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1. Introduction

Advanced functional materials have 
allowed researchers to develop materials 
toward high-performance applications. 
These materials, inorganics and organic 
polymers, for example, can now be used 
to store chemical energy in batteries, pro-
duce scaffolds for tissue growth, and even 
fabricate membranes to trap greenhouse 
gases.[1] However, to produce many of 
these advanced materials, specific mor-
phological structures, many of which 
imitate those found in nature, need to 
be obtained using synthetic materials. In 
the lab, templating is one of the preferred 
strategies to create specific morphologies 
and requires a delicate balance of ther-
modynamics and kinetics. Templating 
involves using one material, the template, 
to dictate a specific shape for another 
material with the desired morphology. 
The template assumes a specific shape 
and then a second material, the precursor, 
is introduced (Figure  1). The precursor 

Advanced templating techniques have enabled delicate control of both nano- 
and microscale structures and have helped thrust functional materials into 
the forefront of society. Cellulose nanomaterials are derived from natural poly-
mers and show promise as a templating source for advanced materials. Use 
of cellulose nanomaterials in templating combines nanoscale property control 
with sustainability, an attribute often lacking in other templating techniques. 
Use of cellulose nanofibers for templating has shown great promise in recent 
years, but previous reviews on cellulose nanomaterial templating techniques 
have not provided extensive analysis of cellulose nanofiber templating. Cel-
lulose nanofibers display several unique properties, including mechanical 
strength, porosity, high water retention, high surface functionality, and an 
entangled fibrous network, all of which can dictate distinctive aspects in the 
final templated materials. Many applications exploit the unique aspects of 
templating with cellulose nanofibers that help control the final properties of 
the material, including, but not limited to, applications in catalysis, batteries, 
supercapacitors, electrodes, building materials, biomaterials, and membranes. 
A detailed analysis on the use of cellulose nanofibers templating is provided, 
addressing specifically how careful selection of templating mechanisms and 
methodologies, combined toward goal applications, can be used to directly 
benefit chosen applications in advanced functional materials.

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adma.202005538.
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is confined by the template and fills in the voids. In the final 
shape, these two materials can be kept, or the original template 
material can be removed.

A growing area in templating involves utilizing cellulose 
nanomaterials (CNs), including cellulose nanofibrils (CNFs), 
bacterial cellulose (BC), and cellulose nanocrystals (CNCs). 
Cellulose is a β-1,4-linkaged glucopyranoside polymer present 
in plant cell walls, which exists as a microfibril structure.[2,3] 
Cellulose nanofibers can be derived in two ways. The first 
involves mechanical fibrillation of cellulose fibers, typically 
from plant sources, into CNFs. The second involves synthesis 
of BC nanofibers through the bacterial fermentation of sugars. 
The cellulose nanofibers produced using these methods have 
similar aspect ratios, but differ in their specific dimensions, 
crystallinity, and chemical composition. CNFs typically have 
an aspect ratio >100 and a width of about 5–100 nm, whereas 
BC nanofibers have a similar width around 20–50 nm, but are 
slightly longer, averaging a few microns in length.[4] Alterna-
tively, cellulose fibrils can undergo hydrolysis, typically with 
strong acids, to destroy the amorphous cellulose regions and 

produce highly crystalline CNCs. Comparatively, CNCs fea-
ture a rod-like shape with length around 150–200  nm and 
width of 5 nm. CNCs are another nanocellulose source used 
in templating, but other extensive reviews have already cov-
ered this method so it will therefore not be addressed in this 
review.[5,6,7,8–10]

CNs are a sustainable source for templating, can be easily 
removed through thermal treatment, display high specific 
surface area, and feature surface functional groups for ease 
of modification. Numerous works have focused on more 
traditional cellulosic materials as templates for constructing 
intricate structures, utilizing the inherent complexity that exists 
in those materials, including cellulose microfibrils (CMFs), 
regenerated cellulose, and cellulose derivatives.[11] In this 
review, the use of cellulose nanofibers (CNFs and BCs) as tem-
plating agents will be the focus.

Cellulose nanofibers feature a range of unique features 
that can be easily exploited during templating to produce 
beneficial properties in the resultant materials.[3] These fea-
tures, such as high specific surface area, surface hydroxyl 
groups, ease of removal, and overall hydrophilicity of the 
materials, are shared among many of the CNs including 
CNCs. However, cellulose nanofibers also display some 
unique features. These nanofibers can undergo facile pro-
duction of aerogels and foams due to its unique high water 
retention, which supports foaming. This property produces 
foams with not only high surface area, but a porous struc-
ture featuring pores on a variety of length scales. Addition-
ally, cellulose nanofibers are mechanically robust and feature 
good flexibility, toughness, and strength. These combined 
mechanical properties are unique to cellulose nanofibers 
due to its long fibrillar morphology, which can create inter-
connect networks of fibers and allow for support of more 
complex morphologies during the templating process. It is 
a major goal of this review to connect these unique features 
inherent to cellulose nanofibers with promising properties in 
the resultant materials. Discussions will include introducing 
the mechanisms and methodologies useful in templating 
with cellulose nanofibers, as well as an in-depth analysis on 
the applications which utilize this templating strategy. These 
applications include batteries, catalysts, supercapacitors, bio
materials, building materials, and membranes, all of which 
exploit properties unique to cellulose nanofiber templating. 
This review will serve to present cellulose nanofibers as a 
promising templating material, which should help provide 
sustainable nanoscale control of advanced functional mate-
rials well into the future.

2. Templating Mechanisms and Methodologies 
toward Controlled Morphologies
The various forms of CNs provide a wide assortment of 
possible templating substrate architectures ranging from 
nanoscale to macroscale dimensions.[12] Examples of possible 
cellulose nanofiber template architectures include 1D parti-
cles or powders, 2D loosely arrayed fibrous mats or dense  
film structures, and last, 3D porous foams or hydrogel 
scaffolds. The variety of architectures allows for use as a  
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Figure 1.  Graphical illustration depicting the process of templating.
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templating agent with a multitude of materials for catalysis, 
drug release, batteries, magnets, filters, sensors, tissue scaf-
folds, and semiconductors.[3,6,13,14] The mechanisms and 
methodologies of templating are elaborated in the following 
sections and also summarized in Table  1. It is the authors’ 
attempt to classify these templating mechanisms and meth-
odologies found in literature and examine their usefulness 
in the templating with cellulose nanofibers. However, more 
than one mechanism or method may be applied at the same 
time in a single study. The introduction of these strategies 
will also include analysis of common materials used in these 
techniques, as well as the advantages of utilizing cellulose 
nanofiber materials.

2.1. Sacrificial Templating

In sacrificial templating, the substrate that is used to build 
the template or scaffold is removed by chemical or physical 
means, resulting in the particular material with desired 
structure.[38] Sacrificial templates are commonly used to 
impart porosity to gels. Since CNFs are inherently porous, 
materials can easily achieve high surface area with porosity 
over a range of scales. The chemical means of template 
removal is by use of a solvent that dissolves the template, 
which is usually done at near ambient conditions to retain 
delicate structures. For example, phenol-formaldehyde (PF) 
resin can be mixed with CNC suspension to yield an iri-
descent polymer composite film with tunable colors.[39] The 
CNC template was removed by alkaline treatment, creating 
a mesoporous PF film with high strength and flexibility, 

which common PF films do not possess. Similar facile 
chemical methods can easily be used to remove CNFs. Alter-
natively, with physical means, high temperatures are com-
monly used to thermally remove the template and leave the 
resulting structure, which is often used for metal oxides and 
ceramics.[15–17] For instance, a porous TiO2/Fe2O3 nanocom-
posite was obtained by using the CNFs contained in filter 
paper as a template followed by calcinating the core CNFs.[16] 
The TiO2/Fe2O3 nanocomposite tubes are potential new elec-
trodes for lithium ion batteries. A similar approach was used 
for silica nanotubes with BC templating.[15] Since cellulose 
nanofibers can easily be removed with either method after 
templating is complete, their use in sacrificial templating is 
common practice.

2.2. Precursor

A precursor is a substance from which another is formed. 
With the various types of CNs available and the ability to 
form them into various structures reflecting different 
dimensionalities and size scales, there are numerous oppor-
tunities to create templates and scaffolds. One example is a 
carbon network derived from carbonized polyaniline (PANI) 
coated BC.[18] Incorporating MnO2 nanoparticles on carbon 
nanofibers (CFs) can efficiently improve the electrochem-
ical properties of the hybrid materials for supercapacitors. 
Compared to other carbon nanofibers, the carbonized BC-
PANI carbon network is less expensive in cost, easy to fab-
ricate, and has a lower environmental impact. Carbonized 
BC-PANI carbon networks provide conductive support for 
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Table 1.  Methodologies and mechanisms used in cellulose nanofiber templating, including advantages of each technique.

Methodology/mechanisms Summary of technique Common materials Advantages of cellulose nanofibers Refs.

Sacrificial templating Template material is used to direct 
structure, removed by physical or chemical 

methods

Metal oxide, ceramics Porous, high specific surface area, 
flexible, easily removed (physically 

or chemically)

[15–17]

Precursors Generalized Combine with template and undergo 
chemical reaction to form final desired 

material

Inorganics Mechanically robust [18,19]

Electrospinning Method to produce fibers using electric 
charge

Inorganics Fibril morphology, hydroxyl groups, 
flexible, mechanically robust

[20,21]

Atomic layer deposition 
(ALD)

A vacuum state method that deposits 
thin film sequentially using gas phase 

chemicals

Inorganics, ceramics Mechanically robust, hydroxyl 
groups, porous, high surface area

[17,22]

Layer-by-layer deposition 
(LBL)

Thin film deposition of alternating layers 
of opposite charged material

Inorganics, hybrid materials, 
polymers

Hydroxyl groups, high surface area, 
porous, mechanically robust

[23]

Liquid crystal templates Use of inherent colloid formation to align 
template

Inorganics Hydroxyl groups, aligned fibers, 
flexible

[24–27]

Co-templating Template and active material undergo tem-
plating together to form final material

Hybrid materials Hydrophilic, mechanically robust, 
stable

[28,29]

Sol–gel Process that transforms precursors in 
liquid into a gel structure

Metal oxides Hydroxyl groups, hydrophilic, high 
water retention

[15,26,30–34]

Foaming Formation of stable porous structures that 
transform to aerogels after water removal

Inorganics Porous, hydroxyl groups, high 
water retention, mechanical 

strength

[17,22,35–37]
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integrated active electrode materials, which exhibit higher 
energy density than other common MnO2-porous carbon 
supercapacitors. In another study, SiC nanowires were syn-
thesized, taking advantage of the carbon source and 1D 
nanostructure of the carbonated BC template.[19] Three spe-
cific precursor strategies will be discussed in more detail 
below; electrospinning, atomic layer deposition (ALD), and 
layer-by-layer (LBL) deposition. Each is useful to exploit 
the fibrillar morphology while introducing precursors in a 
unique approach.

2.2.1. Electrospinning

Electrospinning utilizes an applied electric field to draw a 
charged solution into fibers, helping to form fibrillar CNFs 
and deposit potential precursors onto the surface.[40,41] This 
technique is commonly used to produce polymer filaments 
for textiles.[42] However, as a low cost, simple technique 
though, electrospinning has become a common technique 
to fabricate nanofibers for a range of applications.[43] The 
hydroxyl groups of cellulose allow for surface functionaliza-
tion with charged groups including sulfates and phosphates, 
and the fibril structure of CNFs make the process of electro-
spinning easier. Likewise, the mechanical robustness and sta-
bility provide support for the final drawn fibers. Electrospun 
CNFs have been used to synthesize CFs.[20] The process of 
electrospinning produces aligned, uniform nanofibers, which 
after pyrolysis and activation, result in CFs. The performance 
of these CFs is tunable by varying the electrospinning con-
ditions, providing a unique path to sustainably derived CFs. 
Another study used CNFs as a template to synthesize metal 
catalyst imbedded fibers.[21] CNFs were electrospun to form 
uniform fibers, surface polymerized with dopamine, and 
imbedded with silver nanoparticles. Final materials showed 
good electrical conductivity, mechanical strength, and adher-
ence of the silver nanoparticles.

2.2.2. ALD

The ALD technique deposits an ultrathin, uniform film of 
precursor on a substrate sequentially using gas phase chemi-
cals.[17] Precursors are first vaporized and released into a 
reactor to interact with a substrate one at a time. Specific 
amounts of precursor and interaction times allow for growth 
of desired film thickness. Any reaction byproducts and 
unreacted precursor molecules are removed, under ultra-
high vacuum, before introducing a subsequent precursor. 
ALD occurs at low temperature and can even coat complex 
structures, making it applicable for use with a range of tem-
plates. For cellulose nanofibers, ALD is commonly used to 
coat templated aerogels. Attributable to their mechanical 
strength and flexibility, these aerogels are stable even under 
the high vacuum conditions of ALD. The complex porosity 
in these aerogels produces a high surface area for function-
alization, while the gas phase ALD reactions can fully satu-
rate the surface. For example, a 7  nm thick TiO2 film was 
coated on a CNF aerogel via ALD, creating photoswitchable 

superabsorbency.[22] In addition, nanoscale Al2O3 and ZnO 
can be attached to CNF aerogels to form functional mate-
rials for drug-release, catalyst, and microfluidic devices 
(Figure 2A).[17]

2.2.3. Layer-by-Layer Deposition

LBL deposition is another thin film fabrication technique to 
introduce precursors. During LBL, polyelectrolytes of oppo-
site charges are deposited on a substrate alternatively in a 
simple, inexpensive, and rapid way.[44] Films produced by 
LBL process are very thin and contain controlled layered 
structures. As with other deposition techniques, templated 
cellulose nanofibers are useful when paired with LBL meth-
odologies as they are mechanically robust enough to with-
stand the repeated layered process, while their porosity 
produces a substantial surface area for functionaliza-
tion. In one study, CNFs were first coated with a ultrathin 
titania oxide layer via a repeated sol–gel process as shown 
in Figure  2B.[23] The CNF/TiO2 hybrid film was then coated 
with an ultrathin chitosan (CS) layer in a similar fashion to 
obtain a CNF/TiO2/CS hybrid composite. The layer thickness 
of TiO2/CS composite coating was controlled by the deposi-
tion cycles. Finally, a layer of silver nitrate was attached to 
the hybrid composite surface and turned to Ag nanoparticles 
by an in situ reduction. In such a way, the biocidal effect 
of titania, the chelating ability of CS and antimicrobial Ag 
nanoparticles were combined for a stronger antibacterial 
performance. The CNF layer provided the necessary strong, 
functionable anchoring surface in both studies, which could 
support the final hybrid films.

2.3. Liquid Crystal Templates

Some of the pioneering work utilized cellulose nanomaterials 
as templates centered on the use of CNCs as liquid crystal 
templates.[5] An early study of Gray and co-workers discovered 
that CNCs formed a chiral nematic liquid crystal order in 
their colloid form above a threshold concentration.[45] Mate-
rials templated from the liquid crystal structures of CNCs 
achieve new interesting properties, such as high flexibility 
and strength.[39] The properties of the materials can be tuned 
by changing the CNCs’ liquid crystal arrangement, making 
them potential materials for optoelectronics, biosensors, actu-
ators, functional membranes, 3D printing, and tissue engi-
neering.[6] However, for cellulose nanofibers, research on use 
of liquid crystal templates is ongoing. Kondo et al. have devel-
oped a strategy to align CNFs into nematic ordered cellulose 
(NOC).[24] This approach uses a system of dimethylaceta-
mide/lithium chloride (DMAc/LiCl) to selectively swell cellu-
lose fibers, causing realignment of the glucose rings. This 
results in availability of the hydroxyl group on carbon 6.[25] 
These aligned NOC structures display liquid crystal isotropy 
and are used to template other materials. The most common 
application for this technique is the templated growth of BC, 
although recent research has focused on ordered inorganic 
materials.[26,27]

Adv. Mater. 2021, 33, 2005538
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2.4. Co-Templating

Cellulose nanofibers have also been used in co-templating 
applications where they may be combined with other sub-
stances to form hybrid composite materials. Co-templates 
have improved properties compared to the properties of 
either template individually. Cellulose nanofibers are useful 
in co-templating applications as they can impart mechanical 
strength, hydrophilicity, and flexibility. These attributes make 
the co-templated material more stable and robust, resulting in 
overall property enhancement and easier synthesis. Without 
nanocellulose, many of these materials are simply too brittle 
or stiff and often undergo a loss in templating morphology 
during processing. In one case, co-templating might include 
blending the CNFs with polymers to form composites or with 
nanoparticles such as clays, graphene, and metal oxides to 
produce hybrid composites.[28] In another study, graphene 
oxide (GO) was co-templated with CNFs to form a precursor 
for a carbon network.[29] GO changed the morphology of car-
bonized CNFs from sphere to sheet. Meanwhile, carbonized 
CNFs reduced the number of defects in reduced GO as shown 
in Figure  3. The co-templated carbon network had excellent 

conductivity and can be used in lithium ion battery anodes for 
wearable electronics.

2.5. Sol–Gel

The sol–gel process is a method for producing solid mate-
rials from a solution of small molecules. This method is com-
monly used for the fabrication of inorganic oxides as shown 
in Figure 4.[30] The process typically starts with a hydrolysis of 
oxides to form hydroxides. The condensation among hydrox-
ides produces oxo- or hydroxo-linkages, which forms colloids 
of solids dispersed in liquids (sol). Further condensation and 
removal of liquids, through various drying strategies, yield 
solids dispersed in a gas (gel).[30] Simply put, the sol–gel pro-
cess converts a hydrogel to an aerogel.[31] Sol–gel processes 
most often occur in aqueous medium, making this method a 
convenient choice for use with cellulose nanofiber templating. 
Additionally, the hydrophilicity, water retention capability, and 
surface groups on cellulose nanofibers serve to assist in the 
sol–gel condensation process and help stabilize the resulting 
gel. Synthesized inorganic nanoparticles from nanocellulose  

Adv. Mater. 2021, 33, 2005538

Figure 2.  A) Schematic of fabricating inorganic nanotube via atomic layer deposition and CNF templating. Thermally controlled sacrificial tem-
plating is also utilized. Reproduced with permission.[17] Copyright 2011, American Chemical Society. B) Schematic illustration of the formation 
of CNF/titania/chitosan/Ag-NP composite film by layer-by-layer process. Reproduced with permission.[23] Copyright 2013, The Royal Society of 
Chemistry.
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templates via sol–gel process include gold, silica dioxide, cal-
cium phosphates, tungsten oxide, among others.[15,26,32,33,34] 
Cellulose nanofibers are able to impart their porosity and a 
fibrillar structure on these templated materials, all of which can 
be retained after subsequent pyrolysis. This allows for produc-
tion of unique morphologies including hollow tubes, dendrites, 
and a range of organic–inorganic core–shell structures.[15,17] 
The presence of these features and unique morphologies in the 
resultant materials provide enhancement in electrochemical 
and catalytic properties for many of their useful applications, 
as well as unique properties such as stimuli response useful in 
sensors.

2.6. Foaming

Nanocellulose foams and aerogels are another type of struc-
tural templates. In general, these materials encompass solid, 
liquid, and gel materials with an array of pore sizes ranging 
from microporous to mesoporous structures, all made with 
CNs.[35] These foams can be achieved by convective drying, 
freeze drying, or supercritical drying, allowing for tailored 
pore sizes and high porosity.[35] Foaming of CNFs is common 
practice and occurs during water removal even at low con-
centration fiber solutions. The fibril morphology, high water 
retention, mechanical strength, and abundance of surface 
hydroxyl groups of CNFs result in mechanically robust, stable, 
and self-standing foams capable of supporting and templating 
additional materials. Ferric and cobalt nanoparticles were syn-

thesized on a freeze-dried BC aerogel. First, the aerogel was 
immersed in a FeSO4/CoCl2 solution at an elevated tempera-
ture for precipitating the metal hydroxides/oxides on to the 
aerogel. Then, the precursor was immersed in a reducing agent 
solution to yield a highly flexible magnetic aerogels.[36] A sim-
ilar approach was applied to attach titanium dioxide (TiO2) on 
a CNF aerogel.[37] Besides the liquid-phase reaction, nanoparti-
cles can also be deposited on BC-aerogel templates via atomic 
layer deposition.[17,22]

3. Applications

Many references that employ cellulose nanofibers as tem-
plates, center on the benefits offered by the fibril structure, 
and its direct use in advanced functional material applications. 
The benefits of cellulose nanofibers specific to each appli-
cation are discussed in the following, where they can be 
exploited toward properties specific to each application. These 
applications include easy formation of aerogels which produce 
high surface area and are useful for electrodes and separation 
membranes, abundant hydroxyl groups, which allow for func-
tionalization with metals for catalysts, and high water retention 
capacity for building technologies like cement and insulating 
materials.[36,46] In this section, extensive discussion will occur 
regarding applications of cellulose nanofiber templated mate-
rials. The benefits of using cellulose nanofiber templating 
strategies compared with other strategies will also be exam-
ined. Advanced material applications include catalysts, energy 

Adv. Mater. 2021, 33, 2005538

Figure 3.  a,b) Fibril CNFs were changed to sphere particles after carbonization. c,d) Co-templating CNFs with GO maintained the fibril structure of 
CNFs after carbonization. e) Final morphology of the CNF–GO hybrid fibers after carbonization. a–e) Reproduced with permission.[29] Copyright 2014, 
Wiley-VCH.
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storage devices, building technology materials, biomedical 
devices, biomaterials, membranes, and separation materials 
(Table 2). These applications focus on using cellulose nanofiber 
templating to achieve unique, robust nanostructures. Addi-
tional applications of this type of templating, including pack-
aging materials, textiles, and microfluidic devices, are arising 
every day.[36,47] Discussion of these applications will not be pro-
vided in this review due to limited availability of literature on 
these topics currently.

3.1. Catalysts

The unique structure and abundance of surface groups of CNFs 
make them a good template for the deposition of catalytic nano-
particles. First, the surface of these fibers can be readily modi-
fied, and the chemically modified surface groups can strongly 
anchor the metal species, promoting deposition of the catalysts 
on the surface of fibers. Second, specific morphologies of the 
catalysts can be obtained by taking advantage of the fibril struc-
ture. Moreover, the adequate chemical and structural stability 
of CNFs guarantee the reliability of nanocellulose-templated 
catalysts under different working environments. Catalysts with 
different morphologies can be obtained based on specific cel-
lulose templates, e.g., CNFs, cellulose membranes, and cellu-
lose foams.[48–51] Catalytic nanoparticles, including noble metals 
and metal oxides, can easily be synthesized and imbedded onto 

these surface of specific nanocellulose structures using cellu-
lose nanofiber templates.

A BC membrane with a 3D porous network structure was 
directly used as a template for loading Cu2O. These nanopar-
ticle embedded foams showed a high specific catalytic activity 
for methylene blue degradation using hydrogen peroxide as 
oxidant.[49] The high surface area provided by the porous foam 
allowed for 100% degradation, while the embedded nanoparti-
cles remained bound allowing for repeated cycling.

Similarly, BC was used to provide support for palladium (Pd) 
nanoparticles, and polyethyleneimine (PEI) was introduced to 
enhance the binding between BC and Pd. Overall, the cellulose 
framework provided mechanical strength, and improved the 
contact between the reactants and Pd nanoparticles because 
of its high porosity.[50] The Pd NPs were homogeneously dis-
persed on the surface of CNFs with a narrow size distribu-
tion (Figure  5A), which could be applied to heterogeneous 
Suzuki cross-coupling reaction between phenylboronic acid 
with iodobenzene, quickly achieving 100% yield in less than 
half an hour with high turnover frequency (TOF, >200 h−1;  
Figure  5B,C). Moreover, attributable to the strong bond 
between the Pd and CNF surface, the catalyst could be easily 
separated from the reaction mixture and reused with high 
recyclability (Figure 5D).

Because of the insulating nature of nanocellulose materials, 
high-temperature pyrolysis of CNFs is necessary to make a con-
ductive template or self-template for electrocatalyst. Pyrolytic 

Adv. Mater. 2021, 33, 2005538

Figure 4.  a–f) The synthesis route of silica nanotubes templated by BCs via a sol–gel process. (TEOS: tetraethyl orthosilicate). a–f) Reproduced with 
permission.[15] Copyright 2015, The Royal Society of Chemistry.
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treatment leads to the carbonization of cellulose nanofibers. 
Nanocellulose-derived carbon material itself is a good electro-
catalyst for oxygen reduction reaction (ORR) and hydrogen evo-
lution reaction (HER), with heteroatoms (B, N, P and S) doped 
during pyrolysis process to boost its electrocatalytic activity. 
A N-doped CNF aerogel was prepared by pyrolysis of BC and 
NH3 activation, and possessed a high Brunauer–Emmett–Teller 
surface area and high N content, which showed superior ORR 
activity and electrochemical stability.[58] The use of cellulose-
nanofiber-derived carbon-templated metal or metal oxide elec-
trocatalysts are widely reported.[59] Generally, the metal ions 
are first absorbed on the surface of CNFs, then transformed 
into catalytic species via specific reactions like pyrolysis or 
calcination.

3.2. Electrochemical Energy Storage Devices

The high aspect ratio and exceptional mechanical properties 
of cellulose nanofibers make them a suitable substrate for 
freestanding and flexible electrodes and polymer electrolyte 
for use in electrochemical energy storage devices. Cellulose 
nanofibers also have good chemical and electrochemical sta-
bility, which guarantees their compatibility in most battery and 
supercapacitor systems with a wide working voltage range. 
Additionally, the abundant hydroxyl groups on the fiber surface 
can effectively regulate the ionic diffusion on the electrode/

electrolyte interface, while the porous structure endows a large 
surface area, which is a desirable feature for high electrochem-
ical performance of energy storage devices. Use of cellulose 
nanofibers in specific energy storage devices will be expanded 
on in subsequent sections.

3.2.1. Supercapacitors

Supercapacitors are promising energy storage devices with 
high power density, long cycle life, superior rate capability, 
simple principles, and low maintenance costs. Based on their 
working principles, supercapacitors are classified into three 
types: electrical double layer capacitors, which store energy 
by charge accumulation at the electrode/electrolyte interface; 
pseudo capacitors, which are based on fast redox reactions on 
the surface of electrodes for pseudocapacitance; and hybrid 
supercapacitors, which stores energy by combining both 
double layer capacitive and pseudocapacitive behaviors. Cellu-
lose nanofiber templating can be used in supercapacitors via a 
few approaches. The fibers can serve as a cotemplate and inte-
grate with active materials, undergo direct pyrolysis to carbon 
materials (active species), or be used to synthesize the sepa-
rator membrane.

The highly porous structure of cellulose nanofibers are 
accepted as an ideal substrate for electrodes in supercapaci-
tors. The large surface area is favorable for loading a large 
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Table 2.  List of examples from applications that use cellulose nanofiber templating.

Applications Templating strategy Starting materials Final materials Templating role of CNF Outcomes (related to CNF 
properties)

Refs.

Catalyst Precursor BC, PEI, Pd nanopar-
ticle precursors

Pd nanoparticle 
coated BC nanofibers

Support, sacrificial 
template, precursor

High catalytic activity, high turnover, 
mechanically robust

[50]

Precursor-electros-
pinning

CNF, Ru particles, Ag 
particles

Metal particle coated 
CNF fibers

Support, fiber shape Heterogenous, stable, reusable 
catalysts

[48]

Energy storage Supercapacitors Precursor CNF, EDOTa), iron 
salts

Poly (EDOT)a) coated 
CNF

Support, fiber shape Superior supercapacitor electrode 
performanceb)

[52]

Precursor, foaming CNF, RGOc), CNTd) RGO/CNT imbedded 
CNF aerogel

Support, aerogel 
formation/shape

[53]

Batteries Co-templating, sacri-
ficial templating

CNF, GOe) CNF–GO-based car-
bonized microfibers

Co-template, support, 
sacrificial template, 

precursor

Highly conductive, mechanically 
robust carbon microfibers with stable 

discharge

[29]

Sol–gel, 
precursor-LBL

CNF paper, ITOf) 
precursors

ITOf) layered CNF 
paper

Support Free-standing metal oxide films with 
high electrical conductivity

[54]

Building tech-
nology materials

Insulation and 
composite 
materials

Foaming, precursor TEMPOl)-CNF, GOe), 
SEPg), BAh)

CNF–GO–BA–SEP 
foams

Support, foam 
formation/shape

Flexible, robust building foams with 
low thermal conductivity and good 

fire retardancy

[55]

Cementitious 
composites

Precursor, sol–gel TEMPO-CNF, 
cementi)

CNF imbedded 
cement

Support Strong, high thermal conductivity/
CTE cement

[56]

Biomedical Tissue 
scaffolding

Liquid crystalj) CNF film scaffold, 
human skin cellsk)

3D cell culture Support Mechanical stability, high water reten-
tion, reactive hydroxyl groups

[57]

Membranes and separation 
materials

Foaming, 
precursor-ALD

CNF, titania 
precursors

TiO2 coated CNF 
aerogel

Support, aerogel 
formation/shape

Mechanically robust membrane with 
photoswitchable wetting properties

[22]

a)EDOT: 3,4-ethylenedioxythiophene; b)High electrode-normalized capacitances, volumetric energy, power densities, and excellent long-term stability; c)RGO: reduced gra-
phene oxide; d)CNT: carbon nanotube; e)GO: graphene oxide; f)ITO: indium tin oxide; g)SEP: sepiolite nanorods; h)BA: boric acid; i)Used cement is CEM I 32.5 N, produced 
in Bizert in a Tunisian plant, conforming to the Tunisian standard NT 47-01:198313 and the European standard EN 197-1:2000; j)Liquid crystal technique is NOC: nematic 
ordered cellulose; k)Human epidermal keratinocytes; l)TEMPO: (2,2,6,6-tetramethylpiperidin-1-yl)oxyl oxidized.
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amount of conductive agent and active materials, which pro-
motes the infiltration of electrolyte and provides more sites 
for charge storage. Moreover, nanocellulose-based electrodes 
possess high mechanical strength, which makes them easy 
to fabricate into flexible supercapacitors. Various active mate-
rials have been integrated into the cellulose nanofiber sub-
strate, such as carbonaceous materials (e.g., CNTs, graphene, 
graphite, active carbon, and heteroatom-doped carbon), con-
ductive polymers (e.g., polypyrrole, poly(3,4-ethylenediox-
ythiophene) (PEDOT), and polyaniline), and metal oxides 
(e.g., V2O5 and MnO2).[52,60,61,62] Additionally, cellulose-
nanofiber-based hybrid electrodes can be obtained via dif-
ferent approaches, including spinning, filtration, coating, and 
freeze-drying, which results in electrodes with different struc-
tures, such as fibers, films/membranes, and foams.[53,60,61,63] 
The loading of active materials will inevitably decrease the 
mechanical strength of the nanocellulose substrate, so it is 
necessary to optimize the balance between the mechanical 
properties and electrochemical performances of the hybrid 
electrodes for supercapacitors.

Niu et  al. balanced the electrochemical properties and 
mechanical stability in their supercapacitor materials.[60] 
Cellulose nanofiber/single-walled carbon nanotube (CNF/
SWCNT) hybrid nonwoven mats were synthesized using the 
CNF as a mat template (Figure 6A). These materials displayed 
a capacitance of about 5.99 mF cm−2 at a current density of 
0.024  mA cm−2, which is higher than traditional all-carbon 
materials. The porous structure of CNF is believed to be respon-
sible for this increase in properties as it provides additional 
pathways for electrolyte diffusion. The CNF also imparted 
good mechanical stability, necessary for use as a potential wear-
able, without a loss in electrochemical performance, even after 
5000 charge/discharge cycles. Repeated damage testing, where 
the mats were subjected to extreme deformations, resulted in 
no loss in capacitance retention (≈100%) or current density 
(Figure 6B–E).

CNFs are also an ideal template and precursor for porous 
carbon materials. The synthesized carbon materials (or carbon 
aerogel) possess many advantages, such as light weight,  
high specific surface area, and good electrical conductivity. 
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Figure 5.  A) TEM images of Pd–BC. B) Yield of the Suzuki–Miyaura reaction of phenylboronic acid with iodobenzene in 95% ethanol using the catalytic 
sheet with different Pd–BC weight ratios; the catalytic sheet was soaked in water for 30 min before being used for the reaction. C) Turnover frequency 
(TOF) of the Suzuki–Miyaura reaction of phenylboronic acid with iodobenzene reaction. D) Yield obtained at 2 h reaction time in repeated runs of the 
Suzuki–Miyaura reaction of phenylboronic acid with iodobenzene. Reaction conditions: 1 mmol of iodobenzene, 1.1 mmol of phenylboronic acid, and 
2 mmol of K2CO3; temperature = 80 °C. A–D) Reproduced with permission.[50] Copyright 2018, The Royal Society of Chemistry.
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Cellulose-nanofiber-derived carbon materials can also be inte-
grated in situ with other active materials, including other 
carbon materials, metal oxides, and sulfides, where the fiber 
acts as the template for the growth of active materials, and the 

conductive framework after pyrolysis.[18,64] Long et al. used BC 
nanofibers as a template to grow polyaniline, which was subse-
quently pyrolyzed and bound with MnO2 to synthesize carbon-
ized electrodes. These electrodes displayed good mechanical 
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Figure 6.  A) Photographs of the wet and dry CNF/SWCNT hybrid nonwoven mats. B) CV curves of the CNF/SWCNT mat wearable supercapacitors 
at different bending states of 0°, 45°, 90°, 120°, and 180° (50  mV s−1). C) Durability test of the CNF/SWCNT mat wearable supercapacitor under-
going 1500 bending cycles according to CV curves at a scan rate of 50 mV s−1. Inset: Photograph of the mat supercapacitor in a bending state (180°).  
D) Schematic illustration of extreme deformation. E) CV curves with the number of extreme deformation cycles at a scan rate of 50 mV s−1. F) Normalized 
capacitance values versus the number of extreme deformation cycles. A–F) Reproduced with permission.[60] Copyright 2014, The Royal Society of Chemistry.
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stability due to the BC structure, with a high surface area for 
electrochemical reactions. When used as working electrodes 
in an aqueous Na2SO4 solution, these materials were able to 
reversibly charge/discharge at a voltage window of 2.0 V, while 
achieving an energy density of 63  Wh kg−1 and maximum 
power density of 227 kW kg−1. These electrodes also maintained 
excellent cycling stability with 92% capacitance retention even 
after 5000 cycle. Overall, this example indicates that many of 
the promising properties of these carbon materials are not only 
beneficial for the electrochemical performance of supercapaci-
tors but are a direct result of utilizing cellulose nanofibers.

3.2.2. Batteries

Batteries have a similar structure to supercapacitors, including 
the electrodes, separator, and electrolyte. In batteries though, 
there are two electrodes, which are named according to their 
electrochemical reaction types. An anode refers to the electrode 
where oxidation occurs, and the cathode refers to the elec-
trode where reduction occurs. Batteries possess a much higher 
energy density than supercapacitors. In various battery systems 
(e.g., Li-ion batteries, Na-ion batteries, Zn-ion batteries, Li–S 
batteries, and Li–O2 batteries) with different working princi-
ples, these fibers demonstrate their great application potential 
as a templating material.

Like the applications in supercapacitors, CNFs are used in 
batteries as a substrate to load both conductive agents and 
active materials. This fabrication method of cellulose nanofiber 
hybrid electrodes is also similar to those used for supercapaci-
tors. Various cathode materials (e.g., LiFePO4, Li4Ti5O12, sulfur), 
anode materials (e.g., graphite, Si, SiO2, TiO2, SnO2) and con-
ductive agents (e.g., carbon black, CNTs) have been integrated 
with CN papers, produced from CNFs, to fabricate freestanding 
and flexible electrodes.[29,65,66] The mechanical stability and 
toughness of CNFs make fabrication possible.

Hu et al. who used a hybrid CNF–CF paper material to form 
porous networks, which were coated in silica using chemical 
deposition techniques.[66] The resulting aerogels were used 
as electrodes in lithium-ion batteries. The high porosity pro-
vided ample surface area for lithiation/delithiation during 
cycling (100 cycles), with little change in specific capacity 
(>1200 mAh g−1). Additionally, silica is also known to increase 
in sizing during lithiation, so the flexibility in the electrodes, 
imparted by the CNF, is important to prevent damage during 
cycling. Overall, the performance of these templated electrodes 
was better than the theoretical capacity of graphite, a more tra-
ditional lithium battery electrode material.

Likewise, cellulose-nanofiber-derived carbon materials are 
also widely used to integrate with active materials for bat-
tery electrodes. The fibers act as a template for the deposi-
tion of precursors. During pyrolysis, the active materials 
(e.g., MoS2, Fe2O3,) are in situ formed from the precursors 
on these nanocellulose-derived carbon framework.[67,68] The 
cellulose nanofibers serve as a sacrificial template in these 
methods, which can synthesize active materials with specific 
morphologies typically via calcination of cellulose nanofibers 
in air.[69] Wang et al. coated the surface of BC nanofibers with 
SnCl2 particles.[68] These materials were then pyrolyzed to 

remove the cellulose and convert the precursor into active 
SnO2 nanoparticles. The presence of cellulose nanofibers 
resulted in well dispersed tin oxide particles, which per-
formed better during electrochemical testing. After 100 
repeated cyclic testing, the BC immobilized tin obtained a 
specific capacity of ≈600 mAh g−1 under a current density of 
100  mA g−1, while nontemplated SnO2 only obtained a spe-
cific capacity lower than 100 mAh g−1. Similar experiments 
were performed with germanium nanoparticles, which also 
showed significant improvement in electrochemical proper-
ties in the BC nanofiber templating materials. This indicates 
the importance of utilizing a fibrillar-shaped template in 
these materials.

CNF membranes can also be used as a template for sepa-
rators in batteries.[70] The porous structure, good mechanical 
properties, and high electrochemical and thermal stability help 
support templating for these applications.[71] The properties 
of a CNF separator can be tuned by the addition of inorganic 
oxide powders to improve the electrolyte uptake and the ionic 
conductivity.[72]

3.3. Building Technology Materials

3.3.1. Insulation and Composite Materials

The low density (≈5 kg m−3) and coefficient of thermal expan-
sion (CTE = 6 ppm K−1) of nanocelluloses have been exploited 
for the design of cellulose-nanofiber-based foams and aerogels 
with superinsulation properties (i.e., materials of thermal con-
ductivity below that of air, λair = 25  mW m−1 K−1).[35,73] Foams 
and aerogels produced by either ice templating or supercrit-
ical CO2 drying techniques have demonstrated characteristic 
low thermal conductivities (i.e., high thermal insulation) in 
the range of 15–30  mW m−1 K−1 because of the possibility of 
tuning the porous structure of the foams via process control, 
making them competitive with conventional insulation mate-
rials (Table 3).[74,75]

The thermal conductivity of porous solids is commonly 
approximated by the sum of four contributions: i) conduc-
tion through the solid, λs; ii) conduction through the gas, λg; 
iii) convection within the cells, λc; and iv) radiation through 
the cell walls and across the cell voids, λr.[80] Templating the 
nanocellulose foam and aerogel structure via ice templating 
(e.g., freeze-casting) and supercritical drying usually results 
in porous solids with cell sizes of below 10  mm, making the 
air convection within the cells negligible.[81] Solvent-exchange 
(from water to ethanol, in the case of supercritical drying) and 
directional freezing (control of the orientation of nanosized 
particles) are two key parameters that can be varied to decrease 
the pore size of nanocellulose foams in order to reduce the 
contribution of gas significantly and design super insulating 
materials. With a gaseous conductivity below 1  mW m−1 K−1 
(estimated mean free path of the foams’ cell walls of around 
10 nm, against 70–75 nm in air), freeze-cast CNF-based foams, 
composed of sepiolite and graphene oxide, exhibited a radial 
thermal conductivity of around 18  mW m−1 K−1 (i.e., thermal 
conductivity measured parallel to the main orientation of the 
nanosized particles).[55,82] Varying the starting concentration 
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of the CNF gel can also alter the thermal conductivity of the 
resulting porous solids by acting on the solid’s density and 
thus, the contribution of the solid phase. TEMPO-CNF aerogel 
densities varying from 17 to 37  mg cm−3 exhibited increased 
thermal conductivity values from 18 to 40  mW m−1 K−1, 
respectively.[75] The thermal conductivities of these cellulose 
nanofiber templated materials are less than many traditional 
materials, as summarized in Table 3.

Selection of materials of high thermal boundary resistance 
or combination of nanosized components can also lower the 
solid phase contribution by enhancing the interfacial thermal 
resistance of the material, or Kapitza resistance, and therefore, 
reducing the phonon scattering effects.[55,78,83] For a bulk material 
of identical composition to the TEMPO-CNF/sepiolite/graphene 
oxide nanocomposite foams, the solid contribution was reduced 
from ≈1 to 0.04 W m−1 K−1, respectively, by optimizing the com-
ponents.[55] The porous network created by the orientation of 
cellulose nanofibrils upon freeze-casting contributed in carrying 
and entangling the sepiolite and graphene oxide particles. Unlike 
CNCs, the fibrillar entanglement of CNFs helps the design of 
self-standing foams from a low concentration suspension, and 
can be used as a template for further functionalization and/
or post-treatments.[84,85] The radiative conductivity is generally 
found to increase with increasing cell size and to decrease with 
increasing relative density.[80] The foam geometry and material 
properties are critical factors for determining the radiative con-
tribution to the overall heat transfer. To reduce the radiative part 
of the thermal conduction at any temperature, one may suggest 
the selection of materials for foams/aerogels that can strongly 
absorb infrared radiation such as carbonaceous materials.[83] 
For instance, the addition of 10% graphene oxide increased the 
mass attenuation coefficient in the mid-infrared range by 26% 
when added to TEMPO-CNF/sepiolite/graphene oxide-com-
posite foams.[55] Modifying the properties of the starting CNF 
suspension such as solid content, colloidal stability (i.e., sur-
face chemistry), and aspect ratio, is a straightforward strategy to 

enhance the thermal insulation properties of the resulting nano-
cellulose porous solid for use in energy-efficient building tech-
nology.[35,74,78] Careful selection of the foam-making process and 
control of processing parameters are also key to design super-
insulating nanocellulose-based foams. We refer the readers to a 
few very recent review articles that discuss the influence of pro-
cess parameters on the material properties.[35,85,86]

The nanocellulose porous solids, once templated, can 
be used as a template, preform or matrix for the design of 
advanced engineered materials, e.g., composites, for light-
weight construction building technology. For instance, Nissilä 
et  al. impregnated freeze-cast CNF aerogels with a bioepoxy 
resin via vacuum infusion process to increase the isotropic 
mechanical performance of the anisotropic porous solid and 
make it hydrophobic.[87] The Young’s moduli of the epoxy/
CNF foams increased to 3710 and 4420  MPa in the perpen-
dicular and parallel directions, respectively, from a modulus of 
2630 MPa for neat epoxy (at 35 °C).[87] Note that the compres-
sive strength of the neat CNF foam was 7.5 and 20.9  kPa, in 
the perpendicular and parallel directions, respectively, at 40% 
strain. CNFs/polyvinyl alcohol (PVA) composite foams with 
improved mechanical performance were also prepared by direc-
tional ice templating, taking advantage of the morphological 
features of the fibrils to orient the PVA chains that were chemi-
cally crosslinked to the CNFs beforehand.[88] The anisotropic 
composite foams with clear tubular porous microchannels were 
further coated via silanization using a thermal chemical vapor 
deposition technique, which maintained the porous structure 
and morphology of the foams intact, and increased the density 
of foams by only 10%. An additional post-treatment was per-
formed via vacuum-assisted liquid filling of the pores with a 
mixture of poly(dimethylsiloxane) (PDMS) and curing agent, 
that increased the mechanical performance of the foams by two-
fold compared to pure PDMS foams.[88] Such a post-treatment 
strategy allows the engineering of high-performance tailored 
materials that can be used for a large spectrum of applications.
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Table 3.  Comparison of conventional insulation materials and CNF-based foams/aerogels.

Insulation materials Bulk density [kg m−3] Thermal conductivity [mW m−1 K−1] Refs.

Calcium silicate 170–220 47 [76]

Cellular glass 130–160 55–58

Mineral wool 100 35–44

Glass wool 60 40

XPS (extruded polystyrene) 45 ≤29

EPS (expanded polystyrene) 18 ≤42

PU foam 50 ≤23

CNFs (via mechanical treatment) ≈5 ≈15 [77]

TEMPO-CNFs ≈5–6 ≈15

TEMPO-CNFs 7.5 15 [55]

TEMPO-CNFs/graphene oxide (10 wt%)/boric acid/sepiolite (10 wt%) 5.6 18

TEMPO-CNFs/nanozeolites (2–10 wt%) n/a ≤25 [78]

TEMPO-CNFs 17 18 [75]

TEMPO-CNFs (freeze-drying) 13–33 24–28 [79]

TEMPO-CNFs (spray freeze-drying) 12–30 18–21
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3.3.2. Cementitious Composites

The improvement of cement properties through the addi-
tion of fibers such as steel, glass, or other synthetic fibers, has 
been in practice for decades. The use of cellulose nanofibers 
has demonstrated adequate bonding capacity to cement-based 
matrices for improvements in toughness, ductility, flexural 
capacity, and impact resistance.[89] More particularly, CNFs can 
be added to the cement mixture to template its porous struc-
ture. Porosity contributes to the lack of cement durability in wet 
and dry cycle aging, making cement more sensitive to the infil-
tration of water that induces precipitation of dissolved hydra-
tion products such as calcium hydroxide after evaporation, thus 
causing fiber mineralization. This effect is reduced when CNFs 
are added.[56] For instance, the addition of 1  wt% CNF into a 
bamboo fiber/cement composite improved and maintained 
the fiber-matrix bonding for 200 aging cycles, resulting in an 
increase in fracture toughness after aging.[90] The hydrophilic 
and hygroscopic nature of CNFs can also contribute to enhance 
the mechanical performance of cement. CNFs act as a “water 
reservoir,” which accelerates the production of calcium silicate 
hydrate (CSH) gel during hydration of the fiber-cement com-
posite structure, thus increasing physical bonding between the 
fibers and the matrix.[91] Use of cellulose nanofibers can help 
tune the hydration and porous structure of the cement mix-
ture, thus altering its properties. Steric stabilization of cellulose 
nanofibers can increase the hydration process, similarly to the 
action of water reducing agents used to disperse cement parti-
cles.[92] The high surface area of cellulose nanofibers can act as 
nuclei to promote the nucleation of hydration product crystals 
at the early stages of the cement hardening, thus favoring accu-
mulation and precipitation of hydrated products in the open 
pores, and reducing the porosity of the mixture.[56,89]

Cellulose nanofibers can regulate the microstructure of 
cement mixture, and in turn enhance the aging and mechan-
ical performance of the composites. Several variables can be 
optimized for tailoring the properties of cementitious com-
posites, such as cellulose nanofiber surface chemistry and 
morphology, the amount of cellulose nanofibers added to the 
mixture, and the process to incorporate them. For instance, the 
use of TEMPO-oxidized CNFs is expected to improve the water 
reservoir function of nanocellulose because of the presence of 
surface carboxyl groups, and thus to reduce the cement hydra-
tion process and autogenous shrinkage.[56] Aggregates of cellu-
lose nanofibers can also retain larger amount of water, while 
cellulose nanofiber powder can entrap more air. An optimized 
dispersion of cellulose nanofibers in the cementitious matrix 
can reduce the large size porosity of the mixture.[92] For further 
details on the influence of cellulose nanofibers on the proper-
ties of cementitious composites, the reader is referred to a very 
recent review paper on the topic.[89]

3.4. Biomedical Devices and Biomaterials

The preparation of biomedical devices and biomaterials is 
an emerging field which exploits cellulose nanofiber tem-
plating.[14,93] Many biomaterials rely on specific morphologies 
and highly porous structures, requiring use of methodologies 

such as templating to achieve optimal results. Additionally, 
CNFs and BC nanofibers are biocompatible, making them 
optimal nonsacrificial scaffolds and templates for the develop-
ment of many biomedical devices and biomaterials.

There are numerous applications for cellulose nanofiber 
templating, most of which exploit the inherent properties of 
the fibers. For example, the high-water retention and surface 
hydroxyl groups prove useful in the formation of structured 
antimicrobial polymer surfaces. CNFs were coordinated with 
copper (Cu2+) and imbedded within a PVOH matrix to create 
randomly oriented fiber films, which underwent a slow release 
of Cu2+.[94] The Cu2+ serves as an antimicrobial agent killing 
anything on the surface. These films show promise as a coating 
for biomedical devices which can suffer from surface fouling. 
The randomly aligned and coordinated CNFs in these materials 
is necessary for the controlled release of Cu2+ and the fibrillar 
geometry supports the overall mechanical stability of the film. 
Another application for cellulose nanofiber templating is drug 
delivery systems. Many synthetic drug delivery systems use 
nonsustainable polymers, some of which suffer from toxicity 
and poor stability. Comparatively, nanocellulose is sustain-
able, nontoxic, and has good mechanical stability. Zhao et  al. 
used a PEI grafted CNF aerogel as a drug delivery vehicle 
for aspirin.[95] The high surface area of CNF and its reactive 
hydroxyl groups provide easy access and a high level of drug 
loading. The porosity also allowed for controlled release.

The other major biomaterials application for templating 
with cellulose nanofibers is used as a scaffold for tissue engi-
neering.[38,96,97] Scaffolds are used to support new, growing cells 
for all different types of tissues. Scaffolds can be utilized in a lab 
environment to grow tissues and organs, or they can be placed 
internally and used to stabilize and support growth of tissues 
such as bone after an injury.[98] The microporous structure 
of CNF is ideal and allows for better cellular infiltration and 
vascularization.[99] Zhang et  al. used electrospinning to align 
CNFs, which mimic the natural extracellular matrix in human 
bones.[100] Once aligned, the CNF template can then undergo 
infiltration with smaller molecules, including bone cells (osteo-
cytes). The alignment of CNFs is necessary to create a micro-
structure, which can facilitate the development of healthy, 
strong bone. Attributable to its biocompatibility, these aligned 
CNF scaffolds can even be implanted and show recovery of the 
bone. There are a multitude of papers that utilize other tem-
plating strategies, including ice-templating, with CNFs toward 
engineering other tissues, which are not discussed in depth 
here but would be useful for the readers.[93,97,101]

3.5. Membranes and Separation Materials

Membranes and other separation materials rely on intricate 
nanostructures to selectively remove contaminates or sequester 
gases. One approach to achieve these detailed morphologies is 
with templating materials. The intrinsic porosity of cellulose 
nanofibers helps support the selective separation, while the 
mechanical robustness supports the overall membrane during 
the stress of use. BC–silica hybrid film was investigated using 
BC hydrogel as a soft template with tetraethyl orthosilicate 
(TEOS) as a precursor.[102] Hydrolysis of TEOS (absorbed on 
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BC fiber surface) results in well dispersed silica sphere with 
20–30  nm diameter in the BC–silica hybrid. Interestingly, the 
BC–silica hybrid has a broad and tunable emission band under 
UV excitation due to oxygen-related defects at the particle sur-
face. Similarly, a BC–quantum dot (CdS) hybrid with well dis-
persed spherical CdS nanoparticles with 30  nm diameter was 
prepared in situ using Cd(NO3)2·5H2O as the precursor and 
BC as the template.[103]

Ifuku et  al. applied TEMPO-oxidized BC (TEMPO-BC) as a 
template to synthesize silver (Ag) nanoparticles on BC surface 
and form BC–Ag composites.[104] The procedure is illustrated in 
Figure  7, and includes TEMPO oxidation of BC, ion exchange 
from Na+ to Ag+, and further heating reduction to form Ag nano
particles. TEMPO oxidation will bring carboxylate groups on 
to BC surface and can be used to quantitatively introduce guest 
metal ions by an ion-exchange reaction, and to further realize 
regular arrangement of salt. As a result, BC–Ag hybrids have 
well dispersed Ag nanoparticles and the particle size is tunable 
through adjusting the density of the carboxylate group in BC fiber.

Xiong et  al. developed a CNF template guided assembly of 
silk fibroin (SF) into a peculiar “shish kebab” nanostructures 
on CNFs.[105] As shown in Figure 8, SFs are arranged periodi-
cally along the straight CNFs with average spacing of 17 ± 4 nm 
and height variation of 0.7 ± 0.2 nm, doubling the CNF diam-
eter to around 4–5 nm and increasing the overall effective size. 
Authors also applied all-atom molecular dynamic simulations 
and revealed that modulated axial distribution of crystalline 
planes, hydrogen bonding, and hydrophobic interactions are 
the driving forces for this unique assembling behavior. Com-
pared with other silk assemblies without CNFs, this strategy 
is a fast assembly process. The resultant CNF-SF membrane 
(50 nm thickness) demonstrates an extremely high flux, reaches 
to 3.5 × 104 L h−1 m−2 bar−1, which is hundreds of times higher 
than commercial filtration membranes. Meanwhile, this mem-
brane also has high reaction rates of 77% for rhodamine 6G and 
capability for capturing various heavy metal ions with high effi-
ciency, demonstrating the potential applications in separations.

4. Conclusions and Outlook

4.1. Conclusions

As one of the most abundant natural resources, cellulose 
has been extensively investigated in material science to help 

produce advanced functional materials. Cellulose nanofiber 
templating has gained significant interest in recent years but 
remains as a newer technique with great potential still unre-
alized. The many promising properties inherent to cellulose 
nanofibers provide a framework to support properties in the 
final templated advanced materials. These templated mate-
rials will prove useful in a variety of applications including 
catalysis, energy storage, building technology, biomaterials, and 
separations.

Manufacturing of advanced functional materials via cellu-
lose nanofiber templating involves pairing methodologies and 
materials, which can exploit properties inherent to cellulose 
that are useful in select applications. Sacrificial templating, 
aided by the ease in thermal removal of cellulose nanofiber 
templates, is promising in the creation of carbon materials 
for catalysis and energy storage. Meanwhile, simple foaming 
behavior, because of high water retention, and subsequent ease 
in aerogel formation, are promising for many advanced func-
tional materials such as low density building technology mate-
rials, electrodes for energy storage, and porous membranes for 
separation. Additionally, methodologies that introduce surface 
coating strategies, such as ALD and LBL, are also beneficial 
in these examples. Likewise, the water-retention behavior of 
cellulose nanofibers in these templating strategies works in 
synergy with sol–gel processes to produce a range of stable 
materials. Moreover, biomedical advanced materials ben-
efit from the biocompatibility and hydrophilicity of cellulose 
nanofibers. Overall, though, these materials all benefit from 
the mechanical stability and flexibility intrinsic to cellulose 
nanofibers, which allows for easier formation of robust mate-
rials. Therefore, careful selection of the materials and pairing 
them with the right cellulose nanofiber templating strate-
gies can help enable the easier production of many of these 
advanced materials.

It is important to also compare cellulose nanofiber tem-
plating with other biomaterial templating strategies. Some 
other common biomaterials used in templating strategies 
include chitin and CNCs.[5,8,9,33,40,106–108] Currently, CNs are an 
excellent broad templating source derived from biomaterials for 
many applications. Chitin is a biopolymer comprising N-acetyl-
d-glucosamine units.[109] In the literature, chitin templating is 
traditionally used for producing advanced biomaterials, but has 
recently shown promise with inorganic hybrids.[108,109] Further 
research is needed to push this templating strategy toward new 
applications.
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Figure 7.  TEMPO-BC fiber templating Ag (silver) nanoparticles. Reproduced with permission.[104] Copyright 2009, American Chemical Society.
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CNCs were introduced previously as a templating material. 
Cellulose nanofiber templating and CNC templating both feature 
many promising properties including surface hydroxyl groups 
for functionalization, high surface area, and overall hydrophi-
licity. These features allow for easier templating in solvents such 
as water, provide high templating efficiency, and can be easily 
adapted to template many systems. However, CNC templating 
has one unique feature which cellulose nanofiber templating 

cannot match. CNCs have the unique ability to self-assemble 
into a chiral nematic liquid crystalline phase, which can be 
transfer onto the templating material, allowing for production of 
templated, chiral ordered liquid crystal materials. Extensive liter-
ature has exploited this property to produce templated materials 
for advanced functional material applications.[5,6,8,34,106,110]

Cellulose nanofiber templating excels in a few application 
areas due to its unique features, as discussed earlier. The most 

Figure 8.  Morphologies of SFs, CNFs, and SF–CNFs assembly. a,c,e) Atomic force microscopy (AFM) topography images: a) SFs, c) CNFs, and e) 
assembled SF-30 wt% CNF materials (the insets in (a), (c), and (e) are the AFM cross-section profiles, Z-scale: 10 nm) with b,d,f) the corresponding 
schematics and DLS size distributions (insets): b) SFs, d) CNFs, and f) assembled SF-30 wt% CNF materials. a–f) Reproduced with permission.[105] 
Copyright 2017, American Chemical Society.
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promising applications for cellulose nanofiber templating 
include those which rely on superior mechanical performance, 
both during the templating phase and present in the proper-
ties of the final material, and require formation of complex 
morphologies in the final materials. The high water retention 
and mechanical robustness of cellulose nanofibers allow tem-
plating to occur using a range of methodologies, even at high 
precursor loadings or under stressful conditions, without a col-
lapse in template. Additionally, the long fibrillar morphology 
of cellulose nanofibers creates a strong, interconnect network 
of fibers which produce promising mechanical properties in 
the final materials, such as mechanical strength, toughness, 
and flexibility. Last, cellulose nanofiber templating can easily 
produce complex morphologies. Cellulose nanofibers easily 
undergo foaming to produce foams and aerogels, while the 
fibrillar structure of these nanofibers allows for stable forma-
tion of additional morphologies like hollow tubes and dendritic 
structures. Overall, when compared with other biomaterials, 
cellulose nanofiber templating is one of the most promising 
methods to produce advanced materials for applications with 
these specific requirements.

4.2. Outlook

Despite the promising progress in cellulose nanofiber tem-
plating, there are still some obstacles remaining for the further 
development and eventual commercialization of this templating 
strategy for many applications. Controlling the morphology 
of both the templating agent and final templated material is 
key to using templating strategies and remains a challenge 
for many templating techniques. In other words, how to cus-
tomize the morphology of the templated materials and further 
tune their properties is still challenging. Current strategies on 
cellulose nanofiber templating are based on replication of the 
morphology of cellulose nanofibers or cellulose-nanofiber-based 
bulk materials. Unfortunately, the fundamental understanding 
of mechanism and relationship between cellulose nanofiber 
and templated materials is still lacking. Improved knowledge on 
how to control the morphology of the cellulose-nanofiber-based 
materials, e.g., gel, film, fibers, etc., can fuel future research on 
cellulose nanofiber templating and achieve tunability in the final 
products. Some studies have suggested that tunable morpholo-
gies could be achieved through the use of underdeveloped strat-
egies like emulsions,[10,111] which could provide some insight for 
cellulose nanofiber templating. Meanwhile, the scale up of the 
cellulose-nanofiber-based templating processes for low cost pro-
duction remains as a challenge. Despite the advantages of using 
nanocellulose, such as aqueous phase reactions, which result in 
efficient practices and can aid with cost and waste treatment, 
cellulose nanofibers are still more expensive than lower cost 
options like silica, which remains as a challenge. Development 
of lower cost methods to produce CNFs and BC nanofibers in 
the future will help assist in scalability of templating procedures 
and further enable this promising field.

Although challenges remain with cellulose nanofiber tem-
plating, we still would like to highlight some opportunities in this 
area. One direction is the use of cellulose nanofiber templating 
to produce ordered organic materials. Currently, cellulose-based 

templating is focused on use with inorganic materials, such 
as metal oxides. The thermal treatment to remove a cellulose 
nanofiber matrix in inorganic materials templating is not suit-
able for use with organic materials. Selective chemical removal 
of cellulose nanofibers after templating could be a potential 
solution. One possible approach is the removal of CNFs through 
dissolution using solvents, such as NaOH/urea, ionic liquids, 
and DMAc/LiCl.[112] Developments in this area and related strat-
egies to effectively remove cellulose nanofibers from templated 
organic materials would provide new opportunities for both the 
cellulose nanofiber templating process and templated materials. 
Another direction for cellulose nanofiber templating involves 
the further development in methodology of this templating tech-
nique. Traditional templating strategies use aligned templates to 
impart morphologies in the final material. For example, nano-
patterned silica wafers are a common template, which can be 
used to impart a specific morphology, using the nanopatterned 
surface, onto the templated material. Cellulose nanofiber tem-
plating is different because it exploits the properties inherent to 
these materials; fibrillar structure, aerogel formation; but does 
not use prealigned templates. Moving toward the use of preas-
sembled cellulose nanofibers, where CNF or BC nanofibers 
are preferentially aligned as a template, would allow for further 
control of the morphology in templated materials. Currently, cel-
lulose nanofiber alignment is quite difficult and needs further 
development to produce more facile strategies. Development of 
new cellulose nanofiber alignment techniques will benefit tem-
plating as well, including further research into top-down strate-
gies, which exploit aligned cellulose present in natural sources 
like wood.[113] Other new methodologies can also be promising 
for cellulose nanofiber templating.

As a concluding remark, we believe cellulose-nanofiber-based 
templating for fabrication of advanced functional materials is a 
growing area of research. Unique attributes of these nanoscale 
fibers enable utilization of a variety of templating mechanisms 
and methodologies to create controlled morphologies, useful 
in an array of applications. The distinctive properties of CNFs 
and BCs enable formation of a wide range of advanced mate-
rials as discussed in the review. Researchers have just begun to 
explore the potential applications for advanced materials using 
CNF templating. New strategy development and further funda-
mental understanding will provide the next steps for continued 
research into this promising new area.
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