Accepted Manuscript

—a‘@« .
\()Q\\\‘é\." ‘
Cﬁ“\ \\‘-03(5 —

Title: Strong and electrically conductive nanopaper from
cellulose nanofibers and polypyrrole

Author: Makara Lay J. Alberto Méndez Marc
Delgado-Aguilar Kim Ngun Bun Fabiola Vilaseca

PII: S0144-8617(16)30777-9
DOI: http://dx.doi.org/doi:10.1016/j.carbpol.2016.06.102
Reference: CARP 11287

To appear in:

Received date: 17-5-2016
Accepted date: 27-6-2016

Please cite this article as: Lay, Makara., Méndez, J Alberto., Delgado-Aguilar,
Marc., Bun, Kim Ngun., & Vilaseca, Fabiola., Strong and electrically conductive
nanopaper from cellulose nanofibers and polypyrrole.Carbohydrate Polymers
http://dx.doi.org/10.1016/j.carbpol.2016.06.102

This is a PDF file of an unedited manuscript that has been accepted for publication.
As a service to our customers we are providing this early version of the manuscript.
The manuscript will undergo copyediting, typesetting, and review of the resulting proof
before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that
apply to the journal pertain.


http://dx.doi.org/doi:10.1016/j.carbpol.2016.06.102
http://dx.doi.org/10.1016/j.carbpol.2016.06.102

ACCEPTED MANUSCRIPT

Research highlights

Homogeneous coating of polypyrrole on cellulose nanostructure
Flexible and strong cellulose nanopaper with electrical activity
Nanopaper with 5.2 10%S c¢m™ conductivity and 7.4 F g specific capacitance



Strong and electrically conductive nanopaper

from cellulose nanofibers and polypyrrole

Makara Lay,*" J. Alberto Méndez,* Marc Delgado-Aguilar,” Kim Ngun Bun®, Fabiola

. *
Vilaseca?

a. LEPAMAP GROUP, Dept. of Chemical Engineering, Agricultural and Food Technology,

Universitat de Girona, 17071 Girona, Spain.

b. Dept. of Geo-resources and Geotechnical Engineering, Institute of Technology of

Cambodia, PP Box 86, Russian conf. Blvd. Phnom Penh, Cambodia.

*fabiola.vilaseca@udg.edu

Abstract

In this work, we prepare cellulose nanopapers of high mechanical performance and with the
electrical conductivity of a semiconductor. Cellulose nanofibers (CNF) from bleached
softwood pulp were coated with polypyrrole (PPy) via in situ chemical polymerization, in
presence of iron chloride (III) as oxidant agent. The structure and morphology of nanopapers
were studied, as well as their thermal, mechanical and conductive properties. Nanopaper from
pure CNF exhibited a very high tensile response (224 MPa tensile strength and 14.5 GPa
elastic modulus). The addition of up to maximum 20% of polypyrrole gave CNF/PPy
nanopapers of high flexibility and still good mechanical properties (94 MPa strength and 8.8
GPa modulus). The electrical conductivity of the resulting CNF/PPy nanopaper was of 5.2
107 'S ecm™, with a specific capacitance of 7.4 F g'. The final materials are strong and
conductive nanopapers that can find application as biodegradable flexible thin-film transistor

(TFT) or as flexible biosensor.
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1. Introduction

The recent development of nanotechnology, together with the global concern for
environment, is focusing on the use of bio-resources as alternative to mineral or non-
renewable ones (Vijay Kumar Thakur, 2015). Nowadays, one exciting research area is the
isolation and use of nanocelluloses. Cellulose is the most abundant biological raw material
that can self-assemble into well-defined architectures at micro and nano scale. Therefore,
from their origin, cellulose nanofibers are renewable, inexpensive, and non-toxic. In addition,
and due to their chemical structure and high crystallinity, nanocelluloses have and remarkable
physical, thermal, and mechanical properties, such as high specific surface area and high
elastic modulus (Lavoine, Desloges, Dufresne, & Bras, 2012; Siré & Plackett, 2010). Among
the different nanocelluloses, cellulose nanofibers (CNFs) consist of a long web-like structure
with micrometer length and 10-100 nm in diameter that imparts unique properties. The
isolation of CNFs can be performed by a wide variety of mechanical techniques such as
refining, grinding, high pressure homogenization or cryocrushing (Wang, Sain, & Oksman,
2007). Different pre-treatments can also be applied to reduce the energy consumption as well
as to modify the surface energy of CNFs (Jonoobi et al., 2015).

In combination with a suitable polymer matrix, cellulose nanofibers networks show
considerable potential as effective reinforcement for high-quality bio-based composites.
Likewise, their flexibility and high aspect ratio make CNFs outstanding materials for wide
range of applications. The last decade, CNFs have been used as nanofillers to reinforce
nanocomposites (Miao & Hamad, 2013; Saba et al., 2014) with thermoplastic and thermoset
polymers for packaging products, construction materials, automobiles, furniture, and
pharmaceuticals (Hoenich, 2006; Toelovich, 2008; Jeon, Yang, & Kim, 2012; Kalia et al.,

2011; Zhang et al., 2013). More recently, CNFs have gained much attention for its use as



biomedical material because of their exceptional surface chemistry and excellent biological
properties (biocompatibility and biodegradability) (N. Lin & Dufresne, 2014).

Due to their benign nature, high available surface area, smoothness, and reduced porosity,
CNF films have been reported as potential substrates for biosensors (Salas et al., 2014).
However, and because of the intrinsic insulating characteristics, specific strategies need to be
developed to impart electrical activity to CNF. In this sense, the combination of CNFs with
conductive polymers (CPs) allows to extend the functionality of CNFs in energy storage
devices, solar cells or electronic applications (Huang et al., 2013; Koga et al., 2014; Luo et
al., 2014; Nyholm et al., 2011; Tammela et al., 2015; Wang et al., 2015; Zheng et al., 2013).

Conducting polymers are attractive candidates because they have good intrinsic
conductivity, from a few to 500 S cm™. CPs are rendered conductive through a conjugated
bond system along the polymer backbone. They are typically formed either through chemical
oxidation or electrochemical oxidation of the monomer (Snook, Kao, & Best, 2011). In the
chemical oxidation process, for example with iron chloride, the molecular weight and
structural features of the resulting polymer are feasible to control. Among conducting
polymers, polypyrrole (PPy) has an appreciable environmental stability (Buitrago-Sierra et
al., 2013) and is easy to synthesize (Ansari, 2006; Eisazadeh et al., 2007; Huang et al., 2006;
Trchova & Kova, 2003; Wang et al., 2001). PPy offers a greater degree of flexibility in
electrochemical processing than most conducting polymers, and consequently the material
has been the subject of much research as a supercapacitor or battery electrode (Snook et al.,
2011). In 2006, Huang et al. investigated the in-situ polymerization of pyrrole on different
pulp systems demonstrating the good adhesion between the conductive polymer and the
fibers (Huang et al., 2006). The specific parameters and the sequence for the polymerization
reaction, and their effect on the fiber degradation have also been studied (Beneventi, Alila,

Boufi, Chaussy, & Nortier, 2006). Other authors have performed a soaking-polymerization



procedure on printing paper (Yuan et al., 2013). In this case, the conductive polymer
remained mainly at the surface of the printing paper showing high value of surface electrical
conductivity. The viability of coating PPy on CNF was demonstrated by Nystrom et al.,
(2010). They verified the conductivity and the ion-charge capacity of a cellulose
nanocomposite with high amount of PPy conductive polymer. In a further work, the authors
investigated the mechanical properties of PPy-cellulose nancomposites of different porosity
(Carlsson et al., 2012). In a different study (Nystrom, Stremme, Sjodin, & Nyholm, 2012),
they improved the capacitance of this type of cellulose nanocomposites. Later, Wang et al.
(2015) performed surface modification of cellulose nanofibers to produce cellulose-based
supercapacitors. The coating of PPy on CNF substrate has reduced moisture content of CNF
in nature and also protected against degradation, as PPy is known to be insoluble in most
solutions and solvents (Sasso et al., 2010). Carlsson et al. (2014) found that the individual
nanocellulose fibrils should be coated by a thin layer of PPy less than 50 nm of thickness to
avoid the problems associated with the low redox reaction rates and poor mechanical
properties of nanocomposites.

In the present work, cellulose nanofibers are coated with polypyrrole using FeCls as
oxidant agent. In previous studies, large amounts of polypyrrole were used to obtain a
substantial increase of the electrical activity of cellulose nanofibers. However, as
consequence, brittle cellulose-nanocomposites were obtained. In this study, pyrrole was
polymerized on cellulose nanofiber surface at certain reaction times to obtain very flexible
and strong structures with electrical conductive capacity. The obtained CNF/PPy nanopapers
were characterized considering their morphology and their mechanical, thermal and electrical

response.

2. Materials and Methods



2.1 Materials
Bleached pine pulp from Arauco (Chile) was used as cellulose raw material. The cellulose
content of the pulp was 95%. Pyrrole was supplied by Sigma Aldrich and used as received for
the chemical synthesis of polypyrrole. The rest of materials, FeCls, Tween-80, 2,2,6,6-
Tetramethyl-1-1-piperidinyloxy (TEMPO), sodium bromide (NaBr), sodium hypochlorite
(NaOCl), HCI, NaOH, and NaCl were also supplied by Sigma Aldrich and used without
further purification. Silver coating 3850 was supplied by Holland shielding system BV,
Holland.
2.2 Preparation of CNF suspension
The bleached pine pulp (30 g dry weight) was dispersed in 2 L of distilled water and
disintegrated at 6000 rpm for 30 min in a pulper (PAPEL QUIMIA, S.A, SPAIN). From this
suspension, CNFs were extracted by means of a TEMPO-mediated oxidation followed by a
mechanical homogenization (homogenizer NS1001L PANDA 2K-GEA, Italy). The TEMPO-
mediated oxidation was performed at pH 10 (Fukuzumi et al., 2009) and the obtained
cellulose suspension was diluted to 1wt% and passed through a high-pressure homogenizer,
one time at 300 bars and three times at 600 bars of pressure. As a result, a transparent gel of
cellulose nanofibers (CNF) at 1% concentration was obtained and stored at 4°C prior use.

2.3 Preparation of CNF and CNF/PPy nanopapers

CNF gel was first diluted to 0.2% with distilled water and dispersed by using a sonicator
Q700 for 10 min (5 min pulse on, 2 min pulse off, and 5 min pulse on) at 60% of amplitude.
Afterwards, the CNF suspension was filtered overnight using a glass filter funnel with a
nitrocellulose membrane GSWP29325 (hydrophilic) of 0.22um pore-size. After filtering, the
nitrocellulose membrane was peeled off and the CNF cake was placed between two pieces of

immobile transfer membranes of polyvinylidene fluoride (PVDF) (hydrophobic) of 0.45um



pore-size to prevent adhesion between sample and membrane. Finally, the samples were dried
using a laboratory sheet dryer at a vacuum pressure of -0.6 bar at 92 + 3 °C for 20 min.

For the preparation of CNF/PPy nanopapers the same filtering procedure was used. Firstly,
a dilute suspension of CNF (0.1%, 400 mg of dry weight) was sonicated for 10 min under the
same setting conditions described above. This CNF suspension will be later mixed with a
solution of pyrrole. For the preparation of the pyrrole solution, 0.1 mL of pyrrole was
dissolved in 15 mL of 0.5 M HCI. After stirring the mixture for 3 min using magnetic stirrer,
one drop (0.05 ml) of Tween-80 was added and stirred until completely homogenous.
Afterwards, the solution of pyrrole was introduced into the above CNF suspension, and the
mixture was stirred for 5 min. In order to initiate the polymerization, 0.578 g of FeCl; in 15
mL of HC1 0.5 M was added drop wise into the suspension. The final mixture was stirred at
room temperature for 20, 40, 60, 120, and 180 min, in independent experiments, to get the
different conductive nanopapers named as CNF/PPy20, CNF/PPy40, CNF/PPy60,
CNF/PPy120, and CNF/PPy180, respectively. At the end, the mixture (CNF and PPy) was
filtered using a glass filter and washed subsequently with 500 mL of 0.5 M HCI, 500 mL of
0.1 M NaCl, and 500 mL of distilled water. During the last washing with distilled water, the
suspension was sonicated for 2 min to remove any small gas bubbles and to allow a better
organization of CNF/PPy nanostructures without undesired side effects, such as crystal
structure damage (Ali et al., 2014). Thereafter, the filtration was continued for 3 more hours
until there is no residual water. The obtained CNF/PPy was finally dried in sheet dryer for 20
min.
2.4 Characterization of CNF and CNF/PPy nanopapers

The percentages of carbon, hydrogen, and nitrogen were determined by elemental analysis
by means of a Perkin Elmer EA2400 series II. The measured amount of nitrogen was used to

determine the PPy content in the formulation. The samples (3 mg) were pyrolyzed in helium



(He) at a combustion temperature of 925-930°C. Acetanilide powder (CsHoNO) was used as
reference.

The FTIR spectrum of CNF/PPy nanopaper was obtain to characterize the absorption
peaks of nanopapers after the chemical polymerization. For comparative purpose, FTIR
spectra of pyrrole, cellulose nanofibers (CNF) and polypyrrole (PPy) were also recorded. The
FTIR was performed using an ALPHA-FTIR spectrometer from Bruker, in the transmission
mode in the range of 4000-500 cm ' using 24 scans.

Mechanical properties of nanocomposites were evaluated using tensile test under control
conditions of 50% relative humidity at room temperature. The rectangle specimens of CNF
nanopaper (50x5x0.055) mm and CNF/PPy nanopapers (50x5x(0.07£0.015)) mm were
tested using a Universal Testing Machine HOUNSFIELD, equipped with a 250 N load cell
with a cross-head speed of 5 mm/min. These parameters were set according to previous work
(Hamedi et al., 2014). Data of at least five specimens were collected to obtain the statistical
standard deviation for each sample.

The cross section surfaces of CNF and CNF/PPy nanopapers, as well as the PPy platelet,
were observed under a field emission scanning electron microscope (FE-SEM) HITACHI S-
4100. The samples from tensile test were coated with gold using a sputter. The images were
taken using secondary electron detector at 20 kV accelerating voltage for PPy powder and 12
kV for CNF and CNF/PPy nanopapers to prevent burning the samples.

Dynamic mechanical analysis (DMA) was employed to study the viscoelastic behaviour of
CNF and CNF/PPy nanopapers with the changing of temperature, using a DMA/SDTAS861e
instrument from Mettler Toledo, operating in 3 point bending mode. The isochronal scans
were recorded from -100 to 200°C at a heating rate of 5°C min™, at 1Hz of frequency and 15
um of amplitude. The sample dimensions were (5x20x(0.07+0.015)) mm. A reducing force

mode was engaged by regulating the static force during the test to minimize creep. The
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experiment was performed under dry nitrogen (N,) flow to limit water sorption during
experiment.

Thermogravimetric analysis (TGA) was used to determine the lost weight with the
temperature and the degradation temperatures of CNF/PPy nanopapers. The samples were
heated from 30 to 600°C at the heating rate of 10°C min™ using a METTLER TOLEDO ultra
micro balance, TGA/DSC. The purge gas was nitrogen with a flowing rate of 40 mL/min.

The electrical conductivity of the obtained nanopapers was determined based on the
measurement of the resistance (R) over the length of the specimens using an Agilent 34461A
digital multimeter. All CNF/PPy nanopapers were cut into (5x20x(0.075 £ 0.015)) mm
stripes. Silver paint was applied at room temperature at the end of both sides of each sample
to ensure good electrical contact with the clip probes. The measurement was done 16 h after
the application of silver paint. The conductivity was calculated by equation: o= (L/Rxwxd),
where L, w, and d are length, width, and thickness of the sample, respectively.

Cyclic voltammetry (CV) was carried out with a standard three-electrode electrochemical
cell (working electrode), a platinum wire (counter electrode), and a 2 M NaCl-saturated
Ag/AgCl electrode (reference electrode) by using a Potentistat/Galvanostat Model 273 A
Princeton equipment. Cyclic voltammograms were recorded in the potential window of —0.9
to +0.9 V vs Ag/AgCl at different scan rate of 5, 20, 50, 100, and 200 mV s1. CView and
originPro software were used to plot the graphs. The sample dimensions were
(7x15%(0.075£0.015)) mm. The capacitance and specific capacitance were calculated by
Csp= i/(m.v.4V), where Csp (F g is the specific capacitance, i is the integration in CV curve,
v is the scan rate in mV s, m is the mass (g) of electrode material, and AV is the potential

difference window AV =1.8 V.

3. Results and discussion

11



Scheme 1 illustrates the intermolecular interaction between CNF chains, and the interaction
mechanism between CNF and PPy after the in situ chemical polymerization using FeCl; as
oxidant agent; pictures of CNF gel (Sc. 1a), high transparent CNF nanopaper (Sc. 1b),
CNEF/PPy nanopaper (Sc. 1c), as well as the high flexibility of CNF/PPy nanopapers (Sc. 1d)
are also depicted in scheme 1. The obtained CNF/PPy nanopapers were flexible black films
due to the presence of black precipitated PPy on CNF surface. The yield of PPy (%) at each
reaction time is presented in the supplementary information S1. Likewise, the thickness,

density and porosity of each sample are listed in S3.

Sc. 1 Interaction between CNF and PPy, and photographs of CNF gel (a), CNF

nanopaper (b), CNF/PPy (c), and flexible CNF/PPy nanopaper (d).
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The FTIR absorption spectrum of CNF/PPy nanopaper is shown in Fig. 1. For comparison,
FTIR spectra of cellulose nanofibers (CNF), pyrrole, and polypyrrole are presented in S4.
CNF/PPy60 nanopaper exhibited similar spectrum as polypyrrole but with all the major peaks
shifted to lower wave number, which supports the existing interaction between —N—H of PPy
and C—OH of CNF by means of hydrogen bonding (Firoz Babu et al., 2012). The band at
1707 cm™ is assigned to the C=0 bond of carboxylic acid group of CNF in the CNF/PPy
nanopaper. Comparing this wavelength with the carboxyl group one of CNF (S4b), the
absorption peak has shifted towards higher values, which is representative of the interaction
between CNF and the coating PPy. The strong band at 1546 cm™ is characteristic of the C=C
stretching of the aromatic ring of PPy. The absorption peaks at 1306 cm™, 1017 cm™, and 888
cm’ are assigned to the C—N stretching, C—H stretching and N-H wagging of the polypyrrole
ring, respectively. In the region 1300-800 cm™ the absorption peaks corresponding to C—H

bending and C-O ethers links for the CNF are also found (see S4).
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Fig. 1 FT-IR spectrum CNF/PPy60 nanopaper.

The stress-strain curves, tensile strength and Young’s modulus of neat CNF and CNF/PPy

nanopapers are presented in Fig. 2. CNF nanopaper exhibited outstanding tensile strength of
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224 MPa and Young’s modulus of 14.5 GPa. These values are higher than previous works
(Gonzalez et al., 2014; Sehaqui et al., 2010), where the nanopapers were produced by means
of Rapid Kothen (sheet dryer). These high mechanical properties are related to the strong
interactions between nanofibrils and to the nanofibril entanglements (Boufi et al., 2014);
some nanofibrils alignment is also expected during the filtration procedure. The sonication
step introduced in our methodology helped to remove the possible voids between nanofibrils
and provided a homogeneous structure resulting in a low porosity of the final nanopaper, as
presented in S2 and S3. Moreover, CNFs from TEMPO mediated oxidation show high
nanofibrillation degree and unchanged original crystallinity (Isogai et al., 2011), which is
responsible of the high mechanical properties of the obtained CNF nanopaper. However, the
tensile strength and Young’s modulus of CNF/PPy20 decreased to 124 MPa and 8.9 GPa,
respectively, and continued to decrease until 94 MPa and 8.8 GPa, respectively, for the
CNF/PPy180 nanopaper. Therefore, the incorporation of PPy in the structure produced a
reduction in the mechanical properties of the unmodified CNF, with a maximum decrease of
58% for the tensile strength and of 39% for the Young’s modulus (CNF/PPy180). As a result,
CNF/PPy nanopapers were more brittle than neat CNF nanopaper. The elongation at break
also decreased with the incorporation of PPy, from 3.5% for CNF to 1.55% for CNF/PPy180.
It is expected that the PPy coated on CNF surface lessened the number of CNF inter-fibril —
OH interactions, as the -NH group of pyrrole interacted with the hydroxyl groups of cellulose
nanofibrils. The coating of CNF with PPy increased the porosity from 10.45% (CNF) to
19.45 % (CNF/PPy180) as shown in S3. The higher porosity caused the premature breaking
point of the CNF/PPy nanopapers, showing the decrease in their final tensile strength. In
addition, the PPy-coated CNF had fewer CNF interfibrils connections that were responsible
of the diminution in the rigidity of the PPy-modified CNF nanopapers. However, CNF/PPy

nanopapers still showed considerably high mechanical properties. Moreover, after certain
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level of PPy coating (after 40 minutes of reaction time), the strength and the modulus were

not very much reduced. Instead, higher content of PPy kept lessening the toughness of the

resulting CNF/PPy nanopaper. It is worth mentioning, however, that all CNF/PPy nanopaper

showed great flexibility (Sc. 1d) together with these remarkable mechanical properties. The

values of the mechanical properties with the thickness, density and porosity of each

nanopaper are presented in S3.
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Fig. 2 (a) Stress—strain curves and (b) Tensile strength and Young’s modulus of CNF and

CNF/PPy nanopapers at different reaction times.

To support this, the fracture surfaces of CNF and CNF/PPy nanopapers were observed by FE-

SEM (Fig. 3). FE-SEM microphotograph of PPy platelet is shown in Fig. 3a. PPy tends to

agglomerate itself due to strong intermolecular interactions. CNF nanopaper showed a

compact multilayer configuration of interconnected cellulose nanofibers (Fig. 3b). This

multilayer structure and tight connection between layers contributed to the high mechanical

performance of the ensuing pure CNF nanopaper. The multilayer structure was conserved for

the PPy-coated CNF nanopaper (Fig. 3c). With the addition of PPy the surface roughness of

CNF/PPy nanopaper increased, as the PPy platelets interpenetrated the cellulose nanofibers
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network. The perfect distribution of PPy within the cellulose nanofiber network is evidenced
in Fig. 3d. However, the coating of excess PPy on the CNF surface induced higher
roughness, as shown in Fig. 3e. This leaded to a diminish in the mechanical properties
because PPy-PPy-bonds has low mechanical properties and the PPy coating reduced the

number of CNF-CNF strong bonds (Nystrom et al., 2010).

STRUdG 12.08kV X38.0K '
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Fig. 3 FE-SEM of (a) PPy platelet; (b) cross-sectional surface of CNF nanopaper; (c-

d) CNF/PPy20 nanopaper at magnification of 3000X and 30 000X and (e-f)

CNF/PPy120 nanopaper at 1000X and 30000X.

The PPy-PPy interactions are intrinsically weaker than cellulose-cellulose ones (Zhang et al,
2013) and PPy itself possesses scarce mechanical properties (Sasso et al., 2010). Moreover,
the tensile force was applied to parallel layers of CNFs and PPy, resulting in a more brittle
nanopaper than the neat CNF nanopaper (Sasso et al., 2010). The microstructure of CNFs
(Fig. 3b) shows their fibrils alignment and smoothness at the breaking point. The fibrils were
bonded together leading to a strong interface that undergoes to CNF nanopaper with very
high mechanical strength. With an excess of polypyrrole on CNF surface (Fig. 3f) all CNFs
chains were coated and residual PPy platelet was found, confirming that during the
polymerization reaction, not all polypyrrole (-NH) interacted with cellulose nanofibers
(—OH).

The thermal mechanical properties of three materials namely neat CNF nanopaper,
CNF/PPy20 and CNF/PPy120 nanopapers were studied by DMA. In the test, an oscillating
force is applied to a sample and the material’s response is analysed. The data presented in
Fig. 4 corresponds to the complex modulus (E*=E’+iE’”). The complex modulus is
composed of real and imaginary terms, equivalent to the storage modulus (E”) and loss
modulus (E””), respectively. The materials obtained in the present study exhibited mainly an
elastic behaviour, with values for storage modulus much higher than the ones for loss
modulus (E’>>E’’), so then the complex modulus is very similar to the storage modulus
(E*~E’) (S5). The dynamo-mechanic test started at -100°C of temperature. Under conditions
of low molecular mobility, cellulose composites can be very stiff (Sehaqui et al., 2011) and,
as expected, the modulus decreases with increasing temperature. The complex modulus of

our pure CNF nanopaper, at this low temperature, was above 25 GPa and decreased with
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temperature. The value of the storage modulus indicates how elastic the material is, and
ideally would be equivalent to Young’s modulus at room temperature. In our case, the
complex modulus at 23°C for CNF, CNF/PPy20, and CNF/PPy120 nanopapers were 15.3,
10.9, and 7.8 GPa, while the Young’s modulus from tensile test were 14.5, 9.8, and 8.8 GPa,
respectively. This difference can be explained for the experimental methods in determining
each value. Young’s modulus is calculated from the slope of a line over a range of stresses
and strains, whereas the complex modulus (or storage modulus) comes from what can be
considered a point on the line. Moreover, the tests methods are very different as one material
is constantly stretched in the stress-strain tests, whereas it is oscillated under bending
conditions in the dynamic test (Int, 2008). For CNF nanopaper, molecules of cellulose are
tightly compressed at -77°C temperature and at -60°C temperature for CNF/PPy, which
define the solid-state transition in each case (Int, 2008). When the materials are heated up,
localized movements and solid chain movements occurred. This represents the gamma
transition (Ty) that involves association with water as cellulose contains some moisture (Int,
2008; Sehaqui et al., 2011). As heating continued, a glass transition was not found for all
samples; the native CNFs has no glass transition because of its high degree of crystallinity
(Rastogi et al., 2014). The complex modulus of CNF nanopaper steady diminished with the
temperature between 40°C and 160°C due to a slippage of crystallites between one another.
Conversely, the presence of PPy on CNF surface hindered chain movements making
CNF/PPy slowly changed from glassy to rubbery state compared to CNF nanopaper. At the
temperature between 40 and 110°C, CNF/PPy showed the region of rubbery plateau, which is
related to physical and chemical cross-link between PPy and CNF chains (Henriksson et al.,
2011). Moreover, above 160°C, PPy-modified nanopapers showed higher complex modulus

than pure CNF nanopaper, telling that PPy improved thermal stability of nanopapers.
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Fig. 4 Complex modulus of CNF and CNF/PPy nanopapers at

frequency of 1Hz.
The

degradation temperatures of CNF, PPy, and CNF/PPy nanopapers were studied by
thermogravimetric analysis (Fig. 5a). The initial weight loss of about 7% in the range of 50—
105°C was due to residual moisture present in the samples (Lee et al., 2012). In CNF
nanopaper, cellulose pyrolysis started at 201°C and continued until around 330°C leading to
depolymerization of solid cellulose to form active cellulose and thereafter various anhydro-
monosaccharides, retroaldol, dehydrated species, carbon oxides, and char (Lin et al., 2009;
Nystrom et al., 2010). The weight loss for CNF nanopaper was of 61.5% at 330°C and of
73% at 600°C, similar to the values found in previous studies (Nystrom et al., 2010). In the
case of CNF/PPy180 nanopaper, the weight loss between 230°C and 350°C was of 31% and
of 61.5% at 600°C. For this nanopaper, the loss was not only a result of the degradation
process of the cellulose but also partly because of the thermal degradation of the polymer
backbone in polypyrrole. For the polymer itself (PPy), the total weight loss at 600 °C was
42%, following a slow degradation mechanism. One can say that the degradation kinetics of
PPy is much slower than the degradation of CNF. PPy degrades in two steps, a degradation

process involving the counterions first and the polymer backbone degradation afterwards.
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The process during which the counterion is expelled occurs before the polymer backbone
degradation in PPy and is probably responsible for shifting the main degradation of CNF/PPy
to have its maximum degradation temperature at a lower temperature than the one for CNF
(Nystrom et al., 2010). The values of the maximum degradation temperatures can be seen
from the derivative thermogravimetric curves (Fig. 5b). The thermal degradation of CNF
from TEMPO-oxidation was broad and consisted of mainly two peaks around 232°C and
296°C, both below the degradation point of original cellulose (~310°C). This confirms the
formation of sodium carboxylate groups at the C¢ primary hydroxyls of cellulose. According
to literature (Fukuzumi, 2012), the first degradation peak corresponds to the degradation of
sodium anhydroglucuronate units, and the second relates to the degradation of cellulose
chains containing more unstable anhydroglucuronate units in the crystal surface. The
decomposition of PPy was found at 230°C; therefore, CNF nanopaper with higher amount of
PPy showed a decrease in the degradation temperature of the CNF/PPy nanopaper
(decomposition temperature of 286°C for CNF/PPy20 and of 257°C for CNF/PPy180) (Fig.
5b). The morphology and stability of PPy depend on its composition. Conducting films made
with ferric chloride have chloride counterions (dopant), which has a higher mobility than
other counterions (Saville, 2005). From the TGA/DTG analysis, it is important to note that
PPy coated on cellulose nanofibers decreased the maximum degradation temperature and it

slowed the kinetics of the degradation mechanism of the resulting CNF/PPy nanopaper.
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Fig. 5 TGA (a) and DTG (b) of pure CNF nanopaper and CNF/PPy

nanopapers as a function of temperature.

The electrical conductivities, together with the results of elemental analysis, are shown in
Fig. 6. In situ chemical polymerization of PPy on CNF substrate enhanced electrical
properties of CNF. Elemental analysis confirmed the higher amount of PPy on CNF
nanofibers with increasing the reaction time. The electrical conductivities of nanopapers
depend on the amount of coated PPy. From the results, the electrical conductivity of
CNF/PPy20 was 10 S-cm™, which is already similar to that of silicon (1.5 10” S-em™), and
reached up to 5.2 102 S-em™ for the CNF/PPy180 nanopaper, at the level of other
semiconductors. Considering the insulating property of cellulose nanofibers (between 107~
10® S-em™, depending on moisture content), the addition of a very low content of PPy filler
(only 8%) turned the PPy-modified CNF nanopapers in a semi-conductor material, thanks to
the uniformly connected conductive networks on cellulose nanofibers surface during the
filtering and drying process (Koga et al., 2014). The amount of polypyrrole in the nanopaper

steadily increased with the reaction, whereas the conductivity improved dramatically. The

21



electrical conductivity was enlarged 2 orders of magnitude with only 18% of PPy, and one
more order of magnitude above with only 20% PPy. The increase in porosity leads to a

better-bonded structure, resulting in higher electrical conductivity (S3).
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Fig. 6 Electrical conductivity and PPy content in CNF/PPy

nanopapers with the different reaction time.

The electrochemical properties of the conducting CNF/PPy180 were determined by cyclic
voltammetry in 2 M NaCl electrolyte. Fig. 7 depicts different scan rate of 5, 20, 50, 100, and
200 mV s™ of CNF/PPy180 in the potential window between -0.9 and +0.9 V (vs. Ag/AgCl).
All the curves are elliptical, with increased current upon increasing the scan rate. The
oxidation and reduction peaks did not appear due to the relatively small amount of pyrrole
(20%) in the nanopapers. The specific capacitance found for CNF/PPy180 at 5 mV s was
7.40 F g, which decreased to 0.35 F g at the highest scan rate of 200 mV s'. The dramatic
decrement of specific capacitance has been related to the sample compression during the
sheet drying, which reduced the porosity. When the porosity is decreased the ion mass

transport is too slow to allow for full utilization of the inherent charge storage capacity for
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scan rates above 5SmV s (Wang 2014). As mentioned by Carlsson et al., (2012), porous
samples allow fast transport of anions throughout the electro-active material. They found that
the capacity of compact samples decreased with increasing scan rate while the porous

samples showed a slight increase in capacity.
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Fig. 7 Cyclic voltammograms of CNF/PPy180 at different scan

rate of 5, 20, 50, 100, and 200 mV s™.

4. Conclusions

A strong and electrically conductive nanopaper was obtained by coating softwood cellulose
nanofibers with polypyrrole. The structure of PPy modified nanopapers were composed of
multilayers of CNF with PPy chains interpenetrating the cellulose nanofiber network. The
obtained pure CNF nanopaper had very high tensile properties, with 224 MPa of strength and
14.5 GPa of elastic modulus. On the other hand, nanopapers containing up to 20% of PPy
showed lower but still good mechanical properties (94 MPa strength and 8.8 GPa modulus),
with an electrical conductivity of 5.2 102 S cm™. In fact, the conductivity of this PPy-
modified CNF nanopaper was three orders of magnitude above the one of typical

semiconductor like silicon (1.5 10 S cm™). This modification changed the nature of CNF
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nanopaper from insulator to semiconductor material, after coating with polypyrrole polymer.
Compared to previous results in the literature, the proposed methods and products provided
strong and flexible cellulose nanopapers of high mechanical properties and the electrical
conductivity in the range of semiconductors. With these results, new applications can be
expected for cellulose nanofibers as biodegradable thin-film transistors or as biosensors. This
work opens the door to use cellulose nanofibers in green, low-cost, and portable electronic

devices in the future.
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