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ABSTRACT
The need for achieving sustainable technologies has encouraged
research on renewable and biodegradable materials for novel prod-
ucts that are clean, green, and environmentally friendly.
Nanocellulose (NC) has many attractive properties such as high
mechanical strength and flexibility, large specific surface area, in add-
ition to possessing good wet stability and resistance to tough chem-
ical environments. NC has also been shown to easily integrate with
other materials to form composites. By combining it with conductive
and electroactive materials, many of the advantageous properties of
NC can be transferred to the resulting composites. Conductive poly-
mers, in particular poly(3,4-ethylenedioxythiophene:poly(styrene sul-
fonate) (PEDOT:PSS), have been successfully combined with cellulose
derivatives where suspensions of NC particles and colloids of
PEDOT:PSS are made to interact at a molecular level. Alternatively,
different polymerization techniques have been used to coat the cel-
lulose fibrils. When processed in liquid form, the resulting mixture
can be used as a conductive ink. This review outlines the preparation
of NC/PEDOT:PSS composites and their fabrication in the form of
electronic nanopapers, filaments, and conductive aerogels. We also
discuss the molecular interaction between NC and PEDOT:PSS and
the factors that affect the bonding properties. Finally, we address
their potential applications in energy storage and harvesting, sen-
sors, actuators, and bioelectronics.
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1. Introduction

The demand for advanced applications toward green electronics and clean energy in
today’s society to support the United Nations sustainability goals will require the
improvement of materials performance, selection, and fabrication technology. Organic
electronics have several advantages as compared to inorganic materials such as being
lightweight, mechanically flexible, and environmentally friendly; thereby extending
opportunity to develop devices using low-cost fabrication techniques such as coating or
printing. Printed and flexible electronics created from organic electronic materials offer
the manufacturers and developers the potential advantages of being cost-effective, light
weight, economic and environmentally friendly.[1] The organic electronic materials in
the form of conductive inks with active materials such as carbon nanotubes, graphene,
graphene oxide, silver (usually nanoparticle or microparticle ink), and conductive pol-
ymers have witnessed spectacular growth in printed electronics such as display tech-
nologies, consumer electronics, energy storage, conversion and harvesting, flexible
and wearable electronics, biosensors, smart packaging, and body-integrated electronics
in healthcare systems.[2] However, these inks, for instance carbon-based inks, often
have rheological issues (low viscosity), low surface tension, solubility, and wettability
which require the addition of hazardous solvents and binder materials to make them
suitable for printing technology.[3,4] Nanocelluloses (NCs), have a number of interest-
ing properties such as high flexibility, good mechanical properties, optical transpar-
ency, and good rheological properties that makes it well-suited for use in printed and
electronic applications in addition to being sustainable and environmentally
friendly.[5,6] NCs have been used as substrates for energy harvesting devices, actuators,
and sensors[7] in addition to provide a template for conducting materials to form con-
ductive inks for use in the electronics industry owing to its enhanced solubility, con-
ductivity, and flexibility.[8] Unlike other conductive inks that usually possess low
viscosity and promote “coffee-rings” during the drying process, NC-based inks sup-
press such coffee-ring effects due to the anisotropic Brownian motion of its particles
to the periphery of the droplet.[9] Due to the anisotropy of the NCs, their strong
interaction with water and their surface charge properties they will form volume
spanning arrested states (VASs) and hydrogels at low solids contents.[10,11] These
structures have also been shown to have shear-thinning properties.[12] The viscosity of
NC dispersions can be modified by, shortening the NCs, a surface modification and/
or water evaporation. Therefore, NC combined with conducting materials can pro-
duce high quality electrically conducting inks which enable the fabrication of a wide
range of electronic components through spray, inkjet, screen and 3D printings, and
coating processes.
Composites of NC and conducting materials such as metals[13], Mxene[14], and carbon-

based materials[15–17] can be prepared by a blending method in which the charge-transfer
and strength of the individual components are controlled by the physical interaction
between the blended components.[18] NC-conductive polymer composites can also be cre-
ated via another avenue which involves in situ polymerization. Composites created
through this synthesis route include NC and polypyrrole[19,20], polyaniline,[21,22] and
poly(3,4-ethylenedioxythiophene) (PEDOT) and its derivatives[23–27]. Device fabrication
from NC composites and their emerging applications were recently reviewed[18,28,29].
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Among these composites, NC and PEDOT:poly(styrene sulfonate)(PSS) is the most desir-
able conductive ink for commercialization due to materials availability, solubility, stability,
processibility, and its electrical conductivity.[30] These conductive inks can be used for
printed and flexible electronics[27] or extruded conductive filaments for electronic textile
applications.[31]

Within this report, we present an overview of NC and PEDOT:PSS composite
research. We provide a fundamental aspect of NC/PEDOT:PSS composites and the tech-
niques and processes that are used to form electroactive inks, nanopapers, man-made
filaments, and aerogels. Finally, we discuss the potential applications of these functional
materials in energy storage, energy harvesting, sensors, actuators, and bioelectronics.

2. Materials

2.1. Cellulose

Cellulose, the most abundant biopolymer that exists in nature, is a linear organic poly-
saccharide consisting of b-1,4 linkages of anhydrogluose. The structure of cellulose is
shown in Fig. 1. In nature, plants and algae utilize cellulose as a structural component
in their cell walls while some bacteria use cellulose to create biofilms. Humans have
exploited cellulosic materials for their own uses with cellulose being a major component
in materials such as paper, cotton, wood, and hemp to name a few. Cellulose research
has therefore been an extensive field to improve and invent new materials and

Figure 1. Raw materials for NC productions, type of NC and their dimension (diameter and length).
Cellulose nanofibrils[34] bacterial cellulose[35], and cellulose nanocrystals[36] images were adapted
with permission.
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technology.[8,32] More modern developments have included using cellulosic materials as
biofuels and their development into ion exchange membranes.[33] One such modern
development has been the refinery of cellulose into different sized of micro and nanofi-
brils, as shown in SEM images in Fig. 1. While wood fibers have been used for centuries
to fabricate paper, only recently have researchers developed strategies to efficiently
extract micro- and nano-fibrils from biomass and composite materials where the
extracted fibrils are now being developed constantly for new applications.

2.2. Nanocellulose

NCs from renewable resources have received a growing interest in the last decades due
to their unique structure, properties and tunability.[37] It is important to understand
that NC is not one specific material, but rather the collective name of the class of par-
ticles composed of the cellulose polymer and at least one dimension in the nanoscale
range. The possible variations of NCs are, therefore large, where the differences could
be in size, shape, and surface chemistry which in turn would lead to differences in, for
example, mechanical properties, rheology, degradation, colloidal properties, compatibil-
ity with other materials, and specific surface area (SSA). As a natural nanoscale material,
NC possesses special morphology and geometrical dimensions, usually high SSA, high
aspect ratio, strong inter- and intra-molecular interactions, and crystallinity.[38] The uni-
directional parallel orientation of cellulose chains within the fibrils, occurring during
biosynthesis and deposition, induces the formation of crystals having hydroxyl function-
ality on one end. The inter- and intra-molecular interactions within and between the
glucan chains creates the specific properties of the material such as hydrophilicity, chir-
ality, and ease of chemical functionalization.[39] The structure of NC materials linked to
the intrinsic shape, anisotropy, surface charge/chemistry, rheology, and mechanical
properties of NCs can be used to improve the performance of composite materials and
development of advanced functional materials.[40]

NCs can be extracted from different raw materials mainly from forest trees, plants
and agriculture residuals, tunicates or collected from cellulose-producing bacteria.[41]

Wood fibers (20� 50 mm width and 1� 5mm length), extracted from trees, are argu-
ably the most widely used cellulose fibers, since they are used in the papermaking pro-
cess, regenerated cellulose manufacturing and in different hygiene products. Wood
fibers consist of cellulose, hemicelluloses, and lignin in different proportions depending
on species and part of the tree.[42] In papermaking, wood fibers are first delignified in
the pulping and bleaching processes before the fibers are formed into paper sheets in
the paper machine. The cellulose polymer is a linear biopolymer of glucan units that
self assembles in nature during synthesis to a high aspect ratio and semi-crystalline
nanostructure. The glucan chains are attached to each other to form fibrils, and several
fibrils are bound to each other to form fibril aggregates that in turn are further com-
bined with hemicellulose and lignin, to create the composite structure in the wood fiber.
When the cellulose is liberated from the fiber wall during different processing steps to
create NC materials, microfibrillated cellulose (MFC) is first formed with a broad size
distribution of the particles.[43] The microfibrils can then be further converted into
nanoscale building blocks, referred to as NCs.[44] These NCs can be divided into two
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major versions; cellulose nano fibrils (CNFs) and cellulose nanocrystals (CNCs).
Generally, the CNFs are much longer (above 1 lm) whereas the CNCs are shorter
(100–400 nm) with a higher degree of crystallinity. In order to keep a high colloidal sta-
bility of the NCs, they are usually decorated with anionic charges, carboxylic acid
groups for CNFs and sulfonic acid groups for the CNCs. There are naturally a wide var-
iety of modification techniques available in this area but this is a valid general descrip-
tion of the situation today. There is still a scientific debate about the general
composition of the fibrils but one accepted view is that the CNFs are made up of 36
cellulose chains, consisting of repeating units of two linked D-glucose molecules with b
(1–4) glycosidic bonds (typically with a DP [degree of polymerization] around 10,000)
and comprises crystalline and amorphous regions.[45] The dimension and degree of
crystallinity of CNF depend on their sources and extraction techniques[46] and the exist-
ence of and dimensions of the amorphous regions have been highly questioned lately
from high-resolution AFM and SEM techniques.[47] Most probably, the nanodimension
of the fibrils and the high amount of cellulose glucan chains on the external surface of
the fibrils can explain the semicrystallinity of the fibrils instead of a fringed micel-
lar structure.
While forest or plant-based cellulose has dominated the research space and commer-

cial market, other natural sources of cellulose exist such as bacteria-produced materi-
als.[48] The function of cellulose originating in bacteria may differ from that of plants
(UV-light and heavy metal ion protection vs. osmotic pressure protection), yet the cellu-
lose component remains biodegradable and biocompatible with some additional advan-
tages not seen in cellulose derived from plants. Bacterial cellulose (BC) has a higher
purity compared to plant and wood cellulose due to the lack of lignin and hemicellulose
which reduces purification steps.
Tunicate cellulose is a more recent discovery of naturally occurring cellulose within

the animal kingdom. Tunicates, a marine invertebrate animal living either as solitary
animals or in budding colonies, contain cellulose in their outer wall. Tunicate cellulose
possesses an ultrafine fibrous network with a highly ordered and crystalline structure.[49]

With its high aspect ratio, low density, and mechanical strength, reports have suggested
its film-forming properties may surpass that of other naturally occurring cellulose.[44]

Unfortunately, the production of tunicate cellulose is minimal compared to plant and
BC which has undoubtably led to its reduced take up.
The detail classification, preparation, surface modification, application, challenges,

and opportunity of NCs toward industrialization can be found in recent reviews and,
therefore, the full details of NCs are beyond the scope of this review.[8,44,50–52]

2.3. Production and properties of NCs

The production of NC is in a state of constant development with an emphasis on the
reduction of production costs and the introduction of different functional groups onto
the cellulose structure.[53,54] The large SSA and the presence of a large number of
hydroxyl groups within the NC structure make these nanofibers an exceptional platform
for surface modification through different chemistries.[18] Different types of surface
modification, e.g., before and during top–down (isolation), during and after processing,
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and the introduction of different function groups on NCs have been reviewed.[8,52,55] The
surface modification of NC is arguably the most important step to control the interactions
between the NC nanoparticles and other materials. The introduction of surface charges,
their chemistry and the surface charge density will be very important for the macroscopic
properties of the CNFs dispersions such as the rheological properties and the formation
of 2D and 3D materials as water is removed. These surface charges, in combination with
the mechanical properties of the fibrils this will allow for an efficient combination with
other materials to fabricate composite materials.[8] Depending on the type of NC and its
source, different strategies are employed for its production. A top–down approach
(bleaching and pulping) is used to eliminate non-cellulosic compounds such as lignin and
hemicellulose.[8] Thereafter, the cellulose-rich fibers are exposed to a high-pressure mech-
anical treatment to produce MFC or CNF. Due to the strong interfibrillar interactions
between MFC, the disintegration process is generally facilitated by different combinations
of pretreatment (enzymatic or chemical treatment) and mechanical treatment. For
example, prior to mechanical treatment, an acid hydrolysis treatment is used to break
down amorphous regions to form CNC. If sulfuric acid is used, sulfate half esters are
introduced on the CNC surfaces. For CNFs, different oxidation agents are used to intro-
duce carboxyl groups on the fibril surfaces before fibril liberation.
Another strategy, the bottom–up approach, is used to produce BC by fermentation of

low molecular weight sugars via microorganism or bacteria.[56] Although sharing similar
chemistry and molecular structure, the use of different raw materials and production
methods show different dimensions and structures, for instance morphology and crys-
tallinity of NCs (Fig. 1).

2.3.1. Microfibrillated cellulose
The MFC that today is commercially available usually has low charge density and con-
sists of bundles of both cellulose micro and nanofibrils with a broad size distribution
and high aspect-ratio, resulting in brush-like fibril morphology and fibrillar entangle-
ments to form strong networks and a gel-like structure when dispersed in water.[57] The
appearance of MFC is white or translucent due to the presence of large fibril bundles
with sizes larger than the wavelength of the visible light spectrum. Mild mechanical pre-
treatment can be used to directly produce MFC from pulp cellulose; however, a chem-
ical pretreatment is usually the preferred fabrication method
Recently, MFC with a solid content of 45 % was produced at a low energy consump-

tion of 6.4MWh/t, with the addition of an enzyme, using a twin-screw extrusion tech-
nique but the mechanical properties of papers made from the MFC were not impressive
and the DP of the cellulose was very low.[58] It was, however, shown that commercial
MFC with a rather high fraction of larger particles from fragmented fibers still could be
used to prepare nanopapers with very good mechanical properties[43] and with excellent
rheological properties.[57] Also, the MFC showed significant advantages in dewatering
time when forming nanopapers from the dispersions.[59]

2.3.2. Cellulose nanofibrils
In contrast to the procedures used for preparing MFC, a variety of functionalities can
be introduced onto the surface of the fibrils within the cellulose fibers during a
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pretreatment process to obtain CNF with small diameters and narrow nanofibrils size
distribution.[60] Typical chemical modifications are carboxymethylation and 2,2,6,6-
tetramethylpiperidine-1-oxy (TEMPO) oxidation, where carboxyl moieties are introduced
onto the cellulose chains, causing an osmotic repulsion between cellulose microfibrils thus
making their extraction much easier.[61] Other types of covalent modifications of the fibrils
that are usually used before the homogenization of the fibers to CNFs are phosphorylation
(phosphate esterification), phosphide esterification, xanthate esterification, sulfate esterifica-
tion, and dicarboxylation.[52,59] After the pretreatment process, high-shear mechanical
treatments by the means of, for example, high-pressure fluidizer and homogenizer, refin-
ing, grinding, and sonication can be utilized to separate the fibrils within the fiber wall.
This process results in CNFs with a high aspect ratio that usually form highly entangled
fibrillar networks, hydrogels, in water at 0.5� 1wt%. These hydrogels have a predomin-
antly elastic response. The charged groups keep the nanoparticles separated due to the
osmotic repulsion but due to an increased concentration of counterions in the dispersions,
and friction between the CNFs, as the particle concentration is increased the free-flowing
dispersions are turned into hydrogels.[57]

2.3.3. Cellulose nanocrystal
CNCs are the shortest NCs with a comparably lower aspect ratio and they consist
approximately of 20� 40 fully extended cellulose chains regularly aligned along the lon-
gitudinal direction.[59] The CNCs generally have higher crystallinity with the low aspect
ratios. Specific fields of opto-electronics have been created purely through the self-
assembly of CNC materials into “liquid crystalline” structures that can be adjusted
through several factors such as pH, counterions, etc. which will affect this self-assembly
phenomenon.[62] To prepare CNCs, the pulp fibers are generally treated with strong
acid (sulfuric acid).[63] Other acids such as muriatic acid, orthophosphoric acid, and for-
mic acid and other reagents including ammonium persulfate and bio-enzyme have also
been used.[51]

2.3.4. Bacterial cellulose
BC, unlike other cellulose, is cultured under static condition using microorganisms
belonging to Gluconacetobacter xylinus.[35,64] BC production occurs at the air–water
interface, where the assembly of reticulated crystalline ribbons results in a gel or pel-
licle.[65] BC has high water holding capacity and a distinctive structure of the fibrous
three-dimensional network in the wet state formed during synthesis.[53] Several fermen-
tation technologies have been explored using specific fermentation media, overproduc-
ing mutant strains, using agitated, airlift, membrane, and horizontal bioreactors. Despite
the use of low-cost substrates, the high capital investment and operation costs present a
strong economic constraint to the industrial-scale production of BCs.[48] Extensive
efforts on advanced fermentation or use of agriculture and industrial waste have been
devoted to determining the scientific and technological factors for high-yield and cost-
effective BC production.[66,67]

All four types of NC and their derivatives have been evaluated for their ability to be
combined with other materials in composites, contributing their advantages of
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mechanical strength and the possibility to tailor the porosity of NC networks. While cel-
lulose materials do not possess any conductive properties themselves, their compatibility
with conductive materials allows them to be a common ingredient/substrate for con-
ductive composites. Many types of conductive materials have been combined in compo-
sites with cellulose derivatives, including metal particles, carbonous materials, and
conductive polymers. This review article focuses on the composites of conductive poly-
mers and NC, relevant review articles on metals and carbonous material composites can
be found in[68] and[17,69], respectively.

2.4. Conductive polymers

Conductive polymers are an interesting, relatively new class of material that have wider
range of organic compounds and molecular structures than inorganic materials and
other traditional conducting materials. The field of conductive polymers was born in
1977 with the discovery of polyacetylene and the characterization of its electrical prop-
erties.[70] Recent review articles have documented their development.[71–73] The electric-
ally conductive properties of conductive polymers originate from the delocalization of
electrons from conjugated bonds throughout their chains when a dopant molecule is
added or withdrawn from the structure. Since their discovery, the field of conductive
polymers has expanded to include thousands of conductive polymer structures, many of
which have been incorporated in many different applications in organic and printed
electronics. Examples can be viewed in Fig. 2. Of the thousands of structures, PEDOT
has been studied more extensively than any other due to its impressive electrical con-
ductivity, optical and electrochromic properties, and stability in ambient
conditions.[23,73–78]

2.4.1. Poly(3,4-ethylenedioxythiophene) (PEDOT)
PEDOT owes its impressive properties to its structure as seen in Fig. 2(b)). With the
oxygens present and the phenomenon of hydrogen bonding, the PEDOT chains can be
aligned and stacked in highly ordered and crystalline regions. However, the method in
which PEDOT is synthesized and which dopant molecules are incorporated has a pro-
found effect on the resultant conductive polymer properties

Figure 2. (a) Chemical structures of common conductive polymers (top) polyacetylene and (bottom)
polypyrrole. (b) Chemical structures of (top) PEDOT and (bottom) PSS in their doped forms.
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Of the various polymerization methods (chemical polymerization, electrochemical
polymerization, and vapor phase polymerization), that have been utilized to synthesis
PEDOT, chemical polymerization with the dopant PSS (and an oxidant) has achieved
a water stable dispersion that can be adapted post-polymerization to adjust the prop-
erties, formulated into an ink or combined with other materials to create
new composites.

2.4.2. Poly(3,4-ethylenedioxythiophene): poly(styrene sulfonate) (PEDOT:PSS)
PEDOT:PSS has mixed ionic-electronic properties in which PEDOT acts as positive
charge and insulating PSS as negative charge. The PEDOT short chain (6� 18 repeating
units) interacts with the long molecular chain of PSS by coulombic forces, allowing
acceptable solubility of the conductive polymer. The morphology of a PEDOT:PSS dis-
persion is generally composed of a PEDOT-enriched core and a polyanion PSS shell in
the form of coiled-like and randomly oriented structures. This feature limits the avail-
able charge transport pathways, leading to low conductivity properties[79] which was the
case for the first synthesized PEDOT:PSS that had an electrical conductivity of approxi-
mately 10 S/cm.[70] The optimization of transport properties in conductive polymers are
obtained from high carrier mobility, the efficient intra- and inter-chain transport that
are linked to the degree of order and the relative stacking between the chains, and crys-
tallinity.[72] Over the last decades, PEDOT:PSS has been extensively investigated to opti-
mize the versatile properties via molecular or structural design, synthesis conditions,
processing additives, or post-treatment. Surface and structure modification through
second and/or post doping processes give a wide range of electrical conductivities rang-
ing from 10� 4 to 103 S/cm.[80–82] Secondary dopants (such as dimethyl sulfoxide
(DMSO), ethylene glycol (EG), methanol, etc.), aqueous or organic solutions of salts
and acids (hydrochloric and sulfuric), or ionic liquids are used to regulate the intermo-
lecular coupling (p–p stacking) and to remove an excess PSS, leading to inducing mor-
phological re-arrangement or phase separation.[83]

Dong and Portale used different solvents to enhance the electrical conductivity of
PEDOT:PSS films. Grazing incidence wide angle X-ray scattering (GIWAXS) indicated a
shortened p–p stacking distance between the PEDOT molecules and the formation of
both face-on and edge-on PEDOT crystallite, which helps the delocalization of the hole
carrier mobility, and thus increases charge transport properties.[84] In addition, the con-
ductivity of EG-treated PEDOT:PSS increased from 620 up to 1228 S/cm at heat-stirred
temperatures of 25 �C and 90 �C, respectively, while maintaining its transmittance above
80%.[79] On the other hand, with the addition of an ionic liquid, a PEDOT:PSS film
exhibited superior stretchability while maintaining its initial conductivity (1228 S/cm)
under a tensile strain of 80%.[85] To date, the highest conductivity of PEDOT:PSS film
can reach 4840 S/cm through H2SO4 post-treatment.[86] As seen within this section,
many approaches have been reported to improve the properties of PEDOT:PSS. This
gives researchers flexibility when it comes to treatments which can become important
for specific applications. Another option for researchers that is unique to PEDOT:PSS is
that it can be purchased commercially as a suspension in water. One current commer-
cial product is under the trade name of Clevios by Heraeus. The different grades such
as Clevios P, Clevios PH series, Clevios PVP series, to name a few, with different
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viscosity, conductivity, and optical properties are produced to meet the specific depos-
ition technologies (screen/inkjet printing) and applications, for instance printed organic
electronic or optical-electronic devices.[75] Agfa has introduced large-scale production
for printing application under the trade name of Orgacon.[74]

3. Interaction between NC and PEDOT:PSS: fundamental aspects

Recently, the synthesis of cellulose/PEDOT:PSS nanocomposites has become signifi-
cantly interesting to the scientific literature in regards to the shear amount of reports
published.[24–26,87–95] However, most of the literature focuses on applications and device
characterization rather than dealing with the interactions of PEDOT and cellulose. The
theoretical studies and fundamental knowledge on understanding the mechanisms and
interactions between these components at nanoscale level are an important piece of the
nanocomposite’s investigation. In-depth fundamental research will aid researchers in
understanding how the two materials are combined, which type of molecular interac-
tions are present, and what steps can be taken to improve the composite’s performance
such as electronic and ionic conductivity, mechanical strength, or flexibility in addition
to highlighting which applications the composite materials are most suited to. In con-
junction with the development of more robust NC/PEDOT:PSS products, the funda-
mental interactions at the sub-micro level that dictate the performance of the devices
have also been investigated based on both, experimental, with spectroscopic techniques,
and theoretical, with molecular dynamics simulations.
In one study, Montibon et al. investigated the interactions between MFC and

PEDOT:PSS (1:2.5 and 1:6 w/w ratios) at various pH and salt concentrations.[24] They
reported that PEDOT (not PSS) adsorbs more on cellulose treated (hemicellulose
removal) at pH 2 because charged groups of cellulose are protonated, and, therefore,
charged fibrils become neutral at this pH level. However, the deprotonation of carbox-
ylic acid in cellulose and deprotonation of PSSH to PSS� at higher pH levels contributes
to negative charges on their surfaces, thus increases the electrostatic repulsion between
both components, leading to lower adsorption interaction. Therefore, less amount of
PSS content in PEDOT:PSS will lower the repulsion force in the system. At high salt
concentrations, the adsorption of salt on the cellulose reduced diffusion and adsorption
of the PEDOT:PSS, and the size of the double layer of PEDOT:PSS itself is reduced
which alters the polymer diffusion. Furthermore, similar to an earlier study[96] on the
interaction of polyelectrolytes with cellulose, Montibon et al. reported the role of ionic
strength of salt concentration on screening-enhanced or screening-reduced interac-
tions.[24] They argue that a higher salt concentration leads to a higher adsorption of
PEDOT:PSS due to three reasons: (1) ionic screening effect of electrostatic interactions
with the cellulose, (2) reduced size of the double layer of suspended particles which
leads to a higher diffusion of PEDOT:PSS, and (3) shrinkage of the polymer at higher
salt concentration leading to higher penetration into the cellulosic microstructure.
More recently, Jain et al., used a quartz crystal microbalance with dissipation (QCM-

D) and colloidal probe atomic force microscopy (CP-AFM) to evaluate the adsorption
and adhesion of PEDOT:PSS on CNFs.[93] The result indicated that the highest
adsorption mechanism of the interaction between CNF and PEDOT:PSS were obtained
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at pH 2, at 40 �C, and high ionic strength with divalent counterions of Ca2þ. A bead-
like structure of PEDOT:PSS particles on the CNF surface was observed from AFM (see
Fig. 3), indicating a good adhesion between these two materials at the above conditions.
However, they have not examined how these factors affect charge transport properties
and thus conductivity of CNF/PEDOT:PSS systems.
Meanwhile, many studies have demonstrated an improvement in electrical conductiv-

ity of CNF/PEDOT:PSS films by adding high boiling point solvents as secondary dop-
ants and/or post-treatments.[25,97] These methods have been shown to change the
molecular structure of PEDOT:PSS from coiled-like and random structures to oriented
structures and also to decrease the PSS insulator amount in the nanocomposites.[25,98]

The reduction of negative charges on PEDOT:PSS allows PEDOT to absorb on the NC
in a well-organized shell structure along the nanofibrils. Malti et al. stressed that the
relatively high conductivity (420 S/cm) of CNF-PEDOT:PSS films was due to the strong

Figure 3. AFM height images showing (a) a CNF film, and PEDOT:PSS particles at pH 3.5, adsorbed
on CNF films with (b) no added salt, (c) 10mM added NaCl, (d) 50mM added NaCl, (e) CNFs after ion
exchange to Ca2þ as counterion, (f) regenerated cellulose films before adsorption, and (g) PEDOT:PSS
particles at pH 3.5, adsorbed on regenerated cellulose films. Scale bar is 200 nm in each image.
Reproduced with permission from Elsevier.[93]
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interaction of CNF and PEDOT:PSS by van der Waals forces and the formation of p–p
stacking of PEDOT on CNF. They indicated that CNF acts as a template to promote
self-orientation of the PEDOT chains. From WAXS and GIWAXS, they observed a ran-
dom orientation of the crystalline PEDOT domains.[25] For better understanding on
how PEDOT:PSS crystalline is formed on the NC surface, Belaineh et al. reported a
comparative study between fibrillated and polymeric cellulose types mixed with
PEDOT:PSS.[36] CNF and carboxymethylated cellulose (CMC) were used as templates
for fibrillated and polymeric cellulose, respectively. The electrical conductivity of the
film created with CNF (400 S/cm) was found to be significantly higher than that of the
polymeric CMC (100 S/cm), indicating a structural role of the cellulose. They utilized
nanoscopic imaging techniques to elucidate the organization of PEDOT:PSS on cellu-
lose. This was confirmed with AFM imaging which demonstrated a unique self-assem-
bly of PEDOT:PSS in the form of 13 nm size bead-like structures on top of cellulose
fibrils. Transmission electron microscopy (TEM) (shown in Fig. 4) and a combination
of GIWAXS and WAXS measurements pin-pointed a crystallographic arrangement of
PEDOT with a face-on attachment on the side of cellulose fibrils.
Investigations were taken further by Mehandzhiyski et al., who used coarse-grained

MARTINI molecular dynamic simulations to describe the nanoscopic morphology cre-
ated by the interaction of CNF and PEDOT:PSS.[99] They reported on the self-assembly
of PEDOT:PSS on CNFs starting from various initial conditions. To account for the
granular nature of PEDOT:PSS, the starting conditions for several models were made
inhomogeneous by creating PSS�-rich and PSSH-rich regions in the simulation box.
They concluded that, in general, inhomogeneous starting conditions lead to aggregated
PEDOT particles on top of cellulose. However, they note that other factors such as high
ionic strength, which they modeled with a high amount of Naþ ions, limit the aggrega-
tion of PEDOT on cellulose due to strong electrostatic interactions. Furthermore, this
computational paper predicts PEDOT stacking and orientation on cellulose which coin-
cide with experimental investigations.

Figure 4. TEM image of a) PEDOT:PSS on the surface of CNF and b) highly crystalline PEDOT:PSS seg-
regated from CNF surface. Insets show magnified images of the selected areas. Reprinted (adapted)
with permission from Belaineh, D., et al Copyright 2021 American Chemical Society.[36]
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The properties of cellulose and PEDOT:PSS nanocomposites are governed by the
molecular level interaction between two colloidal systems. As discussed, PEDOT:PSS
has been shown to adsorb as a globular phase onto carboxymethylated CNFs when pre-
pared from low pH aqueous dispersions. Although the nature of the interactions
between cellulose and PEDOT has been under scrutiny of the research community, it is
still not fully understood. It has been shown to depend on the surface properties of
cellulose such as charge density, with more favorable interactions at higher charge dens-
ity.[36] Several factors such as pH, ionic strength, type of celluloses, etc., were reported
to control the interaction, as described above.[24,36,25,99] Different types of interactions
such as H-bonding due to the presence of –OH groups on cellulose[26,100,101] and p–p
interactions due to amphiphilic character of cellulose[36,25,102] were suggested to be
responsible for PEDOT:PSS organization on its surface. Although these studies explain
the bulk level properties using different interaction forces, the framework for under-
standing the nanoscale forces of interaction is not available and the studies focusing on
this issue are sparse. The other important factor to consider is that PEDOT:PSS is also
a polyelectrolyte. Its structure, morphology, and properties will be affected significantly
by changing parameters such as pH, ionic strength, and type of counterion to PEDOT.
Kong et al.[103] and Mochizuki et al.[104] studied the effect of pH and ionic strength on
structure and conductivity of PEDOT:PSS films. They reported the change from bipo-
laron to polaron state when pH of the solution is increased, thereby decreasing the con-
ductivity of films. Modarresi et al. used computational microscopy simulation to study
the effect of pH on the morphology of PEDOT:PSS. Their study showed that the
morphology strongly depends on the pH. Crystalline PEDOT consisting of 3� 4 chains
is formed at pH 2.5, whereas the granular structure featuring PEDOT-rich and PSS-rich
regions is observed at pH > 5.[105]

Along with pH factors, humidity can also play a significant role in effecting the cellu-
lose/PEDOT:PSS composites. Brett et al. recently reported experimental data showing
the effect of humidity on the conductivity of CNF/PEDOT:PSS composites with an in
depth investigation into the structure using advanced neutron scattering techniques.[106]

Within this work, the authors showed that humidity first has an irreversible effect
before stabilizing. This is important information which could lead to pre-humidification
processing steps to aid in the manufacture of stable CNF/PEDOT:PSS composites and
their use in opto-electronic devices.
An important aspect governing the fundamentals of a cellulose/PEDOT:PSS nano-

composite is the procedure in which the two are combined. The following section out-
lines the various ways researchers have composited cellulose and PEDOT:PSS and the
different results these procedures have led to.

4. Preparation of NC/PEDOT:PSS nanocomposite

Composite preparation is arguably the most important factor contributing to the prop-
erties of the resultant material. When preparing nanocomposites, it is fundamental to
ensure favorable interactions between the different constituents. In aqueous media prep-
aration, the pH and ionic strength are two essential parameters that govern the behavior
of charged nanoparticles and polyelectrolytes that must be controlled to avoid
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aggregation. The mixing and stresses applied to the materials to ensure a homogenous
composite drastically influence the properties of a given material. Since cellulose and its
derivatives are fiber based, the avenues to composite it with PEDOT:PSS are numerous.
From the nanofiber level to large-scale sheets of cellulose, PEDOT:PSS can be combined
with cellulose at any scale. Within this review, we have categorized the composites into
four parts: electroactive inks, electroactive paper (both global and patterned), man-made
electroactive filaments, and electroactive aerogels. Graphical illustrations of each com-
posite can be seen in Fig. 5.

4.1. Electroactive inks

NCs as active components have gained popularity for printed electronic devices and the
textile industry due to its rheological properties, hydrophilicity, and versatile surface
chemistry. With the inherent hydroxyl groups on the surface, NCs are stable colloidal
suspensions in water, and therefore make them a suitable candidate for use in direction
ink printing (DIW). The anisotropic nature of NC hydrogels contributes to hydro-
dynamic alignment and disentanglement of the components when subjected to shear
forces, and reorganization of the fibrous network decreases viscosity with increasing
shear rate, known as shear-thinning effect. The combination of these NCs as a rheology
modifier with conducting materials enhances shear-thinning flow behavior and colloidal
stability of aqueous systems.[107] Good dispersions of NC and PEDOT:PSS nanocompo-
sites can be prepared by simple blending in water to form conductive inks. To achieve
this, the NC gel and/or PEDOT:PSS could be suspended in DI water to alter the inter-
action of nanofibrils.[25,26] Generally, these blended composites have been diluted and
mixed or sonicated before various additives have been introduced. Glycerol has been
shown to improve the mechanical flexibility and aids in avoiding delamination or crack-
ing while DMSO has been used as a secondary dopant for the PEDOT:PSS component
to increase the electrical conductivity of the composites. An eco-friendlier, secondary
dopant substitute, EG, has been incorporated which has shown similar improvements to
the electrical conductivity. Using the above as a base, different types of surface-modified
CNF[83] in addition to other additives such as lignosulfonate[92] and ionic liquids[108]

have been reported in the scientific literature. While there are many reports on the

Figure 5. Illustration presenting the various forms of nanocellulose/PEDOT:PSS composites: inks,
paper, filaments, and aerogels.
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blending of CNF and PEDOT:PSS, there is still room for improvements and the add-
ition of other functionalities. One can imagine the adaption with different solvents,
thermoelastic polymers or other conductive materials to promote stretchability, thermo-
electric or triboelectric properties. However, it is important to ensure that the conduct-
ive ink can be adapted to large-scale production techniques such as paper making or
printing technology. The benefit of adding NC into PEDOT:PSS will increase the viscos-
ity, shear thinning behavior, surface wettability and compatibility. Since the viscosity of
NC/PEDOT:PSS-based ink can be adjusted by water evaporation, this ink can be used
for a variety of deposition techniques including drop casting, inkjet printing, screen
printing, slot die coating, spray coating and 3D printing. Several works have been dem-
onstrated that cellulose-PEDOT:PSS-based inks have been successfully employed by
screen/stencil printing and spray coating.[27,109]

4.2. Electroactive nanopapers

NC and PEDOT have been widely used to prepare conductive or electronic nanopaper.
These electronic nanopapers are classified into three categories which are electrically
conductive ink on nanopaper, electrically conductive nanopaper (compositing of NC
and conductive materials), and electronically conductive patterned nanopaper.
As opposed to paper, these nanopapers (paper-like substrates fabricated with NC) are

not prepared from cellulosic pulp fibers and generally show submicron roughness. The
preparation involves various types of cellulosic nanoparticles or polymers (native dis-
solved cellulose, CMC). Being densely packed, these films are generally used in applica-
tions where good mechanical properties (stiffness and strength) as well as high
electronic conductivities are required.
A first compositing route consists in preparing cellulosic films (nanopaper as sub-

strate) and post functionalizing them with PEDOT or a PEDOT derivative to form con-
ductive ink on paper. Nanopapers are readily prepared from cellulosic solutions by
solvent casting or precipitation in a non-solvent. Films can also be prepared using vac-
uum filtration of dispersions of CNCs and CNFs followed by vacuum drying or paper
making machine.[25,26] Simple impregnation and drying procedures can be used to load
cellulosic films with substantial amounts of PEDOT.[110] Several studies also reported
the use of the Layer-by-Layer (LbL) to functionalize nanopapers with PEDOT.[111,112]

This technique relies on the successive deposition of alternatively charged polyelectro-
lytes onto charged surfaces and can be used to deposit large amounts of active material.
PEDOT:PSS carries a net negative charge due to an excess of counterion and can hence
be used together with a polycation to functionalize surfaces through a LbL procedure.
Functionalizing cellulosic films with large amount of PEDOT can also be achieved
through polymerization of EDOT. When doing so, cellulosic films are impregnated with
a solution of EDOT and the polymerization is triggered by the addition of an oxidant
such as APS.[90] Different counterions such as TOS or PSS can be added to the reactive
mixture, to increase the doping of the synthesized PEDOT. Polymerization of EDOT
generally results in the deposition of thick layers of PEDOT nano- or microparticles,
providing a good affinity between the conductive polymers and the substrate. With
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advanced deposition techniques using printing, PEDOT:PSS inks can be directly printed
on nanopaper substrate to produce electronically conductive ink.
A second type of compositing route, where PEDOT is incorporated prior to, or dur-

ing, the film formation, has been extensively discussed in previous studies. Several of
these studies demonstrate the electrochemical polymerization of EDOT in CNC disper-
sions, yielding the formation of composites films onto working electrodes.[113,114]

Bearing sulfonate groups on their surface, CNCs act as a counterion to the synthesized
PEDOT and provide the formed film with mechanical integrity. On the other hand,
electronegative charge of sulfate groups on CNF allows positive charged EDOT mono-
mers to interact with the CNF surface by electrostatic attraction force, and a CNF-
PEDOT:PSS composite is formed after adding an APS oxidizing agent.[95] Recent studies
have also investigated a one-pot preparation of cellulose and PEDOT:PSS composite
films by casting aqueous dispersions of CNFs and PEDOT:PSS.[25,89,97,115] The authors
demonstrated an increase in electronic conductivity when using DMSO in the disper-
sion, combined with a post-treatment of the films in EG. The prepared films showed
outstanding mechanical properties, benefitting from the high stiffness and strength of
CNFs, as well as record high combined electronic and ionic conductivities.
Thanks to high electrical conductivity, mechanical stability, biocompatibility, and bio-

degradability, electronically conductive nanopapers have been applied in disposable and
flexible electronics for future energy harvesting and storage, bioelectronics, and sensor
design, in particular for the development of green electronics.[29,83]

4.3. Man-made electroactive filaments

Man-made filaments are characterized by having one dimension much larger than the
other two and thus is being said to be one-dimensional. Filaments are used either as
continuous or cut into stable fibers for further processing with applications ranging
from clothing and upholstery to reinforcement in composites and even communication.
They are produced from many different raw materials (polymers, metals, or minerals)
by many different production processes, such as melt-, dry-, wet-, electro-spinning,
etc.[116] It is predicted that filaments from bio-based sources in combination with con-
ductive materials will play a more important role in our future society, especially in
developing the growing e-textile industry. This includes applications such as wearable
electronics for sports and daily life activities, and healthcare monitoring.[117]

Diving directly into recent scientific results, wet-spinning has recently been utilized
to manufacture PEDOT:PSS filaments, which with an EG-treatment, resulted in a high
conductivity of 3828 S/cm[118], whereas its treatment with DMSO showed conductivity
up to 3663 S/cm and tensile strength of 550MPa [119]. The highly conductive and flex-
ible fibers are suitable for use in smart textiles, flexible electrodes, and fast-response sen-
sors and actuators.[120] Even though it is possible to produce pristine PEDOT:PSS
filaments, it is of interest to combine the PEDOT:PSS with cellulose due to the bio-
degradability, low cost, high mechanical performance, and processability in water struc-
turing of the cellulose but also due to the interactions mentioned above and other
potential synergies when mixing a conductive polymer with an insulating one.
Moreover, pristine PEDOT:PSS becomes brittle and has weak mechanical properties.
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The combination of PEDOT:PSS and NC not only improves the mechanical properties
but also allows the formation of conductive inks with a wide range of viscosity, enabling
them for use in printed flexible electronics and energy storage devices, and many other
applications.[8] Cellulose-based fiber materials and PEDOT:PSS have been successfully
combined to form conductive filaments via different spinning processes (yarn spinning
and dyeing) by blending or compositing, coating, and synthesis of PEDOT on cellulose
yarns. Using a roll-to-roll dip coating technique, filaments made of PEDOT:PSS-
DMSO/EG coated on cotton and silk yarns showed the conductivity of 14 and 70 S/cm,
respectively.[121,122] However, electrical conductivities and mechanical properties of the
filaments from cellulose fiber spun are relatively low and weak, respectively, resulting in
a low degree of wash and wear resistance.[117] If the filament is supposed to be used in
a clothing context, the filament composite materials needs to be washable, water resist-
ance, and resistance to mechanical stress overtime.[123]

As an alternative to filaments manufactured from conventional cellulose fibers such
as cotton or dissolved cellulose, spinning filaments from NC has been explored the last
decade. An important benefit with using NC is that they are dispersible in water and
avoid any hazardous solvents.[124,125] The mechanical performance of NC filaments
depend on the control of alignment of the fibrils inside the filament and interactions in
the nanofibrillar system.[116] Several works have used electro-spinning to form NC-
PEDOT:PSS-based filaments. Latonen et al. prepared filaments from CNF-PEDOT:PSS-
PEO composites via electro-spinning. They used poly(ethylene glycol) diglycidyl ether
for chemical crosslinking to enable the stability of fibrous mats in water.[94] Another
study used CNC-PVA-PEDOT:PSS composites with the addition of DMSO and EG (to
reduce the electric field) to form filaments. By taking an advantage of electro-spinning,
the electric field could induce alignment of the conductive fibrils, and, therefore, the
mechanical strength of the filaments is expected to be higher than electronic paper.
Furthermore, a water based wet spinning method, consisting of flow focusing equip-
ment was developed to align and assemble CNF into continuous filaments.[126] A record
in mechanical properties (tensile stiffness of 86GPa and tensile strength of 1.6GPa) has
been reported based on the aforementioned method.[127]

The production of filaments created with NC and PEDOT:PSS is an opportunity for
further understanding of the fundamentals of the interactions between the different
materials due to the possibility for structure control. A question may be asked; will
alignment of one material induce alignment in the other?
As previously mentioned PEDOT absorbs on the surface of NC to form a core–shell

structure, therefore the CNF-PEDOT:PSS filaments will be given a core–shell structure
as well, where the coated surface or shell represents a coherent entity with a dimension
of the filament diameter. The framework of CNF-PEDOT:PSS filaments being absent of
harmful solvents and its tunable properties, biodegradable properties, and material avail-
ability is believed to enable large scale production in the textile industrial.

4.4. Electroactive aerogels

CNFs, CNCs, and BC form aqueous gels at relatively low solid contents, depending on
both the aspect ratio of the nanoparticles and their surface charge. These gels are
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readily turned into high SSA, porous, and lightweight materials – also referred to as
aerogels (containing more than 99% of air) – using freeze-drying or supercritical CO2

drying.[128,129] The porous structure of these aerogel takes its origin from the forma-
tion of ice crystals during freezing. As water freezes, the cellulosic nanoparticles are
progressively excluded from the growing ice crystals and densely compacted into
mechanically strong lamellar structures. Due to the high affinity of cellulosic nanoma-
terials for water and the low degree of physical contact within the lamellae, these aero-
gels often disintegrate when soaked in water. In order to use the aerogels in
applications that necessitate the presence of liquids, it is then important to maintain
their structural integrity using either chemical or physical crosslinking.[130] As freeze-
drying and supercritical CO2 drying are highly time and energy consuming and batch-
wise processes, researchers have recently demonstrated the preparation of cellulosic
aerogels through successive freezing, solvent exchanging, and drying of CNF gels. For
instance, CNF gel formulations containing high ionic strengths of CaCl2 and NaCl
allow the formation of strong lamellar structure upon freezing, which withstand ambi-
ent drying.[131]

CNF aerogels have been used in sensing and energy storage applications,[132] and
various preparation and functionalization routes have been suggested.[132] They are
particularly interesting substrates for these applications, as their high SSAs and open
porous structures guarantee great contact with the electrolyte and ionic conductivity
while also promoting fast ion adsorption/desorption from electrode through redox
reaction. Additionally, a recent study also demonstrated the 3D printing of compos-
ite aerogels of CNFs and PEDOT:TOS, enabling applications where high-precision
material shaping is needed, such as tissue engineering.[131] The 3D printing of NC
gels and their processing into aerogels has been reported in other studies, which
highlighted its potential in the fast preparation of highly-porous cellulosic substrates
of intricate shapes [132,134]. The structure of NC aerogels has also been found to
shrink and expand as environmental parameters such as temperature, pressure or
humidity are changed, thus making them particularly interesting materials for sens-
ing applications, when composited with electroactive materials such as
PEDOT:PSS.[100] Han et al. reported the preparation of PEDOT:PSS, CNF, and glyci-
doxypropyl trimethoxysilane (GOPS) (an epoxy-like crosslinker) dispersions for use
in sensors and solar steam generator after the dispersions were freeze-dried into
aerogels.[91,135,136] The literature also has numerous examples of cellulosic aerogels
post-functionalized with PEDOT, using either impregnation[134,137], LbL[138] or in
situ polymerization[131] approaches.
The various types of composites outlined within this section of the review highlight

very different morphologies and structures. Generally, the structures are designed with
certain applications in mind, tailoring the properties for the specific technology.

5. Fields of application

NC materials endow useful features such as high surface area, nanoporous structure,
high mechanical strength, low coefficient of thermal expansion, water solubility,
eco-friendliness, renewability, biocompatibility, and biodegradability character.[8,139]
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There exists extensive literature on the use of NCs in many fields of applications,
ranging from paper industry and food packaging, membranes, filters, etc.[140] Using
an insulating material such as cellulose or NC in a composite for use in opto-elec-
tronic applications may seem counter intuitive, however, the cellulose components
are either incorporated as a supporting scaffolding for the PEDOT:PSS or as the
substrate. Additionally, combining the porosity of cellulosic materials with electroac-
tive PEDOT:PSS could be one avenue to allow access to the bulk PEDOT:PSS
instead of being limited to the surface layer. The amounts of cellulose incorporated
within the composite materials are also generally minimal to limit its insulating
influence. Combining NC with PEDOT:PSS permits applications beyond those stated
above by relying on their strengths of being light-weight, flexible, mechanical robust,
and electronically and ionically conductive. The usefulness of a composite material
is judged heavily by its performance in specific applications. Within this section we
focus on electronics-related applications of CNF/PEDOT:PSS composites, specific-
ally, energy storage and harvesting, sensors, actuators and bioelectronics devices (See
Figure 6).

5.1. Energy storage

PEDOT:PSS has been incorporated in supercapacitors since the discovery of its excellent
mixed ionic-electronic conductivity, high specific capacitance (30� 130 F/g) and its
ability to act as both electrodes in a symmetric device.[141,142] The ability to easily trans-
fer charge allows the porous, open structure of PEDOT films to provide an enormous
effective surface area for charge transport. NC/PEDOT composites have been heavily
researched in the areas of energy storage due to its stability, high capacitance and its
alignment with the idea of sustainable, environmentally friendly energy storage solu-
tions. The capacitance of NC/PEDOT composites has been investigated by using elec-
trostatic models by comparing modeling and experimental methods.[143] Models such as
these have and will continue to aid researchers in formulating NC/PEDOT composites
that improve the overall performance of supercapacitors in addition to fabrication by
printing techniques for large-scale production. Cellulose/PEDOT-based supercapacitors
have been prepared by polymerization or blending as conductive ink and followed by
casting or printing techniques to form paper supercapacitors, as listed in Table 1.

Figure 6. Cellulose/PEDOT:PSS composites incorporated into their main electroactive applications.
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Synthetic strategies have been developed for the preparation of a flexible solid-state
supercapacitor by in situ and vapor phase polymerizations of PEDOT into cellulose
paper.[144,145] Another strategy by Zhou et al. introduced MWCNTs into cellulose/
PEDOT:PSS to increase the specific energy and power and discharge cycle stability.[146]

Recently, Brooke et al. reported cellulose/PEDOT:PSS solution-based inks to prepare
paper supercapacitors using stencil/screen printings.[109] This study demonstrates a fast
avenue for commercialization of low production cost if either the price for PEDOT:PSS
can be lowered or if only a minimal amount of PEDOT:PSS is required for the compos-
ite to possess the appropriate functionality.
Another alternative that has been reported is to substitute the cellulose pulp fiber for

NC. High SSA allows more sites for electrical double layers to form on the NC surface,
and the porous structure provides more electroactive sites and ionic paths for diffusion,
leading to high specific capacitance and life cycle. Jiao et al. developed the concept of
nanopaper-based supercapacitors.[115] CNF/PEDOT:PSS nanopapers were used as both
electrodes, and CNF-PSSH was used as the separator-electrolyte. NC allows the electro-
lyte to fill its porous structure network and give access for ionic species to transport
easily to the bulk of electrode.[147] However, an increase of CNF-PSSH resistance domi-
nates over the resistance of reduced PEDOT and poor interface adhesion between separ-
ator and electrode give high equivalent series reistance (ESR) (90 X), thus reducing the
specific power of supercapacitor. Improving adhesion by using a gel electrolyte prepared
by 0.1 M HClO4, hydroxyethyl cellulose (HEC), and the addition of alizarin as redox
molecules from plant into CNF/PEDOT:PSS electrode could boost the performance of
supercapacitor.[148]

To further demonstrate large area devices, Say et al. manufactured paper-based elec-
trodes using CNF/PEDOT:PSS ink with spray coating and successfully implemented it
onto flexible current collectors.[27] In this study, paper electrodes (7.6 mm) were depos-
ited using simple air-brush technology onto flexible substrates with a smaller number of
processing steps with controlled electrode thickness. Since both spray-coating and

Table 1. Complied supercapacitor compositions, characteristics, and performances using cellulose/
PEDOT composites.

Materials Solvents
Separator/
electrolytes Methods/fabrication

Volumetric
or specific
energy

Volume
metric or
specific
energy

Cycle
stability
(cycles/%) References

Cellulose paper/PEDOT n-Butanol PVA/H2SO4 Polymerization/drying 1mWh/cm3 50mW/cm3 2500/90 [144]

Cellulose paper/
PEDOT:PSS/MWCNT

Ionic liquid PVA/KOH Polymerization/drying 4.86Wh/kg 4.99 kW/kg 2000/95 [146]

Cellulose paper/PEDOT � Paper/PVA/H2SO4 Vapor phase
polymerization

0.76mWh/cm3 10mW/cm3 1000/77 [145]

Cellulose/PEDOT:PSS EG/glycerol HEC/EMIM-ES Conductive ink/
screen printing

2Wh/kg 395W/kg 10,000 [109]

Cladophora CNF/PEDOT – Paper/H2SO4 Polymerization/vacuum
filtration/drying

3Wh/kg 2.45 kW/kg 15,000/93 [142]

CNC/PEDOT:PSS – � Electrochemical
polymerization

11.44Wh/kg 99.85W/kg 1000/86 [114]

BC/PEDOT – PVA/H2SO4 Polymerization/drying 5000/93 [150]

CNF/PEDOT:PSS DMSO/
glycerol

NFC-PSSH Conductive ink/casting 1.016Wh/kg 2040W/kg [117]

CNF/PEDOT:
PSS-Alizarin

DMSO/
glycerol

Nafion membrane/
HEC-HClO4

Conductive ink/
casting

8.9Wh/kg
at 2 A/g

459W/kg 1500 [151]

CNF/PEDOT:PSS EG/glycerol HEC/EMIM-ES Conductive ink/
spray coating

0.57Wh/kg
at 1 A/g

22.3 kW/kg 2000/92 [27]
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screen printing allow paper electrodes to be fabricated directly on current collectors,
solution-processed techniques have great potential to scale up improved devices both
mechanically (adhesion) and also electrically (improved interfaces contribute to less
resistive devices). The spray-coated paper supercapacitors demonstrate low ESR
(0.22X), leading to 104W/kg specific power and showed good stability under mechan-
ical stress.
When these works are compared to other methods such as electrochemical and

chemical polymerization[138,144,149], solution-processed methods bring more functional-
ity, large area coverage, and controlled mechanical form factors to device architecture.
The selection of printing technology allows to fabricate pocket size and large-scale pro-
duction of supercapacitors (roll-to-roll or sheet-by-sheet) for wearable and portable elec-
tronics, smart packaging or energy storage devices in general.
While the majority of work on energy storage devices has focused on supercapacitors,

CNF/PEDOT:PSS composites have also been incorporated into fuel cell technology to
potentially create clean, sustainable, and renewable energy by converting chemical
energy to electricity energy.[29] Previously, PEDOT has been utilized as the electrocata-
lyst for the oxygen reduction reactions (ORR) with high efficiency, but lacks hierarchic-
ally structural integrity for electrodes in fuel cells.[151] From the cellulose point of view,
many reports have shown NCs can be used as membranes for fuel cells due to their
high thermomechanical and chemical stability, and tailorable surface chemis-
try.[29,33,152–154] The idea of combining these materials is tempting so to impart the elec-
troactive PEDOT component with the mechanical integrity advantages of the NC. This
idea has been shown in one publication which showed a successful fuel cell device using
CNF/PEDOT:PSS composites as the electrodes. The CNF/PEDOT:PSS composite was
created in a paper-making process and used as a gas diffusion electrode (cathode and
gas diffusion layer) for polymer electrolyte membrane fuel cell (PEMFC) applica-
tions.[155] The fuel cell device was shown to produce a maximum power density of
approximately 50lW cm�2. The low power density is attributed to the low surface area
and therefore the ability of the cellulose fiber for storing charge and the overall con-
ductivity of the composite material. However, the gas diffusion electrode made from
conductive CNF/PEDOT:PSS paper could act as electrocatalyst for supporting the elec-
tron transport to bipolar plates and as the electrode channel to assist the gas flow
through its nanoporous gas diffusion layers. While only sparse reports have been pub-
lished on the fuel cell technology aspects, the ability to create electrodes in paper mak-
ing fashion will most likely lead to more research and development for the goal of
large-scale energy storage.

5.2 Energy harvesting

5.2.1. Thermoelectric generators
Thermoelectric generators (TEG) and thermoelectricity, holds great interest in scientific
and industrial communities due to low-cost energy resources including waste heat dissi-
pated from industries and human body heat.[156] Organic thermoelectric materials are
used for fabrication of miniaturized TEGs or flexible TEG devices that can harvest elec-
tricity from body heat to supply power to flexible, wearable, and implantable electronic
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devices.[157] It has been reported that as-cast PEDOT:PSS films with its properties
including flexibility, light weight, and low thermal conductivity, ranging from 0.1 to
0.5 W/mK, has potential within organic TEG.[75] Another advantage is that the output
power from PEDOT:PSS can be harvested at very low-temperature gradients between
the hot and cold side.[158] However, its intrinsically thermoelectric (TE) properties (elec-
trical conductivity and seebeck coefficient) are relativity low, and therefore improve-
ments are required to meet the applications. Enhancement of the power efficiency can
be done in two ways. The first route is achieved by doping and de-doping, post-
treatment, and alignment using acid, organic solvents, and ionic liquid treatment[157].
Whereas the second route can be performed by blending or compositing with other
polymer components[75]. Fan et al. used H2SO4 and NaOH to treat neat PEDOT:PSS.
The PEDOT:PSS film had conductivity of 2170 S/cm, seebeck coefficient of 39.2 mV/K,
and power output of 334 mW/K2m.[159] The authors later reported a record breaking
figure of merit (ZT) value of 0.75 and high power factor of 754 mW/K2m by treating
PEDOT:PSS with 1-ethyl-3-methylimidazolium dicyanamide (EMIM-DCA).[160] The
post-treatment facilitates effective depletion and phase segregation of the PSS chains
and induces conformational change in the PEDOT chains from benzoid to quinoid
structures, which allows for an improved charge transport pathway.[159]

Darabi et al. successfully fabricated 40 out-of-plane thermocouples of CNF/
PEDOT:PSS yarn as the p-type and silver embroidery yarn as the n-type using a sewing
machine. With Seebeck coefficients of 14.6 mV/K p-type and of 0.3 mV/K n-type at
37 �C, the maximum power output reached 210 nW, and this value can be further
increased by increasing the number of thermocouples.[117] The result shows a promising
application for e-textiles using a conventional sewing machine. Furthermore, aerogel
CNF-PEDOT:PSS can be used for thermoelectric sensors, which will be discussed in the
sensor application section.[137] In one aspect, the combination of PEDOT:PSS with
CNF-PSSNa (high ionic conductivity of 9mS/cm and seebeck coefficient of 8.4mV/K),
the device can function as an ionic thermoelectric supercapacitor and a gate organic
transistor.[161,162]

One of the important properties of a thermoelectric material is its thermal conductiv-
ity which should be minimized in order to sustain a temperature gradient. Brill et al.
studied the thermal diffusivity, which is directly proportional to the thermal conductiv-
ity, of CNF/PEDOT:PSS nanopapers using a novel photothermal technique.[163] In their
work, they investigated both the in-plane and transverse (through-plane) diffusivity of
the nanopaper and could conclude that the in-plane diffusivity was 2–3 times larger
than the transverse diffusivity (0.7mm2/s compared to 0.25–0.4mm2/s). Similar aniso-
tropic transport properties have been observed for the electrical conductivity for the
same nanopaper composite and is believed to be the result of the anisotropic structure
of the material resulting from polymers and fibers having a preferential orientation
along the plane during film formation.[98] Since a small thermal diffusivity is desired in
TEG, this suggests that when using CNF/PEDOT:PSS nanopapers, the transverse direc-
tion is favorable to use in the design of the devices. Such device structures are also
more easily realized due to the mechanical strength of the nanopapers which enables
them to be self-supporting. Brill et al. further concluded that the transverse thermal dif-
fusivity was inversely proportional to the thickness of the samples. This result was not
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expected as the diameter and length of the fibrils are much smaller compared to even
the thinnest sample. Instead, the authors claim that differences in the film formation
and water content might give rise to the thickness dependence. The results therefore
show that thicker (and therefore more mechanically stable) films are more suitable for
use in thermoelectric power generation. However, the smaller electrical conductivity in
the transverse direction of the paper might be an issue. While the thermal diffusion
should be kept small, it is desired to have as small as possible electrical resistance in
order to maximize thermoelectric power output. The smaller conductivity of
PEDOT:PSS in the transverse direction compared to the in-plane direction is well docu-
mented and can differ by 2–4 orders of magnitude.[164] However, Wang et al. demon-
strated that for CNF/PEDOT:PSS nanopapers, this conductivity ratio could be smaller
than one order of magnitude.[98]

5.2.2. Photovoltaics
Photovoltaic cells, or solar cells, are one of the most commonly used energy harvesting
devices. In 2018, photovoltaics accounted for �6% of the global production of renew-
able energy according to the International Energy Agency[165], and this number is
expected to continue to grow rapidly in the coming years. Although this technology is
often considered to be “green,” there are many environmental, health and safety issues
related to the production and disposal of solar cells. Composites of NC/PEDOT:PSS not
only address some of these environmental issues but can also provide a flexible sub-
strate for photovoltaics.
Gao et al. utilized thin and transparent NC films as a substrate to produce flexible

perovskite solar cells.[166] The substrate was made conductive by coating the NC film
with doped PEDOT:PSS. An additional PEDOT:PSS layer (with a different composition)
was added on top of the conduction layer as a whole-injection layer. Since PEDOT:PSS
is highly transparent, light could pass through both the substrate and conductive layers
with little absorption. The authors claim that the devices are more environmentally
friendly since they do not use petroleum-based transparent substrates, and that the solar
cells can be disposed of by combustion.
Besides the traditional inorganic solar cells, new device concepts have recently

emerged that could potentially be more sustainable. One such device is the biohybrid
photovoltaic cell which mimics the photosynthesis of plants for generating energy. In
their work, M�ehes et al. demonstrated how CNF/PEDOT:PSS composites could be used
as one of the charge collecting working electrodes in such devices.[167] This novel type
of solar cell uses visible light to photoexcite certain molecules derived from plants
which, together with a redox mediator, can drive an electrical current. However, they
addressed that the solar cells power could be further enhanced by irradiating the CNF/
PEDOT:PSS electrode with IR-radiation. The combination of the high capacitance of
the electrode and the good IR-absorption of PEDOT:PSS resulted in a 6-fold enhance-
ment of power output. The authors attribute the improvement to an ionic thermoelec-
tric effect, together with the redox-mechanism. This type of device not only uses more
bio-based components compared to traditional solar cells, but also utilizes a larger part
of the solar spectra by using the IR-part. An important step forward in more efficient,
sustainable energy harvesting.
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5.3. Sensors

5.3.1. Paper sensors
Paper-based sensors are an attractive technology due to the low cost and the potential
of biodegradable, one-time, on-site use sensors.[168] Cellulose/PEDOT:PSS composites
for the application of sensors can provide both a flexible substrate or framework in add-
ition to the active sensing component. If paper-making processes can be adapted to
these composites, one can image paper machines fabricating thousands of sensors an
hour which, after their use, can be disposed of responsibly and sustainably.
Sensors based on cellulose/PEDOT:PSS composites have been created in a variety of

ways utilizing both cellulose as the substrate with PEDOT:PSS deposited on top as well
as PEDOT:PSS integrated into cellulose such as aerogels. The simplest avenue to create
cellulose/PEDOT:PSS sensors is by drop casting onto cellulose paper. While simple in
its manner, researchers have been able to exploit this method to create pressure sensors.
Paul et al. used this technique (graphene oxide was also included with the PEDOT:PSS)
with graphite paper and tissue paper in a symmetric device to measure pressure. When
pressure was applied, the paper composite compressed and the resistance was lowered,
a good example of a simple manufacturing technique that can be used to create a sim-
ple sensor.[169]

Moving from the simplest techniques forward, researchers have produced paper sen-
sors based on cellulose and PEDOT:PSS by using common desktop inkjet printers with
the usual colored pigment replaced with functional inks. Both humidity and tempera-
ture sensors have been fabricated using the inexpensive printers. The humidity sensor
was achieved by Morais et al. by combining polyaniline and PEDOT:PSS in an ink and
printing on standard bond paper. Although the humidity sensor relied heavily on polya-
niline, the PEDOT:PSS electrodes were an important aspect of the device. The sensor
showed a good linear resistance response to humidity; however, the range of humidity
was from 16% to 98%.[170] It is unclear how sensitive the device is when only minimal
changes in humidity occur. Perhaps with a change in sensor design such sensitives
could be achieved.
The temperature sensor was developed by utilizing thermoelectric technology where

PEDOT:PSS acted as the p-junction and carbon nanotubes (with conductivity boosted
by silver nanoparticles) were used as the n-junction.[107] After three printed layers,
homogenous films were achieved in a simple device design. The temperature sensor
showed good linear relationship within the temperature range of room temperature to
150 �C. Again, the range is large with some variation on the linear scale suggesting that
this sensor may be inadequate with minimal variation in temperature.
While these sensors use standard and inexpensive printers to manufacture functional

devices, if highly sensitive data is required, it would appear, they would not be appro-
priate unless changes to the designs or materials are optimized. However, when large
humidity and temperatures are required to be tracked or sensed, these devices would be
perfect for cheap and easy solutions. It could be argued that the measuring of the sen-
sors above requires complex equipment, but it can be envisioned that once established,
the sensors can be incorporated in (possibly printed) electronics with simple construc-
tion for accurate read outs making them accessible, low-cost and reliable.
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Producing paper sensors on a common printer is a big step forward in paper-based
sensors as it has the potential to be produced by anyone, anywhere (provided they can
be supplied with the correct ink) instead of technology that requires specific and expen-
sive equipment. An important aspect of the technology if, for example, essential bioelec-
tronic sensing in isolated areas is required.
More complicated inkjet printed structures, requiring more advanced inkjet printers

(Dimatix) were performed by Ruecha et al. to allow potentiometric sensing devices.[171]

Within layer depositions including wax, silver (nanoparticle ink), iron chloride, potas-
sium chloride and a graphene/PEDOT:PSS ink, the more extensive printing allowed 90
potentiometric sensing devices to be printed on an A4-sized paper substrate. The devi-
ces showed good sensitivity toward Naþ and Kþ ions with a negligible sensitivity to
other common ions such as Mg2þ and Ca2þ. Good sensing ability was also shown to
the ions in human urine compared to conventional ion sensing technology. The com-
parison with other, more established sensing technology, is a great addition to this
report and shows that the paper sensor technology is more than just a publication and
that it has the potential to compete with other technology while bringing its own advan-
tages. The technology now needs to be evaluated for its cost-effectiveness and whether
the process can be optimized and upscaled to achieve large scale, sustainable, one-time
use paper sensors.

5.3.2. Aerogel sensors
Within this review article, we have discussed aerogels and their large surface area struc-
tures. It comes as no surprise that the large surface area structures have been utilized
for sensing applications. Due to the large porosity and low density of the NC/
PEDOT:PSS aerogels, pressure sensors are simple to manufacture with sensing achieved
via resistance measurements. When the aerogel is compressed, more electrical connec-
tions are created, and the resistance is reduced. NC/PEDOT:PSS aerogels have also
shown great properties in regard to their thermoelectric ability due to their low thermal
conductivity. Therefore, they can drastically outperform their solid counterparts with
the same amount of material in thermoelectric sensing. Finally, aerogels, since they are
freeze-dried in their fabrication, their uptake of water in humid environments is well
known. Therefore, the ability to create humidity sensors from aerogels was only a mat-
ter of time. Due to these attributes, CNF/PEDOT:PSS aerogels for pressure, tempera-
ture, and humidity sensors have been reported.
Khan et al. first fabricated pressure and temperature sensors using CNF/PEDOT:PSS

aerogels with the added ingredient of GOPS for elasticity purposes.[172] Han et al. then
optimized the aerogels with a DMSO treatment.[91] The commonly used DMSO mol-
ecule acted as a secondary dopant to the PEDOT:PSS and increased the conductivity of
the aerogel composite over two orders of magnitude from 0.0001 to 0.03 S/cm. As a
result, the pressure sensitivity was increased. Han and his coworkers went further with
a new design to increase the sensing to humidity.[135] Using electronic and ionic seebeck
effects, the authors were able to measure temperature and humidity (in addition to
pressure) independently of each with only minimal crosstalk.
Other research groups have achieved CNF/PEDOT:PSS aerogels as pressure sensors

and stain sensors using different silane materials. GOPS (as well as polyethyleneimide)
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was used to create crosslinks within the CNF/PEDOT:PSS and form Si-O-C bonds by
Cheng et al. for pressure sensing.[137] The functional aerogels exhibited a drop in resist-
ance with the onset of pressure but when compressed heavily did recover 100% of their
original shape. Possibly as a result, their resistance vs. pressure results were not linear.
There was also significant change in resistance between the compression and relaxation
cycles the authors attribute to the changes in contacts between the outer electrodes.
As an alternative to using GOPS, Zhou and coworkers used poly(dimethylsiloxane)

(PDMS), an alternative elastic polymer.[100] After optimization of the components, a
sensitive strain sensor with high linearity from 0% to 95% strain was realized. Their
PDMS-infused NC/PEDOT:PSS aerogel was compared to an aerogel without NC which
showed 7 times better performance.
Freeze drying is an established technology on the large scale (instant coffee), so one

can imagine producing NC/PEDOT:PSS aerogels in large volumes for commercial sens-
ing applications.

5.4. Actuators

With all the advantages of paper, it is no surprise that actuators have gained attention
of researchers and their NC/PEDOT:PSS composites. With paper’s advantages of low
cost, light-weight, and large volumes of productions, it is already a desirable material
but for actuator applications, paper’s large deformation, dryness, and porosity make it
essentially ideal.[173] Using the conductive polymer, PEDOT:PSS, in combination with
cellulose for the application of actuation permits the PEDOT:PSS’s electrochemical sta-
bility with low operating voltages to be added to the benefits. Actuation has been
achieved using cellulose/PEDOT:PSS composites by depositing PEDOT:PSS onto cellu-
lose paper[87,174–176], NC[108,177,178] and using cellulose aerogels with PEDOT:PSS elec-
trodes.[88] While this section aims to highlight previous reports on cellulose/PEDOT:PSS
composites, the fundamentals and mechanism are not discussed. A recent review that
focuses on PEDOT:PSS actuators, their structures, mechanisms, and fundamentals can
be found here.[179]

By far the most common type of actuator utilizing PEDOT:PSS and cellulose is
depositing PEDOT:PSS onto paper due to the simplistic design. In a few steps a work-
ing actuator can be manufactured. Hamedi et al. achieved cellulose/PEDOT:PSS actua-
tors by printing wax to restrict the soaking of PEDOT:PSS into the paper.[174] With
their designs, they highlighted the effect of humidity on the actuation while reporting a
simple, cost-effective technique that can be easily integrated into printed electronics.
More advanced procedures of coating PEDOT:PSS onto paper have involved bar

coating[87] and dip-coating.[175] Jain et al. produced a composite of cellulose/
PEDOT:PSS using bar coating to produce butterfly-like motion. The impressive design
allows intense bending with the onset of electrical stimulus.[87] Going one step further,
Mahadeva et al. included polyelectrolytes within a cellulose/PEDOT:PSS composite to
improve the actuators by reducing the energy consumption while enhancing the dur-
ability.[175] Others have improved their paper actuators by using additional conductive
materials in their composites. Nan et al. used graphene nanopowders within their cellu-
lose/PEDOT:PSS actuators which improved the actuation-specific capacitance, young’s
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modulus, response time and deformation.[176] This further compositing could be an
avenue to improve and enhance the complicated functions and mechanisms of actuators
in order to bring them to a competitive level on the commercial scale.
The above examples of PEDOT:PSS deposited onto paper as actuators are impressive

and are an important starting point. Since commercial PEDOT:PSS inks are available
for screen and inkjet printing, unique patterned structures can be achieved and used as
actuators. It would seem reasonable to suggest that reports and even products are soon
to be realized.
Turning to nanocomposites, composites of NC and PEDOT:PSS have also been inves-

tigated for their use as actuators. BC with carboxylic group modification has been com-
posited with PEDOT:PSS and ionic liquid.[177] The modification of BC were shown to
increase the ionic conductivity and ionic capacity of the material in addition to an eight
times increase in deformation. Other researchers have also incorporated ionic liquids
with CNF/PEDOT:PSS composites.[108] One such study showed that the CNF/
PEDOT:PSS composite actually outperformed a similar device substituting carbon nano-
tubes with CNF. This result shows that the CNF has a large contributing factor to the
function of the actuators and not simply a platform. Further compositing within the
material with ionic liquids and ruthenium oxide has been reported and shown to also
enhance the nanopaper actuators.[178]

It is clear from the reports within this section that ionic liquids are one material that
is proven to enhance the cellulose/PEDOT:PSS actuators. One avenue to increase the
absorbability of ionic liquid in the cellulose materials is to use aerogels. Kim et al. suc-
cessfully created BC/PEDOT:PSS aerogels through freeze-drying techniques in order to
create extremely light-weight actuators.[88] The aerogel actuators were shown to deform
by 1.5mm using 1 V. With the extreme lightness of aerogels, researchers will most
likely apply similar techniques to improve aerogel actuator properties and performances
as those of paper actuators. Therefore, more complex composites could be seen in the
near future.
Some challenges that are present within all these reported actuators and a common

issue faced with all paper electronics is the effect humidity has on paper. Paper and
aerogels will absorb water from the environment which may limit their application in
humid situations. Regardless of this challenge, these reports on cellulose/PEDOT:PSS
composite actuators give the impression that artificial muscles and soft robotics could
been seen using similar composites in the years to come.

5.5. Bioelectronics

Cellulose/PEDOT:PSS composites may not yet have any direct applications in the
human body. However, on-skin applications and wearable devices require the interface
between materials and cells to be investigated. Paper biosensors attached to the body
and wound dressings with electrochemical release of antibacterial drugs are excellent
examples of future bioelectronic applications that can be foreseen for cellulose/
PEDOT:PSS composites. Therefore, researchers have investigated the biocompatibility
and cell growth on cellulose/PEDOT:PSS composites. It comes as little surprise that BC
has dominated this application since it is the purest version of natural cellulose. The
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basic tests for a material and its application into the bioelectronics field are the growth
and survival of cells within or on the material. Previous studies reported that, individu-
ally, BC[180] and PEDOT:PSS[30] exhibit good biocompatibility and have shown minimal
cell death observed through staining tests. As expected, the composites of cellulose and
PEDOT:PSS have shown similar results. Most studies showed that the cell growth was
similar if not better than pure BC. The consensus for the improvement is thought due
to the rougher surface of the composites. Two studies investigated the PEDOT:PSS con-
tent in the composites and the effect each component had on the cells. As reported pre-
viously, PEDOT is a biocompatible material but the monomer, EDOT is toxic to cells.
The danger in using any composite with PEDOT incorporated is that there may be
unreacted EDOT monomers in the material. Chen et al. showed that with the increase
in PEDOT in a NC/PEDOT (no PSS) composite, the cell percentage was lowered, lead-
ing to an optimized composite for biocompatibility that was relatively low in PEDOT
content.[181] The authors hypothesized that it may indeed be due to unreacted EDOT in
their composites. In another study within the same research group, the PSS content in
the composite was investigated.[182] Interestingly, the trend was similar. With the
increase in PSS, the cell percentage was decreased. This throws some doubt on the
EDOT monomer presence in the previously mentioned study. Further investigation into
the cell percentage decrease is needed which may be due to other factors than simply
unreacted monomer species.
Researchers have gone further by using the BC/PEDOT:PSS composites as electrodes

and stimulating the cells electrically. In order to be used as an electroactive material
within biological systems, first the composites must be able to be electrically stimulated
while only minimally effecting the cells. These investigations may be important for drug
delivery applications and sensing within the sensitive biological environments. Chen
et al. investigated the electrical stimulation of a BC/PEDOT:PSS/graphene oxide com-
posite in the presence of P12 neural cells.[183] In their cytotoxicity studies prior to elec-
trical stimulation, the percentage of live cells were similar to that of their standard
tissue culture plate control. With the onset of electrical stimulation, no cell death was
observed, neurite length and alignment with electric field was increased. Others showed
that the electrical stimulation of the cells was more successful than other materials such
as ITO and Au.[110,181] Further comparisons of materials including Au on BC,
PEDOT:PSS on glass and PEDOT:PSS on BC was put forth by Inacio et al. for bioelec-
tronic sensing applications.[110] Within this report, the signal-to-noise ratio when detect-
ing signals in non-electrogenic cell populations was investigated by each type of
electrode. Their results showed that PEDOT:PSS on BC was vastly superior to the other
two. The authors state that these materials could have applications in neuron communi-
cations or in cancer research.
In addition to sensing, BC/PEDOT:PSS composites have been used as release vessels

that could find applications in micro-dose and extensive period drug delivery systems.
Initial investigations into BC/PEDOT:PSS as a component release vessel have shown
promising results. Potential for on-skin applications with the releasing of metal ions
was reported by Fu et al.[184] Copper and zinc ions, with their anti-bacterial and cell
proliferation properties, were trialed as release components in both PPy and
PEDOT:PSS/cellulose composites. Their results showed that the cellulose/PEDOT:PSS
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composites far outperformed the PPy counterpart in terms of amount of ions released.
The amount of cell proliferation was also considerably higher for the PEDOT:PSS com-
posites justifying its use over other conductive polymers for this application.
In another study, the model drug, diclofenac sodium, was reported to be loaded and

released from fibers of the cellulose/PEDOT:PSS composite.[185] The authors hypothe-
sized that drug molecules could be delivered by the electrically responsive BC/
PEDOT:PSS composites. Their results suggested that the composite material held the
drug molecules appropriately with a linear release curve showing control release. The
authors suggest that the fiber-based composite does not experience a burst release of
drug commonly experienced by microparticle composites.
With bioelectronic applications of cellulose/PEDOT:PSS composites showing promis-

ing results in the areas of cell growth and drug loading/release, one can imagine a paper
making process of cellulose/PEDOT:PSS material ready for use as bandages or other on
skin applications. As the research progresses, we may see these materials loaded with
antibacterial molecules to aid in preventing infections or even provide treatment.

6. Conclusion and perspectives

Within this review cellulose derivatives and PEDOT:PSS composites have been discussed
in-depth. We have discussed the importance of fundamental research on the composites
to understand the interactions and how the materials can be improved and what appli-
cations they may be most suited to. The procedures that have been used to combine
cellulose derivatives and PEDOT:PSS have been outlined which have shown very differ-
ent morphologies and structures that have been tailored to specific applications. These
applications, with a focus on electrical/electronic devices, have been reviewed and the
performance of the composites discussed. The applications of cellulose/PEDOT:PSS
composites presented within this review are impressive milestones for the material and
give hope for the future where similar materials may provide solutions to serious prob-
lems that plague society. However, for the serious uptake of these materials PEDOT:PSS
must be manufactured in larger batch quantities in order to lower the price to increase
industrial interest and the eventual large scale roll out of cellulose/PEDOT:PSS compo-
sites for these applications. With electroactive paper being one type of cellulose/
PEDOT:PSS composite, it seems reasonable to suggest the future will bring roll-to-roll
manufactured electroactive paper that uses existing paper making technology. A further
step in the technology without the need to establish an expensive production line.
The overall picture of cellulose/PEDOT:PSS composites and the research conducted

on them is bright. Many researchers have achieved impressive results within the labora-
tory and further research is being conducted to scale up these materials to combat real
world problems. With a push for digitalization with sustainability, cellulose/PEDOT:PSS
composites are destined to be a part of our future.
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