trapping
mechanisms are shown in Fig. 4(c).

6. Applications of nanocellulose-
based hybrid materials

The in situ growth of a secondary component can be performed
on the reactive surface of nanocellulose, which bears a vast
amount of functional groups (mainly hydroxyl) to do so. Nature
has been mineralizing biopolymers from the beginning of life to
create complex structures. Besides the inorganic matter (e.g.,
calcium carbonate) which has been mineralized by nature from
the beginning of life, more functional nanoparticles (e.g., MOFs,
M(O)NPs, etc.) can be in situ grown to introduce properties that
synergistically complement the already outstanding properties
of NC. The acquired properties of nanocellulose can be utilized,
upon processing onto 2/3D materials, in applications such as (i)
separation applications (gas separation/water purification), (ii)
biomedical applications, (iii) energy applications, etc.

6.1. Hybrid materials for separation applications

For gas separation. Due to the alarming rate at which the
concentration of carbon dioxide (CO,) is increasing in the
atmosphere and its influence on the current global climate
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change,"" there is a critical need to develop new technologies to
reduce industrial CO, emissions. Carbon Capture and Storage
(CCS) and Utilization (CCU) technologies contribute via solu-
tions to reduce industrial and farm CO, emissions.’®* These
technologies must be inexpensive while following the principles
of sustainability. Porous sorbent materials such as zeolites***
and MOFs’®***%5% have stepped up to ameliorate this problem.
Nevertheless, there are still several challenges to solve before
their large-scale utilization, such as their poor processability
into desired shapes considering that they are in a powdered
state and that the use of binders normally leads to micropore
blockage.

Currently, the combination of sorbent materials (e.g., MOFs)
and NC upon mineralization is being sought, due to the great
versatility that NC offers as a support material and process-
ability into 2/3-dimensional materials. The high surface area of
NC favours the formation of highly porous structures with high
loadings of mineralized sorbent material.”»**® Such hybrid
structures are gaining attention as gas sensors and barriers, as
well as biogas upgrading materials due to their flexibility,
biodegradability, and bio-based nature. See Fig. 5 for some
examples of mineralized NC structures with MOFs.

The use of 3D structured bio-based foams, which can act as
support sorbent materials, appears to be a key alternative
towards the industrial implementation of sorbents for CO,
capture. For instance, Valencia et al. formulated a series of ZIF-
L/gelatin/TOCNF by the in situ synthesis of ZIF-L on TOCNF
physically crosslinked with gelatin and freeze-drying foaming.
The CO, adsorption-desorption was measured by a volumetric
gas method at 298 K and 1 bar exhibiting a direct correlation
between ZIF-L content, surface area, and CO, capacity. The
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foam with a density of 37.4 kg m > and surface area of 10 m* g~ *
exhibits a superior adsorption capacity (ZIF-L 50 wt%/gelatin/
TOCNF hybrid with 0.75 mmol g~ ').**” The shape of the CO,
adsorption isotherm of pure ZIF-L and the ZIF-L 50 wt%/gelatin/
TOCNF hybrid is similar and less steep at low pressures
compared with NaA zeolite ones.'*® The shape of the isotherm
indicates a degree of chemisorption, which means an irrevers-
ible CO, uptake, which was confirmed during the first and
second cycles of the breakthrough experiments performed by
thermogravimetric analysis.’® It is known that a chemical
interaction occurs between CO, and positively charged ZIF-L,
i.e, free imidazole linkers,” that may need an input of
thermal energy to break similar to that used in the temperature
swing adsorption (TSA) processes. However, TSA processes may
destroy the cellulosic foams, so vacuum and pressure adsorp-
tion (VSA and PSA) processes are ideal for these hybrid foams.

Apart from the CO, uptake capacity at 1 bar, the swing
adsorption capacity must be calculated for the selection of the
best adsorbent. The CO, swing adsorption capacity is estimated
as the difference between the CO, uptakes at 1 bar and 0.15 bar,
representative of a PSA cycle. The CO, swing adsorption
capacity, also known as the working capacity, of pure ZIF-L at
0.15 bar is about 0.5 mmol g, half of that obtained for NaA
zeolites.”® The estimated CO, working capacity of the ZIF-L/
gelatin/TOCNF hybrid may seem good for PSA processes as
the ZIF-L content increases.

The third important adsorbent feature is ideal CO,/N,
selectivity which is related to the purity of the exhaust gas.
Valencia et al. reported the apparent selectivity using Henry's
law from the weight change of single-component sorption

experiments by thermogravimetric analyses where the
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Fig.5 MOF/nanocellulose aerogels for gas adsorption. (a and b) Illustration of CNFs loaded with Zn-, Al-, and Zr-MOF crystallites (ZIF-L*” or ZIF-
8,467589 M|L-53,8° and UiO-66,°% respectively) as promising hybrids for gas adsorption based on their high BET surface area. SEM images showing
well distributed (c) ZIF-L*” and (d) ZIF-8 (ref. 91) on nanocellulose sheets and fibers, while the insets in (c) and (d) depict the light weight of the
foams by resting on the top of flowers. Only (c) ZIF-L/TOCNF “MF-3" has been tested for CO, adsorption (0.75 mmol g~* at 298 K and 1 bar)*” so
far. From the same laboratory a promising (e) 3D printed monolith CO, adsorbent “CelloZIF8"4° prepared using alginate, ZIF-8, and TOCNF shows

a super-high surface area (2330 m? g~ ?%).
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hypothetical flue gas mix was 50% : 50% CO, : N,."*” 50 wt%
ZIF-L gelatin/TOCNF foam presented the highest selectivity
(CO,/N, = 11) among the hybrids tested, a value that is
comparable to zeolitic sorbents. We highlight that, although
there is a comprehensive review of CO, adsorption and kinetic
models in aerogels by Keshavarz et al.** and on the thermo-
dynamics of CO, adsorption by Anas et al.,*** there is a lack of
information about the gas sorption performance of bio-based
aerogel hybrids,'®* for instance, the ones composed of cellu-
lose and MONPs, MOFs, and other microporous polymers with
nanometric dimensions.

Regarding 2D structured hybrids as CO, sorbents, Chao et al.
proposed several MOF/CNF nanohybrids (ZIF-CO3-1/CNF, Al-
MIL-53/CNF, ZnMOF-74/CNF, and HKUST-1/CNF) with an
average surface area of 94, 2019, 246, and 281 m” g, respec-
tively, that would be viable membranes for gas adsorption.'®*
Later the author demonstrated the CO, capacity of ZIF-8/CNF
membranes prepared by the same method. Briefly, the CNFs
(TEMPO-oxidized CNFs) were first modified by ion-exchange
using an excess of the corresponding metal and poly-
vinylpyrrolidone (PVP). This ensures the crosslinking of CNFs.
The crosslinked CNF and MOF precursors were mixed at 298 K
for 1 h before the vacuum filtration and pressing to generate
membranes with 25 wt% MOF loadings. The surface area of the
ZIF-67/CNF hybrid was exceptionally high (687 m?> g~ ") versus
the 325 m” g~ for ZIF-8/CNF. Only the latter was tested for CO,
and N, adsorption at 293 K and 1 bar. The high slope of the CO,
adsorption isotherm suggests irreversible chemisorption on the
ZIF-8/CNF membrane at very low pressures which may be an
issue for the PSA processes. The CO,/N, selectivity was calcu-
lated using Henry's law from the initial slopes of the single-
component isotherms obtained from the volumetric analysis.
The flexible membranes showed optical transparency and CO,/
N, selectivity of 6 with 25 to 50 wt% ZIF-8 loadings."**

In the studies of Yao et al., a series of membranes of cellulose
nanofibrils with added Zn and Ca cations,'®® Zn-ZIF (ZIF-8),'*
and amine-modified Zr-ZIF (UiO-66-NH,)"” were developed for
CO, separation. For instance, Jia et al. prepared ZIF-8 with
TOCNF using different concentrations of MOF salt (10-90 wt%).
The highest CO, permeability (550 barrer) and CO,/N, selec-
tivity equal to 46 was achieved by the ZIF-8/CNF hybrid con-
taining an actual loading of 33 wt% (corresponding to sample
ZIF-8/CNF-70).**® The reusability of the membrane over 48 h
confirmed the stability for CO, permeability at room tempera-
ture (298 K) and 3 bar. Besides, the increase of the ZIF-8 content
produces a rough membrane with undesirable nanoparticle
agglomeration. The authors were able to increase the CO,
permeability by two times at 358 K with consequent destruction
of the cellulosic membrane underlining the importance of the
working temperature.*®®

The same group explored the amine modification of Zr-ZIFs
like University of Oslo-66 (UiO-66), known for its high surface
area of 737 m”> g7, to be encapsulated on cellulose layers. In situ
synthesis of UiO-66-NH, on diluted solutions of CNFs avoids
nanoparticle agglomeration. Moreover, the insertion of amino
groups using amino terephthalic acid allows the crosslinking
with TCNF. Although the surface area of UiO-66-NH,/CNF
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hybrids was not determined, it shows a clear improvement of
the CO, permeability. The free primary amines over sorbent
nanoparticles enhanced the permeability of CO, (139 barrer)
and CO,/N, selectivity (46) at 298 K and 2 bar possibly due to the
chemisorption as previously explained.'®” The same approach
was tested on Al-MIL-53 using N-methylpyrrolidone by Muba-
shir et al.*® The 2D structures were prepared by a solution
blending method in which previously synthesized MIL-53
particles with a BET surface area of 637 m*> g ' were added to
cellulose acetate (CA) solution and cast. The cellulose solution
prevented the agglomeration of MIL-53 by acting as a capping
agent and tripled the CO, selectivity of its hybrids. A CO,
permeability of 53 barrer and CO,/N, selectivity of 23 at 298 K
and 3 bar were obtained by the NH,-MIL-53/CA hybrid with 15%
loading. Interestingly the hybrid was resistant to plasticization
when tested at high pressure (30 bar). Whether the 2D struc-
tures, membranes, or films are prepared by vacuum filtration,
solvent casting, or dip coating, the problem of the industrial-
scale synthesis still arises, even though their performance is
fairly close to Roberson's 2008 upper bound for CO, perme-
ability and CO,/N, selectivity."”® Table S1t shows a general
comparison of the gas absorption performance of nanocellulose
hybrids in 3D and 2D architectures.

The limited access to characterization equipment like ASAP,
GEMINI, or the like for testing CO, sorption properties is
a drawback for measuring the separation gas capacity and
performing the optimization of already promising 2D and 3D
hybrids, and we often see such new adsorbents tested for
decontamination. However, the reported specific surface area
through N, adsorption at 77 K and the Brunauer-Emmett-
Teller (BET) method on dry specimens does reveal the potential
gas uptake capacity of nanocellulose hybrids. The BET method
measures the amount of sorbate in a monolayer (often multi-
layer) of the surface of the sorbent, therefore determining the
available surface area for other molecules to interact with.
However, the routinary sample drying and degassing before gas
sorption measurements often causes the 3D network to
collapse'**'*® and probably promotes the formation of hydrogen
and lactone bridges due to the Lewis acid sites in MOF/
nanocellulose hybrids.'”* Even though the BET method often
underestimates the surface area on cellulosic materials it is
a recurrent parameter in the CCU and CCS literature. The esti-
mation of the surface area on non-dry samples could be more
relevant for biogas upgrading in nanocellulose hybrids since
humidity contributes to CO, adsorption on amine-modified
surfaces. Chemical methods, for instance, sodium hydroxide
titration, specific xyloglucan adsorption, and the Ougiya
method on non-dry nanocellulose samples should provide
a more realistic measurement of the surface area on nano-
cellulose hybrids."”*"”® Beyond their advantages and disadvan-
tages, those specific surface area determinations allow the
screening of the best candidates to perform gas adsorption and
here we did an exercise by reviewing promising 3D MONPs (and
MOFs)/nanocellulose hybrids.

MONPs like ZnO are recognized by strongly interacting with
CO, through the formation of bicarbonate, carbonate, and
carboxylated species, and recently by their role as photocatalysts
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in the CO, transformation into fuels like methane, methanol,
and ethanol.”**”* Soltani et al. reported a ZnO/NC hybrid with
a higher specific surface area (295 m> g~ ') than that of zeolite/
TOCNF with demonstrated CO, uptake capacity (200 m> g*
with CO, adsorption of 1.2 mmol g~ ').”>'"® The promising 2D
ZnO/NC hybrid was prepared by solvent evaporation and in situ
formation of ZnO nanoparticles using diluted TEMPO-oxidized
CNFs. The CNFs were obtained from a local source of waste
cooler straw which promotes synthetic approaches that reso-
nate with circular economy principles.

Among the high surface area 3D foams containing MOFs, we
found that those composed of Zn-, Al-, Fe-, and Zr-ZIFs (ZIF-8,
MIL-53, MIL-100, and UiO-66, respectively) are commonly
found in the field of water remediation, again due to the elab-
orateness and often expensiveness of gas sorption studies.
Today, the maximum MOF loadings on foams reach 50 wt%
before the collapse of the 3D structure, and the challenge is to
increase the MOF dispersion and/or reduce the particle size.
Several reported preparation approaches aim for dispersion and
size reduction which eventually increases those loadings,
improves the surface area, and boosts gas adsorption capacity. A
two-step approach in which ZIFs are firstly formed allows both
high loadings and surface area in the nanocellulose hybrids. For
instance, Nie et al. prepared ZIF-8/CNF/cellulose membranes
(308 m* g~ !) and foams (475.5 m> g~ ') with a high BET-specific
surface area.'””'”® The preparation of ZIF-8/CNF/cellulose foams
consisted of two steps: (1) synthesis of well-formed dodecahe-
dral ZIF-8 nanoparticles over a cellulose suspension by hydro-
thermal treatment at 348 K for 24 h and (2) homogenization
with CNFs before the freeze-drying foaming. Interestingly, the
surface area increased with both CNF and ZIF-8 loadings from
80 m” g~ ' for ZIF-8 (16%)/CNF (10 wt%)/cellulose up to 475 m*
g ! for ZIF-8 (55.2%)/CNF (40 wt%)/cellulose.’”” Meanwhile, Ma
et al. reported ZIF-8 (55 wt%)/bacterial cellulose (BC) hybrids
using a two-step synthesis to produce foams. The procedure
consists of (1) pre-forming a BC aerogel via the freeze-drying
method and (2) dispersion of Zn-ZIF precursors over aerogel
until full swelling and low-temperature crystallization at 298 K
for 2 h under sonication. The specific surface area of ZIF-8
(55 Wt%)/BC foams (636 m> g~ ') was still below that obtained
in the pure ZIF-8 (956 m> g ')'”* but high enough for a gas
adsorbent. Zhu et al. reported a three-step synthesis that
produced a ZIF-8 (81 wt%)/CNF foam with a surface area of 890
m?® ¢~ ! which is one of the highest loadings and surface areas
found in the literature.'® Similar results were reported by Su
et al. for ZIF-8 (90 wt%)/CFs with a surface area of 620 m”> g~ 1%
The preparation consisted of (1) dispersion of Zn-ZIFs precur-
sors and CNF suspensions for 24 h, (2) crystallization of MOF at
298 K for 12 h, and (3) foaming by the freeze-drying method.
The in situ synthesis of ZIF-8 nanoparticles forms 3D structures
made up of bead-like strings. The differences in the synthetic
procedures demonstrate that a good dispersion of nano-
particles is key to increasing the mineral content (i.e., ZIF
loading) and doubling the surface area.

Other Zr-ZIFs like UiO-66 nanoparticles pre-synthesized and
loaded on NC suspensions were used to prepare foams by
freeze-drying. These UiO-66/NC hybrids show a higher BET
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surface area (826 m” g~ ') than those synthesized in situ over
nanofibers (i.e., 267 m> g~ ').77>18218 Thig synthetic approach
allows high loadings (i.e., 55 wt%) on the foams, but also spun
fibers can even support high amounts of mineralized materials
with a less brittle and fragile appearance. Chen et al. tested the
concept by loading 72 wt% UiO-66 on cellulose acetate fibers
fabricated at laboratory and pilot scales reaching a BET surface
area of 652 m” g~ '.'® Similar results were obtained for Al-ZIFs
(MIL-53)/CA and NaY/CA hybrids (334 and 598 m”> g ’,
respectively).

6.2. Hybrid materials for water purification

With the great industrialization and overpopulation in modern
society, humans tend to contaminate the Earth's water streams
with hazardous substances such as heavy metals, microplastics,
pharmaceuticals, pesticides and herbicides, dyes, and other
organic and inorganic compounds.' Nanocellulose has been
extensively studied for water treatment applications,'**'*” where
the most common structures for water filtration systems are
two-dimensional such as porous membranes and films, and the
properties can easily be tuned by calibrating the aspect ratio of
the fibrils, or carefully controlling the processing method (as
different filtration times, pressures, or drying yields different
morphologies and architectures of the films) and thus variable
flux and removal capacity.'®® Nanocellulose by itself can physi-
cally adsorb pollutants via electrostatic interaction with the
anionic groups in its structure (-OH, -OSO; or -COO ™), and
conventional surface treatments of nanocellulose can increase
the adsorption capacity, due to the introduction of a greater
amount of anionic groups (for instance via TEMPO-mediated
oxidation, which selectively introduces carbonyl groups
leading to a nanomaterial with good adsorption capacity of
heavy metal ions and dyes'®).

An alternative way to further improve the adsorption capacity
of nanocellulosic materials is via hybridization, for instance
upon mineralization of MONPs. Water treatment using MONPs,
such as Cu,0O, ZnO, or Fe,0;, is essentially through photo-
catalytic degradation of organic and inorganic pollutants,
which is an eco-friendly and cost-effective method. The photo-
catalysis for these semiconductor nanoparticles involves (i) the
generation of electrons in the conduction band and holes in the
valence band pairs upon light irradiation (with light irradiation
greater than the semiconductor band gap); (ii) the migration of
the electrons and holes to the surface of the semiconductor, and
(iii) the oxidation of water molecules to produce hydroxyl radi-
cals ("OH) and reduction of dissolved oxygen to form superoxide
radical anions ('O,"). The formation of these radicals, having
higher oxidation potential, degrades the organic pollutants
mainly into water and carbon dioxide.*® The role of (nano)
cellulose, when combining it with MONPs for water treatment,
is mainly as a template for their mineralization. The growth of
MONPs has been extensively studied, mainly under hydro-
thermal conditions and/or in the presence of a reducing agent.
However, Valencia et al. have demonstrated that TOCNF can
form different MONPs (such as Cu,O nanoparticles) upon
adsorption, at room temperature, and without the addition of
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any further reagent. This phenomenon is believed to be due to
the presence of both aldehyde and carbonyl groups, the
carbonyl coordinating with the ions and therefore increasing
the collision probability with the aldehyde groups, which can
act as a reducing agent. Valencia et al. have shown that the
resultant hybrid materials, specifically focusing on Cu,O/
TOCNF hybrids, can be used to form self-standing films for
photocatalytic degradation of dyes. Therefore, the materials
have triple functionality: the capture of heavy metal ions (e.g.,
Cu(u)) from water, dye removal, and improved antimicrobial
properties. A schematic representation of this approach is
shown in Fig. 6.*

Several other authors have studied the MONP mineralization
on nanocellulose for water treatment. For instance, Lu and
collaborators have used a ZnO/NC hybrid material to remove
Pb(n) with a maximum capacity of 63.78 mg g~ ",'** while Alipour
and collaborators have reported a maximum capacity of
554.4 mg g ' (ref. 192) for a similar system. Furthermore,
Amiralian and collaborators prepared membranes comprising
magnetite nanoparticles grown on CNFs which were used as
catalysts for the degradation of rhodamine B (RhB) with per-
oxymonosulphate (PMS). The results have shown up to 94.9%
degradation of RhB after 5 minutes, indicating the successful
activation of PMS."* Cruz-Tato and collaborators have reported
the preparation of an NC-based membrane hybridized with
silver and platinum nanoparticles. They prepared membranes
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with varying pore sizes and tested them with forward osmosis of
different solutions such as water, urea, and wastewater. The
obtained results show that the membranes have high water flux
and solute rejection when tested with wastewater.***
Mineralization of NC with MOFs is another well-studied
method for water treatment processes. MOFs are highly
porous, crystalline materials with excellent potential as adsor-
bents. Hashem and collaborators reported the preparation of
membranes for the removal of metal ions and organic dyes from
water. More specifically, UiO-66-NH,, a zirconium-based MOF,
was mineralized on cellulose fibers and processed in
membranes. The membranes were tested with simulated
wastewater for the adsorption of Cr(vi) and methyl orange,
showing a 78.2% and 84.5% removal capacity, respectively.™®
Two-dimensional systems may dominate the field of water
purification when it comes to nanocellulose based materials.
However, 3D materials such as foams/sponges can also be
produced using (nano)cellulose and used for such applications.
Often, chemical crosslinkers, such as glutaraldehyde (GA),
maleic anhydride (MA), and polyethyleneimine (PEI), may be
used to form a mechanically stable body, as it is not easy to
physically crosslink nanocellulose in water-stable 3D structures,
but it is not always necessary. Mo and collaborators have re-
ported the preparation of a MOF/TEMPO-oxidized CNF aerogel
processed via the freeze-casting method. The preparation
method provides an abundance of chelating sites for metal

Fig. 6 Mineralization of copper oxide nanoparticles on TOCNF films. (a) Reduction of Cu?* ions to Cu* by the aldehyde groups on TOCNF. (b)
Growth of copper oxide nanoclusters. (c) Coalescence of nanoclusters to form Cu,O nanoparticles. (d) Schematic representation showing the

antibacterial/photocatalytic activity of the resultant hybrid membrane.*®
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binding which is reflected in the high uptake capacity tested
with Cu®* (300 mg g~ '). Moreover, the aerogels have good
reusability as there was no dramatic reduction in their
adsorption performance after 5 cycles.”® Similarly, Li and
collaborators have recently published a study where TEMPO-
oxidized CNFs were decorated with a zirconium-based MOF
(i.e. UiO-66-EDTA, similar to the one mentioned above) and
processed into aerogels using carboxymethyl cellulose as
a crosslinker, via the directional freezing method. The aerogels
show tunable morphologies and characteristics by controlling
the composition. Their adsorption performance was tested with
water containing Cr’*, Cu**, Co*", Ni**, and Mn**. An overall
removal efficiency of 91% (98% when tested with individual
metal solutions) has been obtained, with a reduction only down
to 88% after 5 cycles, further illustrating the reusability of the
aerogels.”® NC has also been hybridized with magnetite nano-
particles for the preparation of aerogels with magnetic proper-
ties. Gu and collaborators manufactured aerogels composed of
oleic acid, NC, and magnetite nanoparticles for the separation
of oil and organic solvents from water. The adsorption perfor-
mance was tested with pump oil, cyclohexane, and ethyl acetate
reaching up to 60.50, 68.06, and 60.50 g g, respectively.'®”

The mineralization of MONPs on nanocellulose can also be
implemented on other 3D materials, such as aerobeads.
Crosslinked NC can be shaped into spherical adsorbents by
pouring NC suspension dropwise into liquid nitrogen followed
by lyophilization."®** The advantages of these systems rely
upon the fact that they can be removed, washed, and reused
without any special effort. For instance, Mohammed et al.***
produced CNC-alginate hydrogel beads through the intermo-
lecular cross-linking of alginate chains in the presence of Ca®*
by dropwise pouring CNCs into a CaCl, solution. The potential
of these nanocellulose based 3D structures as water filtration
systems was evaluated with the removal of negatively charged
contaminants, for instance, Cu(u), and inorganic dyes, such as
methylene blue and Congo red, as well as oil adsorption.***?>*
Moreover, magnetic spherical aerobeads based on nano-
cellulose and Fe,O; nanoparticles were prepared by Karzar Jedi
and collaborators and were tested for the separation of oil and
inorganic solvents from water. The hybrid beads have been
shown to possess a maximum adsorption capacity of 279 mg g~ *
for castor oil and up to 100 mg g ' for dimethyl sulfoxide
(DMSO). These beads can be easily removed and reused after
simple mechanical squeezing, retaining their reusability for at
least 10 cycles.”** Moreover, Gu and coworkers have reported
a nanocellulose/magnetic hybrid aerogel and its use for the
removal of cyclohexane, ethyl acetate, and pump oil, reporting
maximum adsorption capacities of 68.06 g g~ ', 56.32 g g ', and
33.24 g g, respectively.'®’

6.3. Hybrids for biomedical applications

Besides the outstanding aforementioned properties of nano-
cellulose (e.g., excellent mechanical properties, a reactive
surface that allows functionalization, processability into porous
2/3D structures, etc.), NC also exhibits good biocompatibility
and low cytotoxicity, as well as biodegradability which makes it
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a good candidate for biomedical applications. Nanocellulose
alone or hybridized with suitable inorganic (metals, metal-
organic-frameworks, etc.) and/or organic (drugs, biomolecules)
entities have readily shown prominent applications in a variety
of medical fields such as drug delivery, wound-healing,
implants, tissue engineering, scaffolds, dental grafting,
cardiovascular devices, biosensors, etc.?>?* A conceptual
schematic representation of the types of biomedical applica-
tions for nanocellulose-hybrid materials is shown in Fig. 7.
Beginning with the application of nanocellulose for drug
delivery, cellulosic materials (including NC), as approved by the
FDA, have been readily accepted for the development of drug
reservoirs as well as release platforms. However, native NC
possesses almost no antimicrobial properties and limited
interaction with certain drugs. In this regard, selectively
hybridized NC with different components having antimicrobial
activity, as well as better interaction with drugs, are being
explored for developing drug delivery systems with superior
therapeutic properties. Nanogold/nanocellulose (GNP/NC)
hybrids have been utilized for developing transdermal drug
delivery, where the gold nanoparticles provide the additional
advantage of enhanced skin permeation, required for the
transdermal route of drug delivery.>** This route of drug delivery
has several advantages, but the transportation of hydrophilic
drugs across the skin is difficult due to the ordered architecture
of the stratum corneum (SC). It has been realized that gold
nanoparticles can be one of the best-suited materials to disrupt
the stratum corneum barrier because of their size in the nano-
range as well as their hard shape compared to chemical pene-
tration enhancers. This fact was utilized by the authors to create
a novel transdermal device for the administration of diltiazem
hydrochloride, based on a polyelectrolyte complex (PEC)

Antimicrobial

/"~ Biosensors/

1

Biomedical
applications of

nanocellulose
hybrids

Wound healing

Biomolecules Engineering

Fig. 7 Schematic representation of the types of biomedical applica-
tions for nanocellulose-based hybrid materials.
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reinforced with GNP/NC. The GNP/NC was synthesized via in
situ reduction of the gold salt in the NC matrix. The pharma-
ceutical applications of the device were investigated by sub-
jecting it to in vivo skin adhesion and irritation in humans, cell
viability, and environmental fitness studies. The results suggest
that the film has enormous potential as a transdermal drug
delivery device. Fakhri et al>”>>" developed multiple hybrid
materials based on nanocellulose and metal- or metal oxide
nanoparticles/quantum dots for application as drug delivery
systems. For example, the hybrids of Fe;0,-Ag,0 quantum dots
decorating CNFs were prepared for the delivery of the cancer
drugs etoposide and methotrexate. In this material, CNFs act as
a matrix-forming material for long-lasting sustained drug
delivery, while drugs are adjoined to the quantum dots. In
addition, Ag,O provides antioxidant, antibacterial, and anti-
parasitic activity while Fe;O0, gives magnetic character. The in
situ synthesis of ZnS—cellulose hybrids has also been reported
for controlled drug delivery applications and antibacterial
activity.””® In another study,”® a zinc glutamate biological
metal-organic framework supported on cellulose fabrics has
been utilized for the controlled delivery of nitric oxide (NO) and
5-fluorouracil (5FU) for wound and/or skin cancer therapy.
Nanocellulose has also been extensively utilized for wound
dressing applications due to its ability to eliminate exudates,
avoid infections and reduce local pain. The major concern in
wound healing is the risk of bacterial infection, which restricts
the use of pristine cellulose due to almost negligible activity
against the infection, as mentioned earlier. However, NC
hybrids with metal/metal oxides or metal-organic-framework
nanostructures have been emerging as an attractive option for
developing wound healing devices, which not only prevents
bacterial infection but also promotes angiogenesis, a process
involving the growth of healthy cells.***"”">**> These hybrids,
apart from exhibiting the excellent biocompatibility of cellulose
also display the antimicrobial capabilities of these inorganic
nanostructures. Wu et al.**® in situ synthesized silver nano-
particles on CNFs, forming stable and evenly distributed Ag
nanoparticle coated nanofibers. The immobilization of the NPs
on the NC network prevents them from being released and
hence minimizes the toxicity of the nanoparticles. The hybrid
has been demonstrated to have high antibacterial activity
against different bacteria and allow attachment as well as
growth of epidermal cells with no cytotoxicity, resulting in
a reduction in inflammation and fast wound healing. In the
study carried out by Bie et al.,>* the authors prepared a dual
functional material based on nanocellulose, for efficient wound
dressings, particularly useful for diabetic patients. The hybrid
material consisting of CNFs with gentamicin (an antibacterial
drug) was synthesized by electrospinning, and then these
nanofibers were in situ modified by silver nanoparticles. The
authors used gentamicin with the aim of healing the infection
inflammation, while silver nanoparticles were used for their
antibacterial activity. The thorough characterization of the
cellulose/gentamicin/silver nanofibers has demonstrated
excellent antibacterial properties as well as an appreciable drug
release profile. Similarly, biofilms and hydrogels based on
cellulose and zinc oxide nanostructures have been reported to
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have prominent applications as wound healing materials.>****¢
Hybrids of copper-containing bioactive glass and CNFs have
been synthesized for angiogenic promotion in the chronic
wound healing application.*””

The antimicrobial abilities of these hybrids have not been
limited to wound healing but have also been utilized for several
other biomedical applications.””® For example, the antimicro-
bial properties of cellulose-MOF hybrids have been utilized to
develop self-disinfecting textile materials for antimicrobial
applications and infection prevention.”* Biodegradable bio-
sorbents based on cellulose-MOF hybrids having excellent
microbial inactivation capabilities have been reported by Duan
et al.,”*® synthesized via in situ anchoring MOFs on TEMPO-
oxidized corncobs.

Another subfield of biomedical applications, where the
hybrids of nanocellulose are being extensively explored is
guided bone regeneration, thanks to the three-dimensional
structure of nanocellulose and the interconnected porosity, in
addition to biocompatibility and degradability. Bone tissue is
largely comprised of a matrix of different mineral forms of
calcium phosphates and collagen, covering the osteoblasts,
osteocytes, and lining cells. The treatment of bone diseases
sometimes requires grafts/scaffolds, to repair the suffered area
by inducing tissue regeneration. In this context, mineralization
of the nanocellulose by calcium or phosphorous compounds
provides unique ways to develop biocompatible materials. In
a recent study, Jafari et al*®' developed bimodal foams of
phospho-calcified CNCs and poly-(e-caprolactone) (PCL) and
tested them for osteogenic differentiation of human mesen-
chymal stem cells. These scaffolds have been demonstrated to
be a suitable option to mimic the architecture of the ECM.
Moreover, it has been shown that the mechanical, hydrophilic,
and biodegradability properties of the hybrids can be improved
by simply increasing the concentration of the phospho-calcified
CNCs. A. Canas-Gutiérrez et al.**? examined the effect of the
surface groups (hydroxyl or carboxylate) of the bacterial cellu-
lose on calcium phosphate precipitation for bone tissue engi-
neering. For this purpose, the calcium phosphate
mineralization process was carried out on the unmodified
nanocellulose and TEMPO-oxidized cellulose scaffolds. It has
been observed that the oxidation treatment in the TEMPO-
oxidized cellulose scaffolds leads to the growth of the hetero-
geneously distributed microcrystals, while microcrystals are
found to be homogeneously distributed in the unmodified
nanocellulose scaffolds. The in vitro cell studies however show
good cellular adhesion and high cell viability in both types of
scaffolds. Hu et al.**® presented the strategies to prepare bio-
absorbable cellulose-calcium phosphate hybrids loaded with
cellulosic enzymes for bone defect repair. The hybrid has been
shown to be able to locally deliver calcium phosphate and to
provide mechanical and nutrient support for cell growth. The
hybrid acts as a temporary bone substituent and finally
undergoes biodegradation by the enzyme. In another inter-
esting study,”* the multifunctional reinforced material of CNC-
ZnO was prepared by in situ mineralization, using the one-step
hydrothermal method. In the preparation method, CNC
suspension was added into an aqueous solution of zinc chloride
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and NaOH of suitable concentrations and stored at 80 °C for
24 h in an oven, resulting in the formation of nanohybrids.
These ZnO-CNC hybrids as UV absorbers and antibacterial
agents were then reinforced into bio-polyester via the electro-
spinning process. The nanohybrids have been found to enhance
the thermal stability and crystallization ability of the
biopolymer as well as having ultrahigh UV-shielding and anti-
bacterial performances.

Not limited to the scaffolds for bone regeneration, recent
extensive research has also shown NC hybrids to be one of the
potential candidates that can be utilized in medical implants,
e.g. cortical implants. The material used as an implant for soft-
tissue replacement and reconstruction applications should
have mechanical properties compatible with the tissue in terms
of chemistry, mechanical, and pharmacological properties,
along with biocompatibility, non-thrombogenicity, steriliz-
ability, durability, and optimized degrees of calcification, as
well as good and easy processability.®” There is usually
a compromise among these properties. For example, the
cortical implant which can act as a neural interface is usually
made up of metals that are much stiffer than brain tissues. The
advantage of being stiffer is that these implants can be easily
inserted into the soft brain tissue without buckling. However,
the contact between the probe and the tissue significantly
increases the risk of tissue damage and the death of the
neurons, due to their incompatibility. It has been understood
that such risks can be minimized if the mismatch between the
mechanical properties of the implant and the soft body tissue
can be minimized. Researchers are now more interested in
implants made up of soft electrode materials and/or metal
electrodes based on soft substrates such as cellulose.

In a study by Tang et al., super-soft multichannel electrodes
(Au-BC electrodes) have been developed by depositing gold
layers via electron beam evaporation, on a thin substrate of BC
for neural interfacing applications.”® The developed Au-BC
electrodes have been shown to possess several advantages over
the normal metal or synthetic polymer-based electrodes, such
as (i) better compliance, in terms of Young's modulus, which for
cellulose is in between those of peripheral neural tissues and
brain tissues, (ii) a significantly low bending stiffness around
10~* times that of a polyimide-based Au electrode, (iii) high
flexibility, robustness and possibility of multichannel design,
with a single channel width as low as 5 microns, and (iv) high
biocompatibility. In vivo recording of brain electric activity has
demonstrated the great potential of these electrodes for neural
interfacing applications.

Mineralized nanocellulose hybrids have also found applica-
tion in the field of biosensing.?****®* Recently, approaches have
been explored to utilize cellulose hybrids for replacing the other
polymeric materials used as supports for diagnostic devices.
The use of cellulose facilitates the anchoring of the different
biomolecules (adsorption of antibodies, enzymes, viruses, and
polyelectrolytes) and configures the basis for biomedical
devices intended for cellular growth screening as well as for
studying cell-signaling mechanisms. For example, BC has been
shown to have the ability to anchor high amounts of IgG for the
detection of dengue viruses in plasma samples.”** On the other
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hand, the inorganic components of the hybrids provide addi-
tional advantages for generating and collecting the detectable
signals as well as for improving the sensitivity and selectivity of
diagnostic devices.

In a study by Li et al,> hybrid nanofibers of palladium
nanoparticles and BC were synthesized by employing an in situ
chemical reduction method. These nanofibers were then mixed
with laccase and Nafion and the mixture was employed to
modify the electrode surface to construct a novel biosensing
platform. While evaluating the electrochemical performance of
the modified electrodes, acceleration of the electron transfer
and weakening of the interface resistance have been observed
and attributed to the good electron conductivity and catalytic
abilities of palladium nanoparticles. The developed biosensor
has been shown to exhibit excellent bioelectrocatalysis towards
dopamine, present in human urine, with high sensitivity, low
detection limit, and wide linear range, along with good
repeatability, reproducibility, selectivity, and stability.

An aptamer-based cellulose acetate-MoS, nanopetal hybrid
biosensor has also been fabricated for the diagnosis of acute
myocardial infarction.”* In this work, petal-like MoS, nano-
flowers acted as an active material for AMI biomarker deter-
mination. The three-dimensional microstructure generated by
1D cellulose nanofibers and 2D MoS, flower-like nanosheets
provided many pores for the immobilization and interaction
processes. The sensors prepared using these hybrids have
attained a very low limit of detection, high sensitivity, and good
reproducibility, and can detect multiple biomolecules on
a single sensing platform.

There is also a lot of recent interest in cellulose paper-based
hybrid biosensors for medical diagnostics, owing to their low
cost and high sensitivity and performance.”***** The micropo-
rous structure of these paper-based devices not only offers
sufficient space for storing immobilized analytical reagents but
also drives capillary force to guide liquid samples towards
a dedicated reaction zone for almost instantaneous detection of
the analytes. The mineralization of the cellulose in these paper-
based sensors improves several key parameters, such as selec-
tivity, efficiency, sensitivity, dynamic range, the limit of detec-
tion, etc. The silver nanoparticle embedded cellulose nanopaper
based sensors have been shown to be capable of the detection of
the cyanide ion (CN™) and 2-mercaptobenzothiazole (MBT). In
this work, hydroxyl groups of CNFs were utilized to reduce the
adsorbed silver ions on nanopaper. Similarly, a novel, dispos-
able, inexpensive paper-based assay has been realized for rapid,
enzyme-free, and colorimetric determination of the glucose
level by in situ synthesis of gold nanoparticles in cellulose
paper.””® In short, mineralized nanocellulose provides syner-
gistic advantages that cannot be possessed by individual
components or synthetic polymer-based hybrids and hence has
enormous potential in the field of biomedicine.

6.4. Hybrid materials for energy and electronics

There is emerging interest in natural polymers for their appli-
cations in the field of energy/electronics, particularly for
developing novel devices with unique features, e.g
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stretchability, self-healing, and flexibility.”***>*> Nanocellulose
with its excellent physical properties (high transparency, low
coefficient of thermal expansion, and flexibility with good
mechanical strength), dielectric and piezoelectric properties,
and ability to be functionalized with a variety of molecules is
a suitable candidate for the development of electronic
devices.”****® The incorporation of a biocompatible and
biodegradable polymer like nanocellulose not only provides
flexibility and stretchability to these electronic devices but also
eases the environmental load that is increasing day by day due
to the tonnes of non-degradable electronic waste.

The area of printed electronics utilizes electronically func-
tional inks for large-area fabrication by employing traditional
printing methods (e.g., screen printing, inkjet printing, and
flexography). This can be taken a step forward by designing the
electronics on a flexible and biodegradable substrate such as
plastic or paper.”>¢->%>2582%9 I, this regard, the utilization of NC
opens pathways not limited to a paper substrate but it also plays
an important role in hybrid materials, providing mechanical
strength, favorable 3D-microstructures, and the above listed
additional advantages, which are not possible with other flex-
ible substrates like plastic. Moreover, NC, in particular CNFs, is
emerging as a substitute for classical electronic packaging
materials (e.g., resins, glass, plastics, etc.). In addition, CNFs
make large-scale roll-to-roll production relatively easier, due to
the compatible mechanical properties.**® There can be several
other plastic/organic substrates that can be utilized for the
fabrication of flexible devices but face the limitation of the
performance against thermal stress. The difference in the
thermal coefficients of the plastic substrate and the other
elements of the instrument leads to significant thermal stress
not only in the fabrication process but also during long-term
operation, resulting in the malfunctioning of the device, and
most of the time, failure. The use of cellulose-based photo-
patternable, flexible and stretchable substrates has been
shown to overcome such limitations by reducing the thermal
expansion coefficients. Cellulosic materials possess a suffi-
ciently low coefficient of thermal expansion (as low as 0.1 ppm
K™'),>* as required for the components of electronic devices
that are known to produce heat. Other polymers such as poly-
ethylene terephthalate and polyethylene naphthalate can also
provide an alternative for flexibility but these are known to have
a large carbon footprint, as well as generate harmful waste,
unlike cellulose.”””

The utilization of NC in electronics many times requires its
hybridization with some conductive material, for instance,
metal or metal oxide nanoparticles,***?* semiconducting
nanostructures,**** carbon materials (not covered in this
article), etc. Functional materials produced via mineralization
of NC have shown enormous potential for intelligent, portable,
and flexible electronics, covering a wide range of instruments,
e.g., smart sensors including biomimetic electronic skins or
detection devices, optoelectronics and energy storage devices,
ionic conductors, supercapacitor batteries, and triboelectric
nanogenerators as well as electrolytes and electrode materials
required for the design of conventional electronic equipment
such as transistors, etc.>***” In a recent report, flexible
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electrodes of very low sheet resistance and high transparency
have been demonstrated by combining cellulose nanopaper
with silver nanowires. It is important to mention here that high
transparency with low haze nanopaper was achieved by
hybridization of CNFs and CNCs.'* Similarly, a freestanding
electrochromic paper-like electrode has been designed using
a cellulose composite comprising poly(3,4-ethylene dioxythio-
phene) polystyrene sulfonate (PEDOT:PSS) as the electro-
chromic material hybridized with TiO, nanoparticles as the
reflecting material.**® A combination of colloidal ZnO nanorods
and laminated cellulose ionogels has been utilized to fabricate
the electrolyte-gated, flexible field-effect transistors on paper.”®
Moreover, in very recent and interesting work, highly conduc-
tive ferroelectric cellulose hybrid paper was synthesized con-
sisting of BC with silver nanowires and BaTiO; nanoparticles.
These hybrid papers have been successfully used to fabricate
a large-area triboelectric nanogenerator with excellent electrical
output performance. The percolated network of the silver
nanowires in the cellulose fibers results in high electrical
conductivity and enables the paper to serve as a positive tribo-
electric layer as well as a bottom electrode, with no requirement
for placing an additional electrode. Moreover, the addition of
the BaTiO; nanoparticles provides ferroelectric character to the
paper which in turn supports the easy charge transfer between
the paper and triboelectric layer, resulting in increased output
performance.>”®

The potential of cellulose-based materials for chemical and
biosensor applications has also been emerging as a field of
recent interest.>*® A transparent and flexible fingerprint sensor
array has been recently developed by combining silver
nanowires/fibers with CNFs. The arrays have been designed
with the ability for multiplexed detection of tactile pressure and
skin temperature for use in mobile smart devices.””* A trans-
parent photoluminescent hybrid film composed of Eu-MOF and
TOCNF has been reported for specifically detecting copper ions.
The nano Eu-MOF was synthesized in situ on the surface of
TOCNF in hydroalcoholic medium and the resulting film has
been shown to have high selectivity toward copper ions.>”

One of the most interesting developments regarding cellu-
lose and flexible electronics is the generation of wood-based
electronic devices. In a recent report, a fully wood-based flex-
ible electronic circuit has been printed on a strong, flexible, and
transparent wood film, with a lignin-derived carbon nanofiber
conductive ink.>”® A transparent paper touchscreen composed
of nanocellulose hybrid paper as a flexible electrode, having an
excellent anti-glare effect, has been developed.'®>*”* A new type
of wood-based material having the ability to bend and roll
without loss of electrical function has been prepared by rein-
forcement of nanosilicate in nanocellulose with potential
applications in flexible electronics.” Electrically conducting
wood (regenerated cellulose) based yarns have been fabricated
employing a roll-to-roll coating process with the ink of
a biocompatible polymer. The electrical conductivity of the yarn
has further been enhanced by the incorporation of Ag nano-
75 For flexible electronics such as foldable smartphones,
curved displays, and smartwatches to become the marvel of this
modern age, the aforesaid design concepts for sustainable

wires.
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development of next-generation flexible electronics is essen-
tially required.

In addition to the novel applications of cellulose in the field
of electronics as shown heretofore, there is great interest in
finding and establishing alternative, efficient and renewable
ways to develop ECS (energy conversion and storage) technol-
ogies. Commonly, ECS technologies are known for their envi-
ronment friendliness and renewability involving water splitting
and redox processes via photocatalysis (light-harvesting, elec-
tron-hole separation) and electrocatalysis (fuel cells, metal-air
batteries (MABs)).”® Besides, electrochemical energy storage is
emerging as an eco-friendly technology to develop super-
capacitors and metal-ion batteries. Although use of the afore-
said techniques has already begun in the application sector of
automobiles, integrated electronics, and smart homes, they still
have several challenges due to high catalyst costs and limited
shelf life. To name a few of these challenges, the following are of
current interest: (i) due to the limited area for light absorption,
conventional photocatalysts often exhibit inefficient light-
harvesting, resulting in prolonging the transportation of
carriers between holes and electrons; (ii) besides, choosing
a complex route to obtain photocatalysts leads to lack of
porosity and stability (emergence of metal dendrites),>” (iii)
electrocatalysts, on the other hand, require additional energy
due to their slow reaction dynamics (sluggish redox recharging
in MABs), shuttle effect (lithium-sulfur batteries) and low
electrical conductivity.*”” To overcome these shortcomings and
exclusively in the area of sustainable growth, several strategies
have been proposed to obtain multifunctionality via engineered
nanostructures, enhanced porosity (rapid kinetics, better
rechargeability), or using a large number of active sites to
increase absorption.”’**”® Due to adjustable metal nodes and
tunable organic linkers, MOFs have made staggering progress
in developing multifunctional materials to facilitate efficient
ECS technologies.?® 2% Structural control (coordination
bonding) via MOFs offers superior porosity; hence the higher
number of active sites (achieved by adjusting the physical
aspects of pores) allows spatial ordering and efficient host-
guest interactions.>”**** Recent reports on introducing different
metal centers such as Co(u), Ni(u), and Cu(u) have shown
improved charge delocalization using m-conjugated ligands
(organic and metal-based).>”>** Stacking the conjugated
nanostructures greatly enhances charge interactions and redox
reactive sites, resulting in efficient thermogravimetric
capacitance.***

Nanocellulose combined with other nanoparticles can
possess functionality also for energy applications. Zhou et al.***
proposed a strategy to prepare conductive metal-organic
framework (c-HHTP, c-HITP) nanopapers via in situ growing the
porous coordination polymers on CNFs (CNF@c-MOF) and
subsequently forming a hybrid nanopaper (Fig. 8(a)), demon-
strating hierarchical micro/mesoporosity, high conductance
(100 S em ™), and high mechanical strength. Building pristine c-
MOFs with controlled morphology and architectural flexibility
(nanofibers or nanosheets) is greatly challenged by their crys-
talline and inert nature.”®>?* This study, however, demonstrates
a sustainable approach to engineer flexible nanopapers with
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continuous nucleation of c-MOF nanolayers on carboxylated
CNFs via interfacial synthesis. In a similar approach (see
Fig. 8(a) and (b) for comparison), Cladophora algae-derived
CNFs were carboxylated (via TEMPO-mediated oxidation), fol-
lowed by ion exchange with Ni** ions. Subsequently, the addi-
tion of 6H,O and 2,3,6,7,10,11-hexahydroxytriphenylene
(HHTP) or HITP resulted in Ni-HHTP and Ni-HITP c-MOFs.
Vacuum filtration of a homogenized suspension of CNF@c-
MOFs over a 0.1 um membrane formed the flexible nano-
papers. X-ray diffraction (XRD) revealed reduced d-spacing
indicating c-MOFs grown on CNFs, thereby indicating efficient
m-1 stacking interaction ensuring high electrical conduc-
tivity.?®”-%° Moreover, transmission electron microscopy (TEM)
and X-ray photoelectron spectroscopy (XPS) substantiated the
interfacial growth and uniform integration of a Ni-HITP on the
CNF surface (CNF@Ni-HITP). The tensile strength of the
materials was 350 MPa and Young's modulus was 10 GPa.
Fig. 8(e) and (f) highlight the flexibility illustrated by the
origami folded flower and its resistance to bending. In addition,
porosity features span from micropores (~1.5 nm) to mesopores
(~15-50 nm). The conductivity of CNF@c-MOFs is 1-2 orders of
magnitude larger when compared to the c-MOF pellets, possibly
caused by the continuous nanolayer growth while shortening
the interparticle cavities. To use this as an electrode, the
nanopapers were immersed as an asymmetric three-electrode
set-up in a 3 M KCl aqueous electrolyte bath without any
binders or conductive additives (Fig. 8(c)). In contrast to the
reference electrode, Ag/AgCl and platinum wire showed higher
capacitance, with 70% recovery on 100 times increase in current
density. Besides, conductivity and flexibility can be easily tuned
by varying the nanopaper thickness by controlling the c-MOF
content. On this premise, such a customizable nanostructure
of CNF@c-MOFs efficiently facilitating charge transfer, fast
electrolyte ion exchange, mechanical stability, and high flexi-
bility makes it a viable candidate for a supercapacitor, sparking
excellence in electrochemical performance. The supercapacitor
(1.5 cm x 2.0 cm x 0.005 cm) is a sandwich assembly of two
identical CNF@Ni-HITP nanopaper electrodes separated by
a filter paper, while graphite foils were used as current collec-
tors in an electrolytic gel of poly(vinyl alcohol) (PVA) dissolved
in aqueous KCl. Cyclic voltammetry (CV) and galvanostatic
charge/discharge (GCD) were extensively used to evaluate the
electrical performance of the CNF@Ni-HITP supercapacitor,
revealing comparable if not superior capacitance, energy
storage, and power consumption, in comparison to the state-of-
the-art MOF-based supercapacitors. Moreover, in a recent study,
the development of a hybrid film consisting of a conductive
MOF layered on CNFs having the ability for efficient solar power
generation has been demonstrated. It has been shown that
a large thermal gradient on the surface under light illumination
resulting from the strong light absorption and low thermal
conductivity of the film induces fast water evaporation in an
aqueous electrolyte. This leads to selective ion transport
through the charged nanochannels, generating ionic thermo-
electric and streaming potentials. Finally, the device has been
shown to produce a sustained voltage output of about 1.1 V,
along with a power density of up to 15 W m ™~ under one sun.?*®
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(LDH-CC-CNT; Cladophora cellulose)®* and (b) hybrid nanofibers (CNFs@c- MOF)311 while sharing a common source to obtain nanocellulose,
“algae”. Images shown in (a) and (d) capture the red LEDs powered by the developed nanosheets in (a) and hybrid CNFs@c-MOF in (b),
respectively, uninterrupted by the applied deformations. (c) Common three-electrode-based protocol to test ECS performance (e.g., cyclic
voltammetry, galvanostatic charge/discharge, gravimetric capacitance, and electrochemical impedance), as shown for CNFs@c-MOF electrodes
immersed in 3 M KCl aqueous solution. (e) Flexible features as corroborated by the normalized resistance of CNFs@-Ni-HITP to bending. (f)
Image illustrating an origami lily flower complementing the versatility of the developed nanopaper by CNF@c-MOF. (g) Schematic approaches to
obtain chemically modified multifunctional gels to fabricate the all-cellulose-based 3D hybrid steam generator.3°® (h) Digitized sketch to illustrate

interfacial steam generators and their functions. (i) Effective water diffusion process in cross-linked CNFs.

Similarly, a study by Xu et al. has highlighted the development
of hierarchical porous and conductive nanosheets based on
a Co-based MOF and CNFs to be utilized as flexible and foldable
electrodes for energy storage devices.**

Although established, rechargeable batteries are still rapidly
growing, to satisfy this supply-demand chain, especially in an
environmentally friendly manner to alleviate the disposal of
used batteries which has become a global concern.>>>%
Besides, upon incineration, batteries lead to the production of
CO, and the release of harmful substances (often non-biode-
gradable).*®*>*® Recently, technologies for recycling batteries
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have been rapidly emerging and promoting a cleaner outlook;
however cost-effective strategies and residue-less recycling still
need to be achieved.*®*?” Several reports®**2°%2°*%> on using
biodegradable materials are beginning to acknowledge the
aforesaid issues but they are developed to replace an individual
or some components of a battery, thus preventing the elimi-
nation of non-biocompatible materials. The readers who wish
to go deeper in detail are encouraged to study the references
heretofore given.

Apart from the use of nanocellulose as a filter for water
purification (discussed in a previous subsection), the
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mineralized cellulose-based triboelectric nanogenerator has
also attracted attention for achieving low-cost water purifica-
tion, seawater desalination, and distillation. In this regard, the
recent work®® of Li et. al proposed a concept of bacterial
cellulose (BC) based self-powered 3D steam generator with well-
defined hybrid structures integrated with a TENG (triboelectric
nanogenerator) in solar-driven interfacial evaporation applica-
tions. The conventional designs for solar stills where a hydro-
philic absorber is directly floated on the water surface
facilitating environmental energy input and vaporization
enthalpy recycling have been heavily criticized for their low
photothermal efficiencies as the counterproposals of employing
an indirect contact approach introducing a sponge-like
substrate is favoured.**® However, this indirect contact
approach can be expensive due to limited material selection,
and the high risk of releasing microplastics into the environ-
ment also makes it challenging for mass production. Thus, this
study puts forth a concept design by fine-tuning the CNFs to
construct a dual-reinforced network of hydrophilic CNF aero-
gels via crosslinking by glutaraldehyde and freeze-drying, which
was then fabricated to float over the hydrophobic CNF aerogels,
obtained by silylation in the presence of methyltrimethox-
ysilane (MTMS) in acidic medium, ensuring covalent and
hydrogen bonding and satisfactory near-optimal resolution in
the contact angle, wettability, water storage, transport, and
mechanical strength (Fig. 8(g)). The prime benefit of dual
crosslinking in contrast to the CNF aerogel with hydrogen
bonding is high resistance to applied deformation in both wet
and dry conditions. As shown in Fig. 8(h), the 3D hybrid pillared
steam generator was assembled using three key all-cellulose
materials, (i) CNFs-g50 as a water path, (ii) CNFs-g50/CB
(nanocarbon black, CB) as a solar absorber, and (iii) CNF-Si60
as a floater. In contrast to previous 3D monolithic steam
generators,**?% where maintaining low density in water was
reported to be the common issue, this design achieves this
inevitably by keeping the mass and buoyancy of each element in
balance, preventing overall heat losses.**® The most important
characteristic of this “indirect contact” strategy making the 3D
monolithic steam generator reviewed here far more superior
than its predecessors®**=* is the isolation of the solar absorber
over water, allowing light-to-heat conversion localized only on
its surface resulting in high photothermal efficiency, fast
evaporation, effective thermal insulation, and high solar
absorptance. Furthermore, the 3D hybrid steam generator was
tested under harsh water conditions as one might face in
aquatic environments and/or industrial sites. On a pH scale of
1-13, spanning from acid rain and industrial wastewater to
cleaning reagents, the water evaporation rate was found to be
unaffected under sunlight, offering structural and functional
durability in strongly acidic or alkaline environments, with
a high elimination rate of rejecting salts in saline water. This
additional salt-rejecting feature is another complement to the
indirect contact design concept presented in this study, where
the hydrophilic networks of CNFs-g50 utilize their equilibrated
state to redissolve and diffuse back the salt sediments into the
brine, and the hydrophobic CNFs-Si60 inhibits adhesion of salt
crystals. In order to be employed in open water systems and
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ensure efficient water wave detection, this 3D hybrid steam
generator was integrated with a self-powered TENG, which has
been previously demonstrated to be efficient in detecting
oscillatory motions and also providing strong support for blue
energy harvesting in oceans.*****”3 The generator has been
found to be steady and performed uninterruptedly in detecting
ocean waves when tested against wind-generated waves and
atmospheric pressure gradients. With such a high mechanical
robustness and multifunctionality, this monolithic design
strategy for a 3D hybrid steam generator with a self-powered
TENG would indeed serve as a model for mass production in
the future to be deployed not only for water purification and
recovery, and desalination but also in maintaining the
sustainability of marine life and weather forecasting.

7. Conclusions

The overall aim of the present review is to summarize the
current research status as well as interests in introducing
unique and extraordinary capabilities in nanocellulose via its
mineralization, for enabling its utilization in a wide range of
advanced applications. Cellulose as the most abundant,
biodegradable and renewable biopolymer offers its candidature
as a substitute for synthetic polymers and sustainable material
with minimum environmental load, for a variety of applica-
tions. In “nano-configuration”, nanocellulose based materials
constitute a new class of bio-based “building blocks” that are
inspiring advances for the next generation of high-performance
sustainable materials.

However, certain inherent limitations of nanocellulose (e.g.,
low conductivity, high susceptibility to chemical changes,
vulnerability to microbial decay, low compatibility with hydro-
phobic solvents/materials, etc.) restrict its performance. These
limitations can be overcome by mineralizing the nanocellulose
with suitable inorganic components (e.g. metals, metal oxides,
silicates, metal-organic frameworks, etc.), which has proven to
be an attractive path towards the optimal expression of prop-
erties brought together by multiple components in one single
material from 2D/3D materials. This strategy can also be used to
introduce further functionalities which are normally not
present in NC-based materials, such as gas separation capa-
bilities and photocatalytic activity. Moreover, some minerali-
zation strategies can also be performed under ambient
conditions using green chemistry methods. They can also be
fully scalable with existing infrastructure.

Nanocellulose is an excellent building block to design
functional nanomaterials by mineralization, owing to (among
many other properties) its excellent mechanical properties, ease
of processability into porous 2/3D structures, and highly reac-
tive surface with high surface area (leading to the high density
of in situ grown subcomponents, and thus high functionality).
The physical properties of hybrid materials essentially depend
on the chemical composition of the phases (nanocellulose +
metal-organic frameworks/metal oxide nanoparticles, etc.), the
types of interactions within the components that form the
hybrid (chemical or physical crosslinking), the chemical path-
ways that are used to design a given hybrid material, and the
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processing method/conditions used to form the final 2D (films,
membranes) or 3D (foams, aerogels, scaffolds, etc.) material.

Based on the design parameters and mineralized compo-
nents, unique features (e.g., self-healing, improved structural
integrity, hygroscopicity, magnetic character, photocatalytic
activity, antimicrobial properties, conductivity, etc.) can be
invoked in the hybrid materials. The review article discusses
several examples from recent reports where the mineralization
of nanocellulose has been employed for its efficient utilization
in the fields of current interest for mankind, such as gas (in
particular CO,) absorption, water purification, biomedical
applications, stretchable and flexible electronics, energy storage
devices, etc. There is however still ample scope for further
research activities focused on developing new and innovative
synthesis methods, optimizing process parameters, and using
the wide range of available inorganic precursors, to obtain
materials with improved properties and multiple
functionalities.
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