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Cellulose can be extracted from different natural sources, including plants, marine animals, or microorganisms. 
Nanocellulose (NC) can be then produced from it, in the form of either crystal or fiber, depending on the source of 
cellulose and process conditions. In the last decades, the interest in the application of NC as a building block in 
functional composites has significantly increased. Such a trend will keep growing due to the exceptional properties and 
sustainability of NC. Paper energy devices have been developed for various applications, especially those related to 
harvesting and saving energy. This article first briefly reviews the fundamentals related to the NC and its synthesis, and 
then describes thoroughly the functionalities provided by paper-based energy devices. Although these functionalities 
bring a great opportunity to develop new value-added products, there are several challenges in the way of 
commercialization of paper-based electronic and electrical devices. These challenges are summarized to open up 
avenues of further research, in addition to providing novel ideas for developing such devices. 
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INTRODUCTION 

Developing low-cost and renewable resources 
is important to meet up the energy demands and 
resolve the environmental problems associated 
with the disposal of electronic and electrical 
devices. Currently, the major portion of the global 
energy demand is supplied by fossil fuels, which 
are limited resources. Besides, fossil fuels have 
low efficiency of power generation and cause air 
pollution. Finding a sustainable manner to supply 
energy by using clean fuel derived from 
renewable resources of energy has become a 
global initiative. The major problem concerned 
with renewable resources of energy, like solar and 
wind, is that they are periodic, thus the energy 
comes in pulses rather than in a steady stream. 
Developing eco-friendly power sources and 
storing energy in batteries, capacitors and fuel 
cells can help solve this problem. Replacing the 
metals used in these devices with naturally 
decomposable conductive composites will help 
reduce tons of CO2 emission. The increase of 
electronic   wastes,  which   are   not   naturally  

 
decomposable, is also one of the major 
environmental concerns noted these days. New 
insights into developing conductive biopolymers, 
which are environmentally friendly, encourage 
researchers to focus on using natural polymers, 
such as cellulose, chitosan, starch etc. Cellulose, 
as the most abundant sustainable resource, is 
extensively under survey for developing a new 
generation of electronic and electrical devices. 

Cellulose, a fascinating biopolymer, is widely 
distributed in the nature in plants, microorganisms 
and some animals. Independently of its source, 
cellulose is a linear polymer of D-
anhydroglucopyranose units linked together by β-
1,4-glucosidic bonds. Any physical or chemical 
modification of the cellulose chain will change its 
molecular structure and thus such a versatile 
structuring of cellulose has enabled its diverse 
applications (e.g., as a filler in novel functional 
materials, coatings and laminates, paper 
electronics, smart textiles, optical films, sorption 
media and viscosity regulators). The application 
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fields of cellulose tend to extend, as it is 
anticipated that the world market of cellulose 
nanostructures will reach about 37 billion dollars 
in 2020.1  

The application of cellulosic structures in the 
energy sector has been extensively studied for 
biofuel production.2-4 Moreover, cellulosic 
materials can be effectively used in developing 
biocompatible products as a replacement of 
petroleum-based plastics. These materials also are 
excellent for fabrication of energy-efficient 
devices, such as paper batteries, super-capacitors, 
insulators, paper displays, electric heaters and 
antistatic coatings.5 Cellulosic nanostructures 
have several advantages in developing 
biocompatible composites and paper-based 
energy devices due to their supreme physical and 
chemical properties. The superiority of cellulosic 
nanostructures, compared to other widely used 
nanostructures, such as fullerenes and carbon 
nanotubes, lies in their biodegradability, 
renewability, sustainability, abundance and high 
biocompatibility.  

Nanocellulose can be produced in the form of 
either crystal or fiber, depending on the source of 
cellulose and process conditions. Nanostructures 
have unique reinforcing properties, including high 
elastic modulus, high specific strength, high 
elasticity, dimensional stability, and low thermal 
expansion coefficient.6 These properties, along 
with the low density and high aspect ratio, make 
NC attractive to be used as reinforcing element in 
composites. The high surface area of NC also 
makes it a strong adsorbent. Moving to the 
nanometer scale, some exceptional properties 

appear. For example, cellulose is known as an 
insulating material, while NC is conductive and 
transparent. The reason for these unique optical 
properties of nanocellulose lies in its nano-size, 
being on the same scale as the critical size for 
light transmission. 

Despite its diverse applications, the efficient 
separation of cellulosic nanostructures is a major 
challenge, limiting the wide utilization of these 
renewable components. The morphology and 
hence the properties of regenerated cellulose 
depend on the source of cellulose, the technique 
and the operation conditions used.7 For instance, 
depending on the substrate and pretreatment steps, 
the regenerated cellulose can be transparent or 
opaque. The source of cellulose also determines 
some important properties and characteristics, 
such as shape and size distribution of crystalline 
nanoparticles and their aspect ratio.8-9 The current 
paper aims to review the recent advancements in 
the extraction of cellulosic nanostructures, as well 
as to present recent progress in the development 
of energy and electronics devices using NC. 
Before going into the applications of NC, it is 
necessary to provide a brief explanation on the 
cellulose structure and its extraction techniques. 
 
CELLULOSE SOURCES 

Cellulose is the most abundant natural polymer 
derived from biomass, including plants, some sea 
animals, and microorganisms (Fig. 1). Despite the 
similar structure, the cellulose derived from each 
source has several different characteristics. The 
following paragraph presents the characteristics of 
cellulose extracted from different sources. 

 

 
Figure 1: Different sources of cellulose 
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Figure 2: Hierarchical structure of cellulose and its nano-sized types (with permission12) 
 

Cellulose from plants 
Plants or agricultural wastes, including woody 

or non-woody plants, such as cotton, hemp, jute 
and sisal, as well as sea grass species, such as 
Posidonia oceanic, are the major source of 
cellulose. The tubular structure of the cell wall in 
plants comprises a helically wound arrangement 
of cellulose nanofibers with a width of 1.5-3.5 nm 
and length of 1 μm and above.10 These nanofibers, 
mostly known as cellulose microfibrils, consist of 
a semi-crystalline structure embedding cellulose 
molecular chains. In the crystalline domains, the 
long chains of cellulose are connected by 
hydrogen bonds and form a highly ordered 
crystalline structure. The amorphous region of 
cellulose in plants usually consists in 
hemicelluloses and lignin, and sometimes pectin. 
The properties of cellulose extracted from plants 
depend not only on the treatment methods 
applied, but also on the plant source and the plant 
part used.6,11-12 Depending on the synthesis 
approach, natural cellulose can be transformed 
into different nanostructures, such as crystals or 
fibrils (Fig. 2). 

 
Cellulose from microorganisms 

In addition to plants, several microorganisms 
can be used to produce cellulose, either in vivo or 
in vitro.14-15 For instance, cellulose has been found 
in some classes of green algae, such as 
Chlorophyceae, Valonia ventricosa (also known 

bubble algae), Chaetamorpha melagonicum, and 
Glaucocystis. Although the cell wall of most 
fungi consists of chitin, several fungi, namely, 
Acytostelium, Dictyostelium and 
Polysphondylium, have cellulose in their cell wall. 
Bacteria belonging to the genera 
Gluconacetobacter (or Acetobacter), 
Agrobacterium, Pseudomonas, Rhizobium and 
Sarcinacan can synthesize cellulose from the 
carbon sources (like glucose) existing in their 
culture media. Amongst the cellulose-forming 
bacteria, a non-pathogen, gram-negative 
bacterium Gluconoacetobacter, which secretes 
the cellulose into the culture medium, is suitable 
for economical production of bacterial 
cellulose.16-18  

Bacterial cellulose is a fibrous network with a 
high degree of polymerization (up to 10,000), as 
well as high crystallinity (70-80%) and purity (no 
lignin, hemicelluloses, pectin, or other biogenic 
products).18-20 These characteristics make 
bacterial cellulose an appropriate material to be 
used in electronics, acoustics, and biomedical 
devices. Bacterial cellulose has been used to 
develop hydrogels, due to its large surface area 
and hydrophilic nature. However, due to its low 
compressive modulus, the water is easily 
squeezed out of the gel under slight 
compression.14 Despite all the exceptional 
features of bacterial cellulose, its production 
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requires special care and handling to maintain 
optimal production. 
 
Animal cellulose 

Cellulose can be also found in the outer 
membranes of some marine animals, like 
Ascidians, known as tunicates or sea squirts. The 
cellulose that reinforces the proteins of the outer 
membrane of Ascidians can be obtained through 
bleaching treatments of the protein.21,22 The 
cellulose nanostructures derived from tunicates 
exhibited higher crystallinity and aspect ratio, 
compared to NC obtained from bacteria.8 
However, cellulose from marine animals is of 
little commercial interest because of its lower 
availability. 

CRYSTALLINE STRUCTURE OF 
CELLULOSE 

Several polymorphs of cellulose are known to 
exist, called cellulose I, II, III and IV. They all 
differ in the dimension of the unit cells, number 
of chains included in the crystal unit cell, 
orientation of the chains in the crystal (parallel or 
antiparallel) and chain polarity. Almost all natural 
celluloses consist of cellulose I, which is a 
composite of two crystalline allomorphs, labeled 
as Iα and Iβ.20 The conversion between these 
allomorphs generally occurs under hydrothermal 
conditions, when the hydrogen bonds between 
cellulose sheets are splitted.23,24  

 
Table 1 

Cellulose polymorphs and their characteristics 
 

Po
ly

m
or

ph
 

Chain 
characteristics 

XRD25-29 FTIR28-30 
peaks at 
(cm-1) 

NMR29-31 Bragg’s 
angle 

Miller 
index 

Iα 
One-chain 

triclinic 
Parallel 

14.3-14.5 
16.3-16.9 
22.5-22.9 
34-34.4 

100 
010 
110 
11  

750 
3240 

Double peaks in C4 region 
The 2nd peak in the down-field site at 89.7 
ppm 

Iβ 
Two-chain 

triclinic 
Parallel 

14.5-14.9 
16.5-16.7 
22.5-23 

20.6 
34.5 

1 0 
110 
200 
102 
004 

710 
3270 
3340 

C-6 chemical shift at 64.8-64.9 ppm 
Double peaks in C4 region 
The 2nd peak in the up-field site at 88 ppm 
Double peaks in the C1 region around 106 
ppm 

II 
Two-chain 
monoclinic 
Antiparallel 

12-12.2 
20 

21.8-22.1 
34-37 

1 0 
110 
020 
004 

3450 
3480-3484 

C-6 chemical shift at 62.2- 62.8 ppm 
Double peaks in the C1 region 
Double peaks in the C4 region 

IIII 
One-chain 
monoclinic 

Parallel 

11.7 
17.2-17.3 

 
20.7-21.1 

010 
002 
100 
012 

10 

3480 C-6 chemical shift at 62.1-62.2 ppm 

IIIII 
Still being 

debated 
Antiparallel 

11.7 
 

20.7-21.1 

010 
100 
012 
1 0 

3450 
3480 C-6 chemical shift at 62.4-62.5 ppm 

IVI 
Disordered form 

of cellulose I 
Parallel 

NR* 

NR C-6 chemical shift at 63-63.6 ppm 

IVII 
Still being 

debated 
Antiparallel 

15.5 
15.5 
20 
22 
35 

1 0 
110 
012 
020 
004 

* NR – not reported 
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Cellulose obtained from algae (e.g. Valonia) 

and bacteria (e.g. G. xylinum) is predominantly 
cellulose Iα, whereas plant cellulose is mostly 
cellulose Iβ. The crystalline cellulose Iα is 
thermodynamically metastable, while Iβ is more 
stable.7 Partial conversion of cellulose Iα to Iβ 
happens by its annealing at a temperature higher 
than 250 °C. This conversion is irreversible.20 
Cellulose II is known as the most stable 
crystalline structure of cellulose.  

It is formed naturally by a mutant strain of 
Gluconacetobacter xylinum and the alga 
Halicystis. Also, it can be obtained by the 
treatment of cellulose I via regeneration 
(dissolved and precipitated) and/or mercerization 
(treated with a strong alkaline swelling agent 
(~20%) and washed with water).7 The 
transformation of cellulose I to cellulose II is 
irreversible. Cellulose III, a fairly stable 
polymorph, is formed by treating cellulose I or II 
with liquid ammonia at a temperature below -30 
°C, or with amines, followed by removing the 
swelling agent anhydrously, for example, by 
washing with alcohol. Depending on the cellulose 
polymorph (I or II), two subclasses (IIII and IIIII), 
with small differences in the lattice dimensions of 
the crystals, are formed.7 Cellulose IV is formed 
by annealing of cellulose III in a suitable liquid, 
for example glycerol, at high temperature and 
under tension.10 The structure of cellulose IIIII and 
cellulose IV is still a matter of debate. Cellulose 
IVI is known as the disordered form of cellulose I. 

Several characterization techniques have been 
used to study the crystalline structure at the sub-
nanometer level. These techniques include 
neutron diffraction (ND), X-ray diffraction 
(XRD), infrared spectroscopy (FTIR), Raman 
spectroscopy, nuclear magnetic resonance 
(NMR), and vibrational sum frequency generation 
(SFG). Each technique can provide specific 
information that can be used for differentiation of 
the polymorphs. Table 1 presents information 
about the structure of the cellulose polymorphs 
and their characteristics obtained by XRD, FTIR 
or NMR methods. The final characteristics of 
cellulose nanostructures depend not only on the 
source of cellulose, but also on its treatment 
procedure or method of production. Common 
treatment techniques used for cellulose fibrillation 
will be presented in the following section. 
 
OVERVIEW OF SYNTHESIS METHODS 

Depending on the source of NC (plants, 
microorganism or animal), the synthesis approach 

is different. Due to their availability, plants are 
the most widely investigated source for NC 
production. The top-down approach, including 
mechanical, chemical and biochemical extraction 
procedures, has been used to produce NC from 
plant sources. Cellulose production from 
microorganisms and/or animals is a bottom-up 
approach, which has also attracted attention 
recently. Accordingly, this section focuses on NC 
production from plants and bacteria. 
 
Cellulose from plants – a top-down approach 

The amorphous and crystal parts of cellulose 
in plant cell walls are sequentially located along 
the fiber direction in a row. The amorphous parts 
can be easily broken, while breakage of the 
crystal parts is impossible due to the presence of 
strong hydrogen bonds between the hydroxyl 
groups in cellulose. The production of cellulose 
nanostructures from natural resources is not an 
easy task because there are a variety of plant 
sources with different composition. Depending on 
the synthesis approach, natural cellulose can be 
transformed into different nanostructures, such as 
crystals or fibrils. The production of cellulose 
nanostructures from plant sources, including 
wood, non-wood plants, agricultural crops, and 
agricultural wastes, is generally a multi-stage 
process. A pretreatment of natural sources is 
usually required to disrupt the lignin structure, 
delaminate the cell wall and obtain individual 
cellulosic fibers. Depending on the plant source of 
the cellulose, the pretreatment method, which 
facilitates access to the micro-sites of cellulose 
during the next stage, is selected. For instance, 
agricultural crops and by-products contain less 
lignin than wood. A proper selection of the 
pretreatment procedure will increase the 
accessibility to the micro-sites of cellulose, while 
maintaining a desired degree of its 
polymerization. Cellulosic fibers are further 
processed to break the amorphous parts of 
cellulose and extract the cellulose nanostructure. 
The size and type of the nanostructure formed, i.e. 
nanofiber, nanocrystal or nanowhisker, depends 
not only on the source of the cellulose, but also on 
the procedure used. There are three distinct 
approaches used in a route to extract cellulose 
nanostructures from plant sources: mechanical 
treatment, chemical treatments and biochemical 
treatment, which is enzymatic hydrolysis. A 
combination of these techniques is usually 
applied, improving the fibrillation and thus NC 
extraction.  
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Mechanical extraction methods 
Mechanical treatments that subject natural 

fibers to high shear forces enable cellulose 
fibrillation. Mechanical processes used to extract 
cellulose include mainly refining and high-
pressure homogenization, grinding, cryocrushing 
and high intensity ultrasonic treatments.  
 
Homogenization  

In a homogenizer, a dilute suspension of 
cellulose is pumped at high pressure through a 
spring-loaded valve to pass through a thin slit. 
The quick reciprocating motion of the valve 
subjects the fiber to a large pressure drop and high 
shearing forces. The degree of defibrillation 
directly depends on the pressure and number of 
recycles. Repeated high-pressure homogenization 
of diluted cellulose slurry promotes fibrillation of 
the cellulosic fibers.32,33 The pressure as well as 
homogenization cycles also influence the 
characteristics of cellulose nanostructures, 
including their diameter and crystallinity.34 The 
degree of cellulose defibrillation depends on the 
polarity and swelling properties of the liquid, 
which the cellulose fibers are dispersed in. Any 
polar liquid can be used to prepare the cellulose 
suspension; however, the aqueous suspension of 
cellulose is preferred. Besides the parameters 
mentioned, the dimension and design of the 
homogenizer chamber requires precise 
consideration. An important issue is the 
agglomeration of cellulose fiber that blocks the 
narrow slit in the device and leads to termination 
of the process. Besides that, because of the high 
pressure applied, the chamber must be strong 
enough to tolerate this level of pressure. Another 
problem is that an increasing suspension 
temperature in the homogenizer influences the 
process yield and product properties. Because of 
the high-energy consumption of the 
homogenization process, cellulose fibers are 
commonly pretreated by other techniques to 
reduce the energy consumption and promote the 
process efficiency.32,35-39 
 
Microfluidization 

In a microfluidizer, the cellulose slurry is 
continuously pumped into precisely engineered 
micro-channels within an interaction chamber. 
The slurry is fed through an intensifier pump, 
which supplies the desired pressure and pushes 
the sample at a constant rate into the interaction 
chamber. The micro-channels have a precisely 
defined fixed-geometry, commonly Z- or Y-

shaped, which accelerate the slurry stream to high 
velocities and impose high shear (up to 10-7 s-1). 
The extremely high shear and impact forces will 
delaminate the cellulosic fiber to NC. The outlet 
stream is usually circulated through the chamber 
to improve the degree of fibrillation and obtain 
homogeneous particle size distribution. 

The geometry of micro-channels, which 
influence the shear and forces produced, plays a 
key role in the efficiency of fibrillation and 
dispersive mixing of the cellulose fibers. Keep in 
mind that micro-fluids at such high velocity have 
a complex flow, where the shear rate, shear stress, 
and boundary conditions cannot be well defined. 
Consequently, the fluid properties, such as 
viscosity, and first normal stress difference cannot 
be assigned a value characteristic of the fluid. 
Like in the case of homogenization, a 
pretreatment is necessary in order to enhance fiber 
accessibility and processing efficiency.40-42 
 
Grinding process 

Grinding is the breakdown of cellulose fibers 
by applying mechanical shear stress. Two 
methods of grinding are distinguished: wet and 
dry grinding. In wet grinding, an aqueous 
suspension of cellulose fibers is subjected to 
mechanical shear, whereas in dry grinding no 
water is present. Dry grinding increases the 
biomass reactivity without any effluent 
production, however, its energy consumption for 
biomass grinding is a limiting factor to be 
employed at an industrial level. Wet grinding, 
which consumes less energy, also generates 
irreversible changes in the fibers, increasing their 
bonding potential by modification of their 
morphology and size. Different types of grinders 
have been employed in NC production.43-46 The 
most frequently used grinders are disc mills, 
planetary ball mills, bead mills, pearl mills, and 
twin-screw extruders. An ultrafine friction 
grinder, which is a specially designed disc mill, 
was predominately used to fibrillate a dilute slurry 
of cellulosic fibers.43,47 All these studies indicated 
that the size of NC depends on the round number 
and speed of grinding. However, after a maximum 
number of rounds, there is no significant change 
in the size of NC. 

 
Cryocrushing 

The slurry of cellulose fiber is frozen using 
liquid nitrogen or propane. The fibers are then 
subjected to high shear forces and the ice crystals 
formed within the cells exert pressure on the cell 
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walls, causing them to rupture and release 
microfibrils.48-51 
 
Ultrasonication 

Ultrasonication is another mechanical method 
in which hydrodynamic forces disaggregate 
cellulosic fiber to nanofibers. In this method, 
ultrasonic waves (typically 20-50 kHz) in aqueous 
medium create strong mechanical stress because 
of cavitations and cause defibrillation of cellulose 
fibers. Ultrasonication is, basically, an assisted 
method, which is used in combination with 
chemical/biochemical processes and sometimes 
with other mechanical methods.9,52-58 These 
studies indicate that the application of ultrasonic 
waves helps produce cellulose nanostructures. 
The efficiency of defibrillation in the 
ultrasonication process depends on the power, 
concentration, temperature, time and distance 
from the probe tip used, as well as the dimensions 
of the source fibers.55 Besides its high level of 
noise and energy generation, free radicals that can 
react with other molecules may be generated 
when ultrasound is used to fibrillate the cellulose. 
 
Aqueous counter collision (ACC) 

In this technique, a pair of water jets is used to 
reduce the particle size of materials. The kinetic 
energy produced by this method can be in the 
range of 6.7-18.1 kJ/mol. This amount of energy 
is high enough to disturb the dipole-dipole, 
London dispersion forces, and weak hydrogen 
bonds.59-61 The characteristics of cellulose 
nanostructures, including their dimension and the 
type of crystals, vary as a function of treatment 
repetition. Research indicated that, by repetition 
of aqueous counter collision, cellulose Iα was 
converted to Iβ, while it retained its high 
crystallinity.60 
 
Electrospinning 

Electrospinning is a method used to prepare 
cellulose nanostructures through the action of 
electrostatic forces. Under a voltage adequate to 
overcome surface tension forces, a jet of cellulose 
suspension shoots out toward a collector, where 
the interconnected nanofibers are collected. The 
effectiveness of this method in defibrillation of 
cellulose depends on its controlled swelling and 
dissolution in a liquid phase. In a suitable solvent 
or swelling agent, the crystalline cellulose can be 
separated efficiently into nanofibers.61-66 

Several solvents have been investigated for 
cellulose, such as N,N-dimethylacetamide 

(DMAc) with lithium chloride (LiCl),67 dimethyl 
sulfoxide (DMSO)/triethylamine/SO2,68 N-
methylmorpholine-N-oxide (NMMO),69 aqueous 
solution of NaOH/urea70 and ionic liquids, like 1-
butyl-3-methylinmidazolium chloride (BMIMCl), 
1-allyl-3-methylimidazolium chloride, 1-butyl-3-
methylimidazolium hydrogen sulfate or carbon 
disulfide/aqueous NaOH.64-66,71-75  

Whereas the dissolution of cellulose is a key 
step in this method, an appropriate solvent to 
dissolve cellulose is difficult to find. In this 
respect, pretreatment of cellulose has been 
examined. For instance, since the derivatives of 
cellulose can be dissolved in many common 
solvents, especially organic solvents, chemical 
treatments to obtain a derivative of cellulose, such 
as cellulose acetate, carboxymethyl cellulose or 
hydroxypropyl methylcellulose, have been tried. 
Another approach is using enzymatic pretreatment 
of cellulose.61 The result of electrospinning 
depends not only on the type of solvent (single or 
binary solvent), but also on the spinning 
conditions, origin of cellulose, its degree of 
polymerization and pretreatment methods.76 

 
Steam explosion 

In this process, the biomass is subjected to 
high pressure steam (20 bar and higher) at 
temperature higher than 200 °C for a relatively 
short time. Depending on the degree of 
decomposition achieved though steam explosion, 
a post-treatment procedure to remove the 
remained hemicelluloses and lignin is necessary. 
The effectiveness of steam explosion depends 
upon the nature of the feedstock and the operation 
conditions, such as pressure, temperature and 
process time.36,77-79  
 
Chemical approaches 

There are various chemical approaches, such 
as acid hydrolysis, oxidation, carboxymethylation, 
acetylation, chlorination and alkaline treatment, 
used in a route to produce cellulose 
nanostructures. The aim of these approaches is 
different and can be either chemical modification 
of the cellulose surface, improvement of cellulose 
dispersion, breakage of bonds or removal of 
undesired components, such as lignin and 
hemicelluloses.11,33,79-81 

Among the mentioned approaches, acid 
hydrolysis has been widely used as acids can 
effectively break the amorphous region in natural 
fiber and release its crystal domains into the 
suspension. Depending on the plant source of 
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fiber, hydrolysis conditions must be mild enough 
to avoid conversion of cellulose to glucose. 
Besides the source of cellulose, processing 
conditions influence both the process efficiency 
and product properties.12,38,82-88 The processing 
factors include the type of acid used, its strength, 
reaction time, temperature and the ratio of acid to 
cellulose. The mostly used acids have been 
sulfuric and hydrochloric acids, however, using 
other acids, such as phosphoric,81-83 
hydrobromic92-93 and organic acids (like maleic 
acid),94 have been reported. Although all acids 
can hydrolyze the amorphous domain, they have 
different power of hydrolysis and they can affect 
the properties of the reaction environment, as well 
as the product.89 In this respect, acid mixtures 
have been also examined to improve the process 
results.95-96 Solid acid catalysts, with Brønsted 
acid active sites, can be used in the hydrolysis 
reaction, instead of concentrated acids. However, 
the contact between the catalyst active sites and 
cellulose are challenging as both the reactant and 
the catalyst are in solid phase. Similarly to acids, 
ionic liquids, introduced as solubilizing agents for 
cellulose, can also break the glycosidic bonds 
between the anhydroglucose units in cellulose.73,97 
Since ionic liquids are not consumed and can be 
regenerated at the end of the reaction, it is logical 
to say they act as catalyst.  

Oxidation of native cellulose, with the purpose 
of its surface modification, has been mostly used 
as a pretreatment step in a route to produce 
nanocellulose.57,98-101 This pretreatment leads to 
saving energy consumption, especially where the 
mechanical approach is used to produce 
nanocellulose. The most used oxidation of native 
cellulose is catalytic oxidation using TEMPO 
(2,2,6,6-tetramethylpiperidine-1-oxyl). TEMPO 
oxidation consists in a selective conversion of the 
hydroxyl groups in native cellulose to aldehyde 
and carboxylate functional groups in the aqueous 
phase and under mild conditions. In TEMPO 
oxidation, fibers are separated due to the repulsive 
forces among ionized carboxylates, which 
overwhelm the hydrogen bonds holding them 
together.102  

Among the chemical approaches introduced 
here, acid hydrolysis and TEMPO oxidation are 
toxic and environmentally incompatible 
processes, while using ionic liquids facilitates 
sustainable and green production of 
nanocellulose. 
 
 

Biochemical approach 
Similarly to chemical hydrolysis, cellulolytic 

enzymes (specifically, endoglucanase) attack the 
amorphous regions of the cellulose fibers and 
make the extraction of NC easier. The major 
advantage of the enzymatic treatment for NC 
production, compared to other techniques, is the 
selective hydrolysis of the amorphous region. 
This selective hydrolysis caused the cellulose 
nanostructures produced to have a more favorable 
structure than those produced by chemical 
hydrolysis.42 Other advantages of biochemical 
hydrolysis from the environmental point of view 
are related to that fact that it is less corrosive, 
involves less loss of material and requires low 
energy consumption. The immobilization of 
enzyme can be performed to improve the 
enzymatic hydrolysis economically. However, the 
low yield and high cost of enzymatic hydrolysis 
are important issues that limit its industrial 
application.2,8 In almost all the studies that used 
enzymatic hydrolysis to produce nanocellulose, 
this treatment is combined with other methods, 
mechanical or chemical ones.2,35,41,48,103-104  

It is worth mentioning that biochemical 
treatment must be performed in very aseptic 
conditions and thus some technical 
considerations, such as sterilization of the 
equipment and protection against contaminants, 
must be taken into account. 

 
 Synthesis of bacterial cellulose  

Bacterial NC is produced by 
Gluconacetobacter as a part of its carbon 
metabolism. In addition to glucose and fructose, 
other carbohydrates, such as manitol, glycerol, 
sucrose and galactose, can be used as carbon 
sources in Gluconacetobacter culture.105 
Depending on the main carbon source in the 
growth medium, there are different initial 
pathways toward the central metabolites. 
Different pathways produce different amounts of 
water-soluble polysaccharides, like acetan and 
levan, which influence the production of cellulose 
nanostructures.106 The amount of these water-
soluble polysaccharides produced depends on the 
type of carbon source and bacterial strain, as well 
as whether the strain is mutant or wild type. 

Two production methods, static and agitated, 
in different cultivation approaches (batch, fed-
batch, continuous) have been used to produce 
bacterial NC.  

 

334 
 



Cellulose 

 
In the static method, a gelatinous layer (up to 

several centimeters thick) is formed on the surface 
of the incubation medium, whereas in the agitated 
culture, irregular spherical grains are obtained.107 
Accordingly, depending on the desired 
application of cellulose, the cultivation method is 
selected.  

Despite many attempts for the production of 
bacterial NC, its commercial production is still 
performed through static cultivation in shallow 
containers, using minimally automated work 
processes. For transferring the production of 
bacterial NC to an industrial scale, the yield and 
efficiency of the process need to be significantly 
improved. In this respect, novel and modified 
bioreactors have been designed. As an example, 
Song et al.108 modified the airlift-type bubble 
column bioreactor or Kralisch et al.109 developed 
a horizontal lift reactor.  

Whether the static or agitated production 
method is used, the applied conditions influence 
the properties of the obtained nanocellulose, its 
yield and rate of production.105-106,110-115 The 
production conditions include carbon source and 
its concentration, process temperature, oxygen 
supply, and process time. It is worth mentioning 
that the efficiency of the process, when it involves 
microorganisms, also depends on how well the 
equipment is sterilized and protected against 
contaminants. 

 
PROPERTIES AND APPLICATIONS OF 
CELLULOSE NANOSTRUCTURES 

Nanocellulose, which is smooth, transparent, 
mechanically strong and thermally resistant, 
allows creating durable and flexible paper-based 
energy devices.116 It contains three hydroxyl 
groups, which are highly active and useful for 
chemical modification.10 This section explains 
how these characteristics are involved in 
developing paper-based energy devices. 
Minimization of thermal effects on the device is 
one of the main requirements for its performance. 
Thermal stability of the materials determines the 
temperature range for material processing, as well 
as the final characteristics of the product and its 
usage. For instance, melt processing requires high 
temperatures, and hence this method cannot be 
applied for materials with low thermal stability. 
Smart devices and sensors also require reliable 
thermal isolation between the sensing elements 
and the sensor substrate. Besides, poor thermal 
stability limits the layer thickness of the paper, 
while the paper thickness affects the performance 

of the device. Thin and strong papers are suitable 
to be used not only as a reinforcement element, 
but also as a binding material in energy storage 
applications. For instance, a thin separator is 
preferred for supercapacitors, as it provides the 
maximum capacitance for them.117 It is worth 
mentioning that the thermal characteristics of 
nanocomposites depend not only on the 
nanocellulose, but also on the other components 
(especially the polymer), as well as on good 
dispersion of nanocellulose and its compatibility 
with the other components.  

Cellulose nanocrystals exhibit a very low 
thermal expansion coefficient (TEC), ranging 
from 0.5× 10-5 K-1 to 17× 10-5 K-1, depending on 
their polymorphism and surface chemistry.118 It 
has been reported that, unlike the cellulose 
nanocrystals, which showed a linear TEC, the 
composite containing nanocellulose exhibited 
almost no thermal expansion or contraction. The 
TEC for the nanocomposite made of 
nanocellulose was reported lower than that for 
cellulose nanocrystals (about 10−7 K−1).118 This 
value is lower than the TEC of metals, which is 
about ~10−6K−1. Because of the low TEC of 
nanocellulose, paper-based energy devices exhibit 
high resistance to thermal shock and thermal 
deformation. The strength of interactions in the 
polymer-nanocellulose network needs to be strong 
enough to restrict the TEC of the composites.  

Besides their favorable thermal properties, 
cellulose nanostructures indicate good mechanical 
properties, which make them suitable to be used 
in paper-based energy storage devices. For 
example, strong porous films using nanocellulose, 
in which hydrogen bonds generate inter-fiber 
contacts, can be fabricated.116 This porous 
structure allows the ionic species move easily 
between the electrode surfaces. High elastic 
modulus (up to 150 GPa) and strength (up to 7 
GPa) have been reported for nanocellulose.118 
Different values have been reported for the 
stiffness of nanocellulose, depending on its 
original source, morphological properties, 
geometrical dimensions, degree of crystallinity 
and polymorphism. Besides these inherent 
characteristics of nanocelluose, the method 
applied for its production, as well as the 
measurement method used, caused differences in 
the reported data.  

Interestingly, nanocellulose exhibits different 
optical response, compared to other cellulosic 
materials, because of its nanoscale size, 
anisotropic individual structures and liquid 
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crystalline behavior.118 Cellulose nanocrystals are 
birefringent, and have refractive indices of 1.618 
and 1.544 in the axial and transverse directions, 
respectively. The optical properties of transparent 
cellulosic films can be tuned by modifying the 
precursor liquid crystalline characteristics of the 
system, as well as by varying the amount of the 
nanocellulose. Well-dispersed nanocellulose can 
replace conventional co-binding materials in 
coatings to improve whiteness, opacity, 
smoothness, and printing clarity of new papers. 
Environmentally friendly transparent films made 
of nanocellulose are a good substitute for 
transparent plastics in different devices, for 
example, flexible displays, organic light emitting 
diodes, transparent insulating, or semiconducting 
substrates in transparent paper transistors. Paper-
based transistors are applicable in disposable 
microelectronics, such as biosensors, and in 
intelligent packaging. 

 
PAPER-BASED ENERGY DEVICES IN 
ENERGY APPLICATIONS 

Nanocellulose has been proposed to be used in 
paper-based devices due to its outstanding 
properties.5,40,116,119-121 The three-dimensional 
hierarchical structure of nanocellulose and its 
ability to hold other functional materials open up 
great opportunities for using cellulose in 
electrical, electrochemical, optical and energy 
storage devices.5 Paper is generally known as an 
insulating material. However, it is possible to 
make it conductive by incorporation of 
conducting materials, such as metals, or carbon 
nanostructures (carbon nanotubes or 
graphene).120,122-124 

Conductive papers are fabricated by two 
different approaches: one in which cellulose is the 
host-matrix for additives and the other where, 
besides additives, cellulose is blended with 
another polymer. Conductive papers have high 
flexibility, which makes them suitable for 
applications where high load or high frequency 
exists. However, the applications of cellulose are 
restricted because of its limited functionalities. On 
the other hand, cellulosic nanostructures, with 
their exceptional properties (including high aspect 
ratio, very low density, high thermal stability, 
chemical resistance, and high mechanical 
strength), have broadened the development of 
conductive papers for different applications. 
Besides, the similarity in dimensions of NC and 
other nanostructures, such as CNTs, graphene and 
Cu nanoparticles, allows uniform mixing of the 

two components in a matrix, which results in 
highly conductive films. Such films are 
appropriate for various applications, ranging from 
energy-efficient devices to smart devices and 
electronic components (like transistors).5,119-120,125-

127 The low density of nanocellulose also 
encourages its usage in the fabrication of portable 
electronic devices. 
 
Energy storage devices  

Energy-efficient devices, in which excess 
energy can be held for future usage, are now the 
center of attention. The performance of such 
devices depends on how the energy is stored. 
Cellulose, due to its extraordinary structure, is a 
promising candidate to be used in energy storage 
systems. The linear chains of plant cellulose 
aggregate to highly ordered structures, which are 
fibers at the nanoscale, called nanofibrils. These 
structured nanofibers are suitable in the 
fabrication of energy storage devices.  

According to the basic operating principles, 
paper-based devices for energy storage could be 
categorized as: (i) electrochemical devices, 
including batteries (in lithium-ion batteries) and 
electrochemical capacitors (or supercapacitors), 
(ii) fuel cells and (iii) nanogenerators. 

Electrochemical batteries and electrochemical 
capacitors are two types of energy storage devices 
that work based on electrochemical processes. 
They have similar structure, consisting of two 
electrodes, an electrolyte and a separator. The 
electrodes are conductive for transporting 
electrons and ions, and the separator electrically 
isolates the two electrodes. However, despite their 
structural similarity, they use different storage 
mechanisms. In batteries, the electric charge is 
stored as chemical energy through an 
electrochemical redox reaction, whereas in 
supercapacitors the electrostatic charge is stored 
through the formation of an electric double layer 
at the interface between the electrolyte and the 
electrodes. This difference makes their 
application different. The battery is generally 
taken if a large amount of energy is required to be 
delivered gradually. Whereas, if a powerful burst 
of energy lasting a short time is needed, the 
capacitor is used. Supercapacitors are employed 
in high power applications and batteries in low 
power applications.  

Supercapacitors, due to their high specific 
capacitance and power density, are typically 
superior to batteries in the rate of 
charge/discharge, as well as with regard to their 
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environmental impact and safety. With respect to 
the weight and volume of the devices, Li-ion 
batteries have much higher energy densities than 
supercapacitors. Consequently, Li-ion batteries 
have found by far the most application markets.119 
However, there is a great attempt to enhance the 
performance of supercapacitors for a wider range 
of applications. For instance, to make 
supercapacitors flexible and stretchable, so that 
they can be used in portable and wearable 
electronics.125-129 Flexible supercapacitors, due to 
their high capability, long cycle life, low cost, and 
easy fabrication, have attracted great attention. 
Paper-based supercapacitors display much higher 
specific capacitances than devices based on 
plastic substrates, as well as excellent cycling 
performance. Wearable electronics (or smart 
textiles) are employed in several novel 
applications, such as high-performance 
sportswear, wearable displays, new classes of 
portable power, and embedded health monitoring 
devices.130-133 In all these applications, the device 
is expected to function steadily and hence it must 
be powered by stable and lasting energy sources. 
A current approach in fabricating wearable 
electronics is to create flexible batteries or 
supercapacitors integrated within a textile 
matrix.133 

Conductive papers, which are flexible and 
porous, are researched for fabricating energy 
storage devices.119,121,124-125,127-135 In both batteries 
and supercapacitors, cellulose nanostructures have 
been investigated to be used as electrodes,119,134,136 
separators,134 and/or electrolytes.129,137,138 
Conductive papers used as electrodes in energy 
storage devices showed higher rates of electron 
transfer, compared to conventional powder and 
film electrodes. The porous structure of 
conductive papers provides a desirable surface 
area that can achieve larger energy and power 
densities, higher rate capability and longer cycle 
life. It has been revealed that as the electrode 
thickness increases, the impedance associated 
with the ion or electron transport also increases 
dramatically.119 Therefore, larger internal 
resistance and potential are generated. These 
parameters are detrimental to the device 
efficiency and its stability performance. If 
cellulosic nanofibers are used in separators of 
batteries, as they provide a nanoporous structure, 
the ionic conductivity of a membrane soaked with 
liquid electrolyte increases. The main advantage 
of using cellulose nanostructures in fabricating 
energy storage devices is that they can serve as 

both electrode materials and separators, which 
results in developing flexible and thin devices. In 
such systems, electrodes and electrolytes are 
integrated into the paper. 

Due to their large surface areas and high 
conductivity, CNTs have been explored as 
attractive supercapacitor materials, using the 
electrochemical double layer mechanism.119 
However, unmodified CNTs are hydrophobic, and 
their applications in supercapacitors have been 
hindered by poor electrolyte wetting.124 Cellulose 
is highly water absorbent, which encourages the 
usage of conductive paper as electrodes for 
supercapacitors with aqueous electrolytes. By 
using cellulose, the aqueous electrolyte can be 
readily absorbed into the electrode and provides 
intimate contact between the electrode and the 
electrolyte.  

In fuel cells, the chemical energy of a 
substrate, called fuel, is directly converted into 
electrical energy through an oxidation reaction 
between the fuel and an oxidant. Renewable fuels, 
such as hydrogen, ethanol, methane, etc., can be 
used in fuel cells to produce electricity. A biofuel 
cell is a specific type of fuel cell that uses a 
biocatalyst (enzyme) or microorganisms to 
oxidize organic fuels, such as glucose, biomass, 
wastewater, etc. Biofuel cells are a clean energy 
alternative to both electrochemical batteries and 
conventional fuel cells that use expensive metal 
catalysts. Another advantage of biofuel cells is 
that they operate under mild pH and temperature 
conditions, compared to conventional fuel cells.  

Fraiwan et al. reported on the first paper-based 
microbial fuel cells.139,140 Rapid generation of 
electricity was observed, while conventional 
MFCs require long start-up times (typically 
several days to a week). This observation is 
attributed to the hydrophilicity of the cell, which 
provides accumulation and acclimation of bacteria 
on the MFC anode.139 Lee and Choi developed a 
3-D paper-based bacteria-powered battery.121 
They claimed that this battery can offer on-board 
energy to the next generation of paper-based 
systems with one drop of liquid derived from 
contaminant water and/or wastewater sources. 
Paper-based biofuel cells are a easy-to-use power 
source. However, their low power generation and 
short-term stability make them be preferred only 
for low power and/or single use applications. For 
instance, they are a perfect power source for paper 
diagnostic devices. The papers used in the biofuel 
cells also require to be sophisticatedly patterned 
for microfluidic channels. Figure 3 illustrates the 
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fully assembled paper-based MFC and its 
different layers. 

Nanogenerators can convert a tiny scale of 
mechanical energy received into electricity. For 
example, they can generate electricity from a 
gentle airflow or human activity (like walking, 
reading, typing, etc.).135 One marvelous 
application of nanogenerators is fabricating self-
powered systems and active sensors.141 Paper-
based nanogenerators (PNG) are attractive for 
building low-cost, green and disposable self-
powered devices and systems.141,143 PNGs work 
based on the electrostatic effect. The electrostatic 
charges on the paper are generated by the corona 

method.142 Zhong et al. indicated that at a voltage 
of 110 V, the instantaneous output power density 
of a single-layered PNG can reach nearly 91 
µWcm-2.142 This power is sufficient to illuminate 
70 LEDs instantaneously. They also fixed the 
PNG to a book and the energy of turning the 
pages lighted up two blue LEDs connected in 
antiparallel configuration. Kim et al.141 fabricated 
a foldable and thermally stable paper 
nanogenerator that included piezoelectrically 
active ZnO nanorods (Fig. 4 a). This paper-based 
nanogenerator was more thermally stable than the 
nanogenerator fabricated using polyethylene 
naphthalate (Fig. 4 b, c). 

 
 

 
Figure 3: (a) A photograph of fully assembled paper-based MFC; (b) Different layers in paper-based MFC 

(with permission)129 

 

 
 

Figure 4: (a) A depiction of a paper-based generator with ZnO nanorods on a foldable cellulose paper; (b) A paper-
based nanogenerator; (c) A polyethylene naphthalate nanogenerator (with permission)141 

 
 
Smart materials (sensors and actuators) 

A sensor is a type of electronic device applied 
for detecting some kind of stimulus 
instantaneously. The stimulus may be a change of 
temperature, pH, light, pressure, humidity and/or 
chemical or biological compounds. Sensors are 

broadly utilized in our daily life, ranging from 
lab-on-a-chip devices to condition monitoring of 
appliances and protection of natural and synthetic 
environments. A sensor is fundamentally a 
transducer that generates a measurable response 
proportional to a change in a physical, chemical, 
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or biological condition. A sensor is composed of 
two main parts: a receptor and a transducer. 
Receptors can detect any stimulus, while 
transducers change the stimulus to an electric 
signal.  

The most important properties of a sensor 
include its sensitivity, selectivity, reproducibility, 
stability, linearity, and scalability. Other 
characteristics of a sensor, such as response time, 
spatial and temporal resolution, hysteresis, creep 
and aging, are also considered. Most of the 
properties named here depend on the 
characteristics of the material used in sensors. 
Accordingly, an appropriate selection of the 
sensing material is a prerequisite for the desired 
performance of a sensor. Sensors are basically 
fabricated using two different sources of 
materials: inorganic semiconductors, usually 
metal oxides, or organic conducting polymers. 
However, both materials have some advantages 
and limitations. Inorganic semiconductors are 
generally unstable because of the ionic 
conducting charge on the surface. Their working 
temperature is high, which results in high energy 
consumption and latent safety concerns.94 Organic 
materials that have a free electron on their double 
bond along the polymer main chain are 
appropriate for applications at ambient 
temperatures. However, they are not thermally 
stable and show very long response time.94 To 
resolve the limitations and drawbacks of each 
material, various research has been conducted to 
enhance the sensor ability and flexibility. 
Conductive composites are now extensively under 
study to optimize their characteristics in terms of 
both sensing ability and intrinsic properties, 
importantly mechanical and thermal stability. 
Conductive polymers filled with NC show higher 
elongation at break, tensile modulus, and strength 
than unfilled films.  

Conductive papers, also called “smart papers” 
have recently attracted great interest to be used as 
an active material in sensors and actuators.5,102,144-

151 Similarly to sensors, an actuator is also a 
transducer, but it works differently. Actuators 
accept an electrical signal and take physical 
action. Smart papers have indicated good 
mechanically adaptive behavior in response to 
different stimuli. A promising characteristic of 
smart papers used as active sensors is that they are 
self-powered systems.139,142,152-153  

Yan and co-authors  have developed smart 
papers to be used in strain sensors, where 
resistance varies with any mechanical stimulus, 

like force, pressure, tension, weight, etc.154-155 
Such sensors have broad applications in mobile 
health monitoring, robotics and vibration control 
applications. The reason is they can be integrated 
into micro-electromechanical systems (MEMS) or 
be used in other electric devices, like micro-
actuators. Smart papers have been also 
successfully applied in controlled drug delivery 
systems, where an electro-stimulated targeted 
system is used,156-158 or as a biosensor in detection 
systems.159,160 Other examples of smart paper used 
in sensing applications include humidity 
sensors,161 detecting explosives in aqueous 
solution,152 piezoelectric sensors,162 and tracing 
heavy metals or pollutants.163 
 
Transparent sheets 

Generally, cellulose-based products are 
opaque; however, nanocellulose-based papers are 
transparent.33,122,124,164-169 Nanocellulose, due to its 
diameters being less than one-tenth of the visible 
light wavelength, avoid light scattering and, if the 
they packed densely, the tiny interstices between 
the nanoelements also avoid light scattering, and 
thus the cellulosic material becomes transparent. 
These outstanding characteristics offer the 
possibility of obtaining paper-based materials 
with high transparency and thermal stability 
similar to those of glass, while being lightweight 
and flexible as regular paper.  

Tin-doped indium oxide (ITO) is generally 
used as a transparent electrode for 
optoelectronics. However, it is not mechanically 
resistant and easily cracks, which causes the 
malfunction of devices.119  

Researchers are seeking to fabricate stronger 
and flexible transparent electrodes by using 
nanostructures. The low thermal expansion of 
transparent papers, with their high strength and 
modulus, combined with their flexibility, make 
them perfect for fabricating flexible transparent 
electronics and optoelectronics devices. Such 
devices, in which roll-to-roll processing is used, 
include conductive transparent electrodes for solar 
cells, display devices and organic light-emitting 
diodes (OLEDs).  

It is worth mentioning that the optical 
properties of a paper-based electrode, including 
ISO brightness and opacity, as well as specific 
scattering, depend not only on the dimensions of 
the cellulose nanostructures, their morphology 
and crystallinity, but also on the method they are 
packed.124  
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Insulation materials 
Cellulose-based materials were once 

traditionally used as insulating cover for electrical 
components, like cables and capacitors. However, 
because of the hygroscopicity and poor 
mechanical resistance of cellulosic coatings, 
plastic materials have replaced them. The 
hygroscopic and mechanical properties of 
cellulosic materials depend on both the degree of 
cellulose crystallinity and its porosity.170 The 
higher the degree of crystallinity and the porosity 
of cellulose, the less water sorption is observed. 
The water sorption properties of a paper-based 
component significantly affect its 
characteristics.171-172 The hydrophilic nature of 
NC can also be regulated by chemical 
modification or functionalization of the 
nanocelluloses. Some techniques that can reduce 
the hygroscopicity of the cellulosic material are 
graft polymerization, free radical 
polymerization,173,174 alkylation, acetylation,168 
carbanylation,175 esterification,178 using a 
hydrophobic coating of the paper,177 and 
adsorption of cationic surfactants.101 The 
dielectric properties of a cellulosic compound also 
depend on other factors, including impurities, the 
content of hemicelluloses and lignin, the degree 
of polymerization, fiber length, and density.171  

Oil impregnated paper is a reliable electrically 
insulating material in high voltage, high-power 
applications. Besides the cellulose availability and 
its low cost, the traditional exploitation of oil-
impregnated paper is justified by some of its 
properties, such as high resistivity (~1010 Ωcm−1), 
high electrical strength (~180 kV cm−1 in oil), 
chemical stability, flexibility and non-
thermoplastic properties.171 Improved mechanical 
characteristics of paper make it suitable for long-
term use in electrical transformers, which is still 
in demand. The insulating property of paper 
should be considered not only for its use in 
electronics and electrical applications. Due to its 
transparency, paper-based coatings can have an 
outstanding application as thermal and/or sound 
insulators. It is expected that such a transparent 
coating on a window can not only save energy, 
but also act as a sound insulator for the building. 
Table 2 summarizes the reported data about the 
paper-based energy storage devices in the 
literature. The data include the source of the 

cellulose used, the composition of 
nanocomposites, the preparation method and 
application. 

 
CHALLENGES AND FUTURE PROSPECTS 

Nowadays, NC is considered a most promising 
green material and a future alternative for 
replacing the currently used synthetic materials. 
However, there are some challenges in the way of 
commercialization of paper-based devices. These 
challenges are related to the production of 
nanocellulose and the fabrication of paper-based 
devices, as described below. 

The most important issue is designing an 
economical and sustainable process for 
continuous and large-scale production of 
nanocellulose. In this way, regulation and 
standardization of the product and production 
method are essential.  

In addition to the production issues, the 
performance of electronic and electrical paper-
based energy devices strongly depends on the 
controlled structure of the NC produced. There is 
a direct relationship between the structure, 
porosity, dimensions and surface properties of the 
nanocellulose and its behaviors. Accordingly, 
controlling these characteristics is crucial for 
obtaining the advantage of using nanocellulose-
based components in high-performance energy 
storage devices. Controlling the size, morphology 
and polymorphism of cellulose during production 
and treatment is challenging, because it relies on 
deep understanding of the NC structure at atom 
scale. 

More challenges are related to the fabrication 
of paper-based devices. It is quite challenging to 
fabricate thin, lightweight and flexible paper-
based devices, while preserving their high 
mechanical strength and appropriate electronic 
characteristics. Great efforts are conducting to 
resolving the mentioned problems, in parallel to 
designing and fabricating novel products, such as 
hierarchical 3D fibrous porous components, 
miniaturized analytical platforms, optical sensing-
based electronics and wearable electronic devices. 
The future prospect of such efforts is paving the 
path for developing commercial applications of 
paper-based devices. 
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Table 2 

Paper-based energy storage devices reported in the literature 
 

Type of cellulose Product composition Preparation method Application Ref. 

Soft wood kraft 
pulp 

TEMPO-oxidized cellulose 
nanofibrils (TOCN) 

Cast coating of 
CNT/TOCN 

Touch panel and 
printed electronic 

application 
122 

Cellulose Cellulose/CNT Printing Batteries and 
supercapacitors 134 

Cladophora 
cellulose 

Polypyrrole/nanocellulose/ 
carbon fiber Moulding 

Storage devices for 
high-power 
applications 

136 

Bleached 
cellulose fiber 

Carbon/impregnated paper with 
sodium polysterene sulfonate Sandwiching Microbial fuel cells 139 

Paper Metal (ZnO, Au, Al) coated 
cellulose Spin coating Nanogenerators 141 

Paper Polyterauoroethylene-Ag-paper Thermal evaporation/ 
spin coating Nanogenerators 142 

Cellulose Transparent paper/polystryrene 
sulfonate/ polylactic acid Spin coating Nanogenerators 143 

Filter paper Glassy carbon/ethylene 
dioxythiophene 

Electro-
polymerization 

Microfluidic 
sampling 145 

Cladophora 
cellulose Polyanaline/cellulose Blending/sonication/ 

filtering/drying Lead II sensor 146 

Commercial 
nanocellulose Graphene/nanocellulose NR Strain sensor 154 

Cotton fiber Carbon black/natural 
rubber/nanocellulose Blending/casting Strain sensor 155 

Microcrystalline 
cellulose  

Cellulose nanocrystal/ 
graphene oxide Blending/oven drying Humidity sensor 161 

Bacterial 
cellulose 

Silver coated polyethylene 
terephthalate/bacterial cellulose Sandwiching Piezoelectric sensor 162 

Bleached 
softwood pulp 

Cyanobacterial  
C-phycocyanin/nanocellulose Immobilization Copper, iron sensor 163 

Pure cotton pulp Modified graphene oxide/ 
cellulose nanocrystal 

Layer-by-layer 
spraying Proximity sensor 164 

Bleached 
sulphite 
softwood pulp 

Cladophora 
cellulose/nanocellulose Blending/drying Electrical insulator 171 

Commercial 
nanocellulose Nanocellulose/paper Blending/hot pressing Electrical insulator 172 

 
 
CONCLUSION 

Cellulose is widely distributed in plants and, to 
a lesser degree, in invertebrates and 
microorganisms. Cellulose derived from 
invertebrates and bacteria is free from lignin, 
pectin and hemicelluloses, which are commonly 
present in the cellulose extracted from plants. 
However, the cost of the cellulose obtained from 
bacteria or invertebrates is quite high, thus 
limiting its applications.  

Plant NC is obtained via different methods of 
mechanical, chemical and biochemical treatments. 
The mechanical and biochemical treatments to 
produce NC are more sustainable than chemical 

treatments. However, biochemical methods are 
restricted by the high cost of enzymes, while 
mechanical methods are confined by their high-
energy consumption. Accordingly, a combination 
of treatments is suggested for commercial 
production of NC. 

Due to its outstanding properties, NC has been 
widely considered for the development of high-
performance energy devices, including batteries, 
supercapacitors, nanogenerators, sensors and 
transducers, as well as 3D energy textiles. These 
energy devices have demonstrated superior 
performance and unique properties, such as being 
stretchable and flexible, compared to equivalent 
traditional conductors. Such marvelous 
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characteristics of these devices are strongly linked 
to the unique properties of the paper or textile 
used. Consequently, cellulose nanostructures 
provide new functionalities that bring a great 
opportunity for paper producers to develop new 
value-added products. Nevertheless, there are 
some challenges in the way of commercialization 
of paper-based electronic and electrical devices, 
in which NC is used. The most important one is 
the industrial scale NC production, ensuring the 
robustness and scalability of the process for mass 
production of NC. Besides, regulation and 
standardization of the product are essential for 
commercialization of the NC applications. In 
addition to the production issues, the performance 
of electronic and electrical paper-based energy 
devices strongly depends on the controlled 
structures of the NC produced. In other words, 
protecting the morphology and polymorphism of 
cellulose during treatment is challenging, which 
triggers further investigations. 
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