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The porosities of composites of polypyrrole and nanocellulose can be tailored from 30 to 98%
with ~10% increments enabling the electrochemical behavior of the materials to be readily
controlled.
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Composites of polypyrrole and nanocellulose (PPy/nanocellulose) have a high potential as

electrodes in energy-storage devices and as membranes for electrochemically controlled ion-
exchange systems. In the present work, it is demonstrated that such composites with 42-72%
porosity can be produced by using microfibrillated cellulose (MFC) prepared through
enzymatic pretreatment or carboxymethylation, or by using different amounts of MFC in the
composite synthesis. Together with previous work, this shows that the porosity of
PPy/nanocellulose composites can be tailored from 30 to 98% with increments of ~10%.
Employing the full porosity range of the composites, it is demonstrated that the
electrochemical oxidation rate of the materials depends on their porosity due to limitations in
the counter ion diffusion process. By tailoring the porosities of PPy/nanocellulose composites,
the electrochemical properties can consequently be controlled. The latter provides new
possibilities for the manufacturing of electrochemically controlled ion-extraction and energy
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storage devices with optimized volumetric energy and power densities.

1. Introduction

The interest in nanocellulose has increased rapidly during the
last decade and as a result it constitutes a frequently employed
nanomaterial today.'” Nanocellulose possesses many interesting
properties; it is renewable, inexpensive, non-toxic and has excellent
mechanical properties.” In addition, nanocellulose can be extracted
from a variety of sources, most commonly from wood, but also
from, e.g., filamentous green algae and tunicates, using a range of
different preparation methods.>*® The properties of nanocellulose,
such as fibre length, width, degree of crystallinity, and surface
charge depend on the origin of the nanocellulose and the preparation
methods used in its extraction. Microfibrillated cellulose (MFC),
was first described in the early 1980’s by Turbak et al.” and Herrick
at al.®* MFC comprises nanocellulose fibrils of approximately 3-30
nm width and micrometer lengths and are produced from wood pulp
through different homogenization processes. Following the
pioneering publications, different pretreatments have been developed
to decrease the energy consumption during the homogenization,**
e.g. involving enzymatic hydrolysis,”'® carboxymethylation'' and
TEMPO-mediated oxidation.'”” This development has led to the
introduction of a wide range of interesting new nanocellulose
materials, > including nanocellulose aerogels,’”” magnetic
nanopapers and aerogels,"* oil-absorbing aerogels'> and cross-linked
aerogels with high charge densities for facile layer-by-layer
functionalisation.'®

During the last few years it has also been demonstrated'”'® that
the non-conducting nanocellulose fibrils can be readily coated with a
conducting polymer, e.g. polypyrrole (PPy), yielding conductive and
electroactive composite fibres. PPy, which is one of the most
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frequently studied conducting polymers, can be prepared through
oxidative electrochemical or chemical polymerization of pyrrole
giving rise to a film deposited on a conducting substrate (an
electrode) or a powder with poor mechanical properties,
respectively.”” As has been described in detail elsewhere,'>*! PPy
can be reversibly switched between its reduced, uncharged and non-
conducting state and its oxidized, positively charged and conducting
state by controlling the applied potential or current. The switching of
oxidation states is tightly coupled to the movement of counter ions,
required to maintain the charge-neutrality of the PPy. For
sufficiently thick PPy films this counter ion mass transport generally
limits the rate of the redox reaction whereas very fast oxidation and
reduction of the PPy can be found for nanometre-thick, PPy
coatings.?>%*

The problems associated with the low redox reaction rates for
thick PPy films and the poor mechanical properties of PPy are
avoided by performing the pyrrole polymerization in the presence of
nanocellulose fibrils. The individual nanocellulose fibrils are, in this
case, coated by a thin layer of PPy (< 50 nm) and after drying, a
coherent, free-standing, conductive and electroactive paper-like
composite material is obtained. Composites comprising PPy and
nanocellulose from wood'”? or Cladophora sp. algae®® have
previously been reported and employed as electrodes in
environmentally friendly energy-storage devices”?’ and as an ion-
exchange material®® for DNA-extraction” and hemodialysis.>*'

It has, however, been demonstrated that the redox reaction rates
of the PPy/nanocellulose composites are significantly affected by the
porosities of the materials.'” The redox rate of PPy/nanocellulose
aerogel composites with a porosity of 92-98%, prepared through
freeze-drying or supercritical CO, drying, was shown to be
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significantly higher than for a composite with identical composition
but much lower (i.e. 30-35%) porosity. The importance of high
porosity for fast electrochemical processes has also been
demonstrated using other, but similar, materials such as aerogels
based on the conducting polymer PEDOT (poly(3,4-
ethylendioxythiphene) and porous carbonaceous foams.***

Whereas composites with  30-35%  porosity possessed
mechanical properties (i.e. 0.51 GPa Young’s modulus, 10.93 MPa
tensile strength and 2.5% strain to failure) surpassing previously
reported values for PPy/cellulose composites when normalized with
respect to the cellulose content,*>* the mechanical properties of the
92-98% porosity aerogel composites were so poor that these could
not be measured. These findings, which illustrate the inverse
relationship between porosity and mechanical strength for this type
of material, imply that, depending on the intended application, a
compromise between fast electrochemical processes and mechanical
strength generally has to be made.

The composites described above were based on nanocellulose
from wood prepared through TEMPO-mediated oxidation, resulting
in a porosity of 30-35% when dried in the ambient and 92-98% after
specialized drying. It has also been reported that composites based
on nanocellulose from Cladophora sp. algae has a porosity of 82%
following ambient drying.’ In subsequent work with
PPy/nanocellulose composites based on enzymatically pretreated
MFC and two forms of Cladophora nanocellulose, porosities ranging
from 55% to 75% were obtained after compacting and drying of the
composites through pressing.®® Although the electrochemical
properties of these composites were not the main focus of the latter
work, the results indicated that the porosity affects the redox rates of
the composites. Based on these findings it is clear that there is a need
for the development of new straightforward methods enabling the
porosities of PPy/nanocellulose composites to be readily controlled,
as well as for systematic investigations of the impact of the
composite porosity on the electrochemical properties covering a
large porosity interval.

Due to differences in the fibril properties between different
forms of nanocellulose, sheets made thereof have different porosities
after drying in air: The porosity of sheets prepared from Cladophora
nanocellulose is higher than that for sheets made of MFC prepared
through enzymatic pretreatment, which in turn is higher than that for
sheets prepared through carboxymethylation.” In the present work,
it is demonstrated that the corresponding PPy/nanocellulose
composites follow the same porosity trend. Specifically, it is shown
that PPy/nanocellulose composites with porosities between 42 and
72% can be produced in a straightforward way by utilizing two
different forms and amounts of MFC from wood, without using any
form of specialized drying or compacting procedures. This means
that PPy/nanocellulose composites can be tailored to have porosities
ranging from 30 to 98% with porosity increments corresponding to
~10% over the entire range. Utilizing samples covering the full
porosity range, the effect of porosity on the electrochemical
properties of these composites is clearly demonstrated. By careful
selection of the type, or amount, of nanocellulose used in the
composite synthesis it is consequently possible to tailor the porosity
and the electrochemical properties of PPy/nanocellulose composites.

2. Experimental

2.1 Materials

The MFC, which was produced and provided as 2%
hydrogels by Innventia AB (Sweden), was used as received.
The MFC generation 1 (i.e. MFC gl) and generation 2 (i.e.
MFC g2) were produced from softwood sulphite pulp fibres
(Doms;jo Dissolving Plus, Domsj6é Fabriker AB, Sweden). The
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preparation of MFC gl followed the procedure described by
Pidkko et al.,'” encompassing enzymatic hydrolysis as well as
mechanical and high-pressure homogenization, yielding
micrometer long fibrils, 5-20 nm in width. MFC g2 was
produced by  carboxymethylation and  high-pressure
homogenization in conformity with the procedure described by
Wagberg et al,!' yielding micrometer long fibrils with a
diameter of 5-15 nm. Typically, MFC g1 is dominated by fibril
aggregates of ~20 nm in width, whereas MFC g2 is dominated
by fibril widths closer to 5 nm due to greater fibril repulsion
resulting from the introduced surface charges. Pyrrole (Sigma-
Aldrich), FeCl3*6 H,O (Sigma-Aldrich), HCI (Sigma-Aldrich),
NaCl (BDH Prolabo) and Tween-80 (Merck) were used as
received and all solutions were prepared using deionised water.

2.2 Synthesis

MFC gl (or MFC g2) hydrogel corresponding to 100 or 300
mg dry cellulose was diluted to a total volume of 50 mL and
dispersed employing high-energy ultrasonication (VibraCell
750 W, Sonics, USA). 0.022 mol pyrrole and one drop of
Tween-80 were dissolved in 100 mL of 0.5 M HCI and added
to the cellulose dispersions followed by mixing for five
minutes. Subsequently, 0.048 mol FeCl; dissolved in 100 mL of
0.5 M HCI was added to initiate the pyrrole polymerization.
The polymerization was allowed to proceed for 30 minutes
before washing the products in a Biichner funnel at reduced
pressure. In order not to degrade the PPy, the composites were
washed with 5 L of 0.5 M HCl and 1 L of 0.1 M NaCL*" The
products were subsequently sonicated for two minutes for
homogenization purposes before finally collected in a Biichner
funnel. The products were ultimately dried in air and stored in
the ambient prior to further analysis. The syntheses yielded four
composites of roughly the same dimensions (circular shape,
diameter 5-6 cm, thickness 0.9-1.3 mm) all of which were
rather inflexible and rigid. The composites could be broken into
smaller pieces by hand or cut with a scalpel and all
characterizations of the composites were carried out using
pieces broken off or cut from the synthesized materials. In the
text below, the samples are denoted PPy/MFCgl 100,
PPy/MFCgl_300, PPy/MFCg2 100 and PPy/MFCg2 300, to
reflect the MFC generation and amount used in their synthesis.

2.3 PPy content determination

CHN elemental analyses were performed by Analytische
Laboratorien (Lindlar, Germany) after drying the samples in a
vacuum oven at reduced pressure at 70 °C for at least 24 hours.
The amounts of PPy in the composites were calculated from the
obtained nitrogen contents, as PPy was the only composite
component containing nitrogen.

2.4 Scanning electron microscopy (SEM)

Surface and cross-section micrographs were obtained with a
LEO1550 field emission SEM instrument (Zeiss, Germany)
employing an in-lens secondary electron detector. The samples were
mounted on aluminium stubs with double-sided adhesive carbon
tape and sample cross-sections were prepared by freezing samples in
liquid nitrogen and subsequently breaking the frozen samples.

2.4 Density and total porosity determination

Prior to the true density and bulk density measurements the
samples were dried in a vacuum oven at reduced pressure at 70
°C for at least 24 hours. The true density (p,), which
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corresponds to the actual density of the composite fibres, was
measured through He pycnometry (AccuPyc 1340,
Micromeritics, USA). The bulk density (p,) was determined by
cutting the samples to an approximately 1 x 2 cm rectangular
shape and subsequently measuring the width, length, thickness
and weight. The total porosity was calculated using Eq. 1.

total porosity = (1 —pp/py) - 100 (1)

2.4 Electrochemical measurements

An Autolab PGSTAT302N potentiostat (Ecochemie, the
Netherlands) was employed for all electrochemical measurements
using a three-electrode setup comprising a 3 M NaCl Ag/AgCl
reference electrode placed in the main compartment of the cell and a
coiled platinum wire counter electrode in a separate compartment.
All potentials are given with respect to the 3 M NaCl Ag/AgCl
reference electrode. Samples (weighing 3.9-4.1 mg) were contacted
by means of a paper clip shaped platinum wire and employed as the
working electrode positioned in the main compartment. The 2 M
NaCl (aq) electrolyte was purged with nitrogen for 15 min prior to
the measurements and all measurements were made in a nitrogen
atmosphere. Three initial cyclic voltammetry (CV) scans recorded
with a scan rate of 5 mV/s were made followed by three scans at
scan rates of 1, 5, 10, 20, 30, 40, and 50 mV/s, respectively. The
cathodic end potential was set to -0.80 V while the anodic end
potential was increased from +0.50 to +0.85 V as the scan rate was
increased. The specific charge capacities were calculated by
integrating the anodic current from the first point of positive current
to the point of minimum current occurring between the PPy
oxidation and overoxidation peaks (i.e. at approximately +0.35 to
+0.65 V depending on the scan rate and sample). Immediately
following the CV-measurements, the samples were subjected to
chronoamperometric (CA) measurements involving reduction at a
potential of -0.80 V for 600 s followed by oxidation at +0.30 V for
600 s.

2. Results and discussion

CHN elemental analyses were carried out to determine the
compositions of the composites and the results are shown in
Table 1. It can be seen that the composites are composed of
roughly 2/3 PPy (by weight), with some variation and that the
PPy content is slightly higher when 100 mg rather than 300 mg
MFC was used. The differences in the PPy content, especially
between PPy/MFCgl 100 and PPy/MFCgl 300, are small and
although only one nitrogen content determination was made per
sample, the variation in the calculated PPy content can still be
expected to be small (i.e. the estimated relative standard
deviation is 1.1%) based on previous results obtained with the
same method.'” It can also be concluded that values presented
in Table 1 are close to those previously obtained for similar
composites comprising PPy and nanocellulose derived from
wood.'” As the cellulose content of the latter composites was
estimated to be about 9% (wt.),17 it is reasonable to assume
similar cellulose contents also for the present composites.

Although no dissimilarities between the structures of the
samples could be distinguished by eye, the SEM micrographs
revealed significant differences on the micro- and nanoscales as
is seen in Figure 1, depicting representative surface SEM
micrographs of the samples at three different magnifications
(i.e. 3 kX, 50 kX and 200 kX). At the lowest magnification, all
samples appeared non-porous except the PPy/MFCgl 100
sample, for which a few pores of some micrometers width
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could be observed. The surfaces of the composites based on
MFC g1 also appeared rougher than those based on MFC g2. At
a magnification of 50 kX, both MFC gl samples displayed
fibrous and porous structures, whereas both the MFC g2
samples appeared significantly denser, particularly the
PPy/MFCg2 300 sample. The highest magnification
micrographs revealed that also the PPy/MFCg2 100 and
PPy/MFCg2 300 samples were fibrous although the pores were
significantly smaller than for both PPy/MFCgl 100 and
PPy/MFCgl 300. More importantly, the micrographs indicated
that the composites had different porosities, depending on the
amount and type of MFC used, with the porosities decreasing in
the following order: PPy/MFCgl 100 > PPy/MFCgl 300 >
PPy/MFCg2 100 > PPy/MFCg2 300. Although all samples
were fibrous to some extent, a higher degree of composite fibre
aggregation was observed when the pore volume decreased.

The widths of the individual composite fibres were
estimated using a length measurement tool incorporated in the
SEM instrument software. For both the PPy/MFCgl 100 and
PPy/MFCgl 300 samples, the fibre widths ranged between ~60
and 80 nm, while the fibres widths in the PPy/MFCg2 100 and
PPy/MFCg2 300 samples ranged between ~40 and 60 nm. This
difference is likely due the differences in fibril widths inherent
in these two MFC forms. Based on a fibril width of ~20 nm for
MFC gl and ~5 nm for MFC g2, the thickness of the PPy-layer
can be estimated to ~20-30 nm.

Table 1. Nitrogen and PPy contents based on the CHN-analyses.

Sample Nitrogen PPy PPy content
content content (mmol/g)®
(Wt%)* (Wt%)

PPy/MFCgl 100 | 13.9 66.4 9.89

PPy/MFCgl 300 | 13.0 62.2 9.27

PPy/MFCg2 100 | 15.2 72.8 10.8

PPy/MFCg2 300 | 13.1 62.7 9.35

“The CHN elemental analyses were carried out after drying the composites
for >24 h at 70°C and reduced pressure in a vacuum oven. The weight loss,
corresponding to water evaporation, was 6.5-7.0 wt%. "mmol per gram
composite.

To confirm that the observed differences were not confined
to the surface only, cross-sections of the samples were prepared
to investigate the bulk structures. The micrographs in Figure 2,
which were acquired at magnifications of 200 kX, show that the
bulk structures of the composites were indeed very similar to
the surface structures for all the samples. No uncoated cellulose
fibrils could be observed in the bulk of the composite and the
bulk porosities, pore volumes and fibre aggregation degrees,
followed the same trends as deduced from the surface
micrographs (see Figure 1).

In previous work on composites of PPy and Cladophora
nanocellulose, it has been shown that the composite fibre
structure comprises a nanocellulose fibril core coated with a 30-
50 nm thin layer of PPy and that no uncoated fibrils could be
observed.”® In the present investigation, no uncoated fibrils or
parts thereof could likewise be observed in any of the SEM
micrographs (see Figure 1 and 2), indicating that all fibrils were
completely covered with a PPy layer. A closer inspection of the
micrographs obtained with 200 kX magnification in Figure 2,
however, indicates that the PPy-coating did not form a smooth
layer of wuniform thickness, probably due to pyrrole
polymerization in the solution followed by PPy adsorption on
the fibrils, in addition to polymerization directly on the fibrils.

RSC Adv., 2014, 00,1-3 | 3
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Figure. 1. Scanning electron micrographs of the surface of PPy/MFCgl 100 (a-c), PPy/MFCgl 300 (d-f), PPy/MFCgl_100 (g-i) and PPy/MFCg2 300 (j-1), at
magnifications of 3 kX (left column), 50 kX (middle column) and 200 kX (right column), respectively.

To conclude, the micrographs in Figure 1 and 2 indicate that
the porosity of the composite obtained depends on type and
amount of nanocellulose used in the synthesis. The micrographs
thus indicate that the porosity decreases in the order
PPy/MFCgl 100 > PPy/MFCgl 300 > PPy/MFCg2 100 >
PPy/MFCg2 300, and that the porosity decrease is a result of

decreased pore volume and increased composite fibre
aggregation.

To quantify the porosity differences seen in the
micrographs, the total porosities of the samples were

determined employing Eq. 1, based on the measured true
densities and the bulk density values (see Table 2). Whereas
only small variations were observed between the true densities
for the different samples, the bulk densities differed
significantly, resulting in composite porosities ranging from
42% to 72%. In addition, the porosities of the samples
decreased in the same order as deduced from the micrographs,
i.e. PPy/MFCgl_100 > PPy/MFCgl_300 > PPy/MFCg2_100 >

4 | RSC Adv., 2014, 00, 1-3

PPy/MFCg2 300. The higher porosity for the MFC gl samples
as compared to that for the MFCg2 samples is in good
agreement with the fact that the porosity of pristine MFC gl
sheets has been found to be higher than for pristine MFC g2
sheets.®® It is also clear that the use of a higher amount of
cellulose in the synthesis gives rise to less porous samples for
both cellulose types used here. The present results regarding
porosity are also in good agreement with earlier findings
showing that the porosities for pressed PPy/nanocellulose
composites followed the same trend as for the corresponding
pressed pristine nanocellulose sheets.®® It can hence be
concluded that the porosity of PPy/nanocellulose composites
can be readily tailored by carefully selecting the type and
amount of nanocellulose used in the composite synthesis.
Determinations of the pore size distributions for the present
composites are complicated by the fact that pores larger than 100 nm
clearly are present in the samples (see Figure 1 and 2) which means
that pore size distributions from nitrogen sorption data does not give

This journal is © The Royal Society of Chemistry 2014
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Figure 2. Scanning electron micrographs depicting cross-sections of PPy/MFCgl_100 (a), PPy/MFCgl_300 (b), PPy/MFCg2_100 (c) and PPy/MFCg2_ 300 (d) samples

at 200 kX magnification.

a representative picture of the pore size distribution, as was also
discussed previously.'?

In earlier work'”*® we have shown that the porosities of
PPy/nanocellulose ~ composites  significantly  affect their
electrochemical behaviour. It was thus found that highly porous
composites with very high porosities composed of individual fibres
were oxidized faster than samples with a high degree of fibre
aggregation and much lower porosities (i.e. 30-35%)."” In the latter
investigation, nanocellulose prepared by TEMPO-mediated
oxidation of wood pulp was used together with freeze-drying or
supercritical CO, drying to produce composites with porosities of
92-98%. With air drying (as in the present investigation) composites
with porosities of 30-35% were, on the other hand, obtained further
demonstrating that the porosity of the composites also can be
controlled by the method used to dry the samples.

Table 2. True densities, bulk densities and porosities for PPy/nanocellulose
composites based on MFC gl or MFC g2.

Sample name True density | Bulk density | Porosity
(g/cm’)* (g/cm*) (%0)
PPy/MFCgl 100 | 1.439+0.002 | 0.4007 72.2
PPy/MFCgl 300 | 1.458+0.001 | 0.4833 66.9
PPy/MFCg2 100 | 1.434+0.001 | 0.6921 51.7
PPy/MFCg2 300 | 1.473 £0.001 | 0.8596 41.6

expressed as the mean + 1 standard deviation (n=5).

PPy/nanocellulose composites based on nanocellulose from the
Cladophora sp. green algae and dried in air have likewise been

This journal is © The Royal Society of Chemistry 2014

found to yield a material with a porosity of approximately 82%.
The fact that the latter value is significantly higher than the values
for the air dried PPy/nanocellulose composite based on TEMPO-
oxidized nanocellulose from wood discussed above further
emphasizes the influence of the type of the cellulose on the porosity
of the composites obtained with PPy.

The composites prepared in the present study were further
analyzed with cyclic voltammetry measurements at potential scan
rates ranging from 1 to 50 mV/s. The results of these experiments
are shown in Figure 3, in which the currents have been normalized
with respect to the content of electroactive material, i.e. the PPy
content. Some voltammograms for the previously reported'’
PPy/nanocellulose composites with 30% and 98% porosities have
also been included in Figure 3 for comparison.

In Figure 3a, it is seen that the voltammograms for all
composites exhibited a well-defined PPy reduction peak at a
potential of about -0.5 V for a potential scan rate of 1 mV/s and that
the samples with porosities above 42% likewise displayed a well-
defined PPy oxidation peak at approximately -0.4 V. For the more
compact composite with 30% porosity a less distinctive and broad
oxidation peak is instead seen. This electrochemical behaviour can
be explained by the dependence of the rate of counter ion diffusion
on the porosity of the composites as anions are incorporated and
released upon the oxidation and reduction, respectively. The current
minima observed at approximately +0.35 V and the subsequent
increase in the current for more positive potentials can be explained
by the onset of PPy overoxidation.*' In the present study, as well as
in the previous study,'” care was taken to reverse the scan direction

RSC Adv., 2014, 00, 1-3 | 5
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prior to the onset of the overoxidation since the latter reaction is
known to involve PPy degradation.

As is seen in panels b-f in Figure 3, the PPy oxidation peaks
were shifted to more positive potentials with increasing scan rates
and the oxidation peaks also became broader and less distinct as the
scan rate was increased. It is immediately clear that this dependence
of the shape of the voltammograms on the scan rate was most
pronounced for the samples with the lowest porosities. For the least
porous samples no clear oxidation peaks could therefore be seen
which made it difficult to detect the onset of the overoxidation
process for scan rates above 5 mV/s for the 30% porosity sample.
Scan rates up to 30 and 40 mV/s could, on the other hand, be used
for the samples with porosities of 42% and 52%, respectively. This
behaviour thus stems from the fact that charge neutrality during PPy
oxidation and reduction requires movement of counter ions. As will
be shown in more detail below, the latter process requires longer and
longer times for less porous samples due to the decreasing amounts
of counter ions present within the samples. For very porous samples,
containing a sufficiently large amount of counter ions in the vicinity
of the composite fibres, the average counter ion diffusion length is
short and the oxidation can proceed rapidly yielding a well-defined
oxidation peak typically seen for planar diffusion controlled systems.
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Figure 3. Cyclic voltammograms for PPy/nanocellulose composites with different
porosities (porosities indicated in the figure legend in panel a) obtained for a
range of potential scan rates. In panels a, b, ¢ and f, voltammograms for the
previously reported'’ composites with 30% and 98% porosity have also been
included for comparison. The current has been normalized with respect to the PPy
contents in the composites.

For less porous samples, which most likely also have larger
tortuosity factors further complicating the mass transport, the
counter ions need to diffuse over larger distances within and outside
the samples and the diffusion process becomes less and less planar
which explains the less distinct oxidation peaks seen for such
samples.'” 2* Tt is therefore evident that the voltammetric behaviour
of the currently investigated PPy/nanocellulose composites of
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varying porosity is controlled by the counter ion diffusion process
and that this process becomes slower and more complicated as the
porosity of the samples decreases.

The effect of the porosity of the composites on the rate of the
PPy oxidation can be further illustrated by calculating the specific
oxidation charges from the voltammograms for the employed scan
rates (see Figure 4). To minimize the influence of the overoxidation
process these charges were calculated from the first point of positive
current to the current minimum between the oxidation and
overoxidation peaks. When the scan rate was increased it became
more difficult to detect the overoxidation onset the lower the
porosity was. The maximum scan rate at which the oxidation charge
was calculated therefore decreased with decreasing porosity.

320
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Figure 4. Specific cyclic voltammetric oxidation charges as a function of the scan
rate for PPy/nanocellulose composites with different porosities. Previously
reported'” composites with 30% and 98% porosity are included for comparison.
The charges have been normalized with respect to the PPy amount in the
composites. The error bars represent one standard deviation (n=3) whereas the
lines only are intended as guides to the eye.

In Figure 4, it is clearly seen that all samples exhibited the same
specific charge (i.e. about 300 C/g PPy, see also Table 3) at the
lowest scan rate, i.e. 1 mV/s. As the same charge, corresponding to a
doping degree of about 22% was obtained for all samples, it is
reasonable to assume that all the samples could be fully oxidized,
irrespective of their porosities, provided that the oxidation proceeded
sufficiently slowly. The obtained capacities are also in good
agreement with those previously obtained for Cladophora
nanocellulose based composites (with a porosity of 82%) for which
values of ~310 C/g PPy were obtained at a scan rate of 5 mV/s.>’ As
is also seen in Figure 4, an increase in the scan rate resulted in a drop
in the charge capacity for all samples, except for the composite with
a porosity of 98%. This decrease was most pronounced for the least
porous samples.

To further verify that the oxidation rate depends on the porosity
of the samples, chronoamperometric measurements were performed
in which the samples were first subjected to reduction at -0.8 V for
600 s and then oxidized using a potential step to +0.3 V. As is
evident from the resulting coulograms shown in Figure 5 (in which
analogous data for previously reported'’ composites with 30% and
98% porosity also have been included for comparison) the oxidation
rate decreases when the porosity is decreased, in agreement with the
voltammetric results.

The results presented above clearly demonstrate that the porous
samples are oxidized faster than the less porous ones. This indicates
that the amount of counter ions within the pores of the samples was
the main limiting factor and that this amount was large enough to

This journal is © The Royal Society of Chemistry 2014
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yield a rapid oxidation process only for the most porous samples.
This hypothesis is in good agreement with the data in Table 3,
summarizing the amount of counter ions (i.e. CI') required in the PPy
oxidation process, based on the average charge capacity obtained at
1 mV/s seen in Figure 4, as well as the amounts of chloride ions
estimated to be present in the different composites. The latter were
calculated for an electrolyte concentration of 2 M NaCl and the
porosities for the different samples. In Table 3, it is observed that the
amount of chloride ions present in the least porous samples was
insufficient compared to the amount of counter ions required for the
charge compensation. This implies that a large number of counter
ions would have to diffuse from the bulk electrolyte solution outside
the composite and through the composite pore network to reach all

400
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Figure 5. Coulograms for PPy/nanocellulose composites with different porosities
obtained for oxidation at +0.3 V after a reductive pre-conditioning step at -0.8 V
for 600 s. Previously reported'’ composites with 30% and 98% porosity are
included for comparison. The charges have been normalized with respect to the
PPy amount in the composites.

Table 3. The number of counter ions in the oxidation process as well as those
available in the total pore volume for the investigated composites and the
previously reported'” composites with 30% and 98% porosity.

Porosity Charge Charge Counter ions Counter ions

(%) capacity at | capacity at 1 in oxidation in composite

1 mV/s mV/s (C/g (mmol/g pores (mmol/g

(C/g PPy)* composite)” composite)” composite)

98 312+ 10 224+ 7 2.32 £ 0.08 68.14
72 296 £ 1 197 £1 2.04 £ 0.01 3.60
67 304 £1 189+ 1 1.96 £ 0.01 2.77
52 307 £6 224 £5 2.32 £ 0.05 1.50
42 313+ 7 196 £ 4 2.03 £ 0.04 0.97
30 317£6 215+ 4 2.24 £ 0.04 0.58

*expressed as the mean + 1 standard deviation (n=3).

PPy coated fibres during the oxidation process. It can also be
anticipated that the diffusion would be more and more affected by
tortuosity effects as the porosity of the samples decreases. These
findings readily explain the long oxidation times obtained for the
least porous samples. Conversely, an excess of chloride ions is found
to be present in the most porous sample, indicating that the charge
compensation process mainly involves diffusion of chloride ions
present in the vicinity of the composite fibres. This would give rise
to rapid planar diffusion in agreement with the experimental
findings. As discussed earlier,'” it is also likely that a higher degree
of composite fibre aggregation (which was observed for decreasing

This journal is © The Royal Society of Chemistry 2014

porosities) can contribute to the slower oxidation kinetics since this
aggregation in essence results in thicker PPy-layers. Based on the
present results it can be concluded that the rate of oxidation
decreases with decreased porosity due to the increased influence of
diffusion caused by the decreasing amount of counter ions within
these samples and an increased influence of fibre aggregation and
tortuosity effects. It is likewise clear that the present composite
preparation approach significantly facilitates studies of the influence
of the porosity on the electrochemical properties of
PPy/nanocellulose composites. Such studies are very important, for
example, in the optimization of electrode materials for charge
storage devices as well as ion-extraction membranes.

3. Conclusions

It has been demonstrated that PPy/nanocellulose composites
comprising ~2/3 PPy, and with porosities ranging from 42% to 72%,
can be made from MFC obtained by enzymatic hydrolysis or
carboxymethylation, employing an ambient drying based approach.
The proposed method complements previously described composite
manufacturing processes by enabling the porosities to be controlled
in a previously inaccessible range. With the present and previously
described methods it is possible to prepare PPy/nanocellulose
composites with porosities ranging from 30 to 98% with porosity
increments of approximately 10%. The porosity of the composite is
readily controlled via the type and amount of nanocellulose used in
the composite synthesis procedure.

It is further shown that the electrochemical properties of the
composites are controlled by the porosities of the composites and
that very fast oxidations only are seen for porous composites
containing a sufficiently large amount of counter ions within the
composite itself. For more compact composites, the oxidation
requires more time as a result of the larger diffusion lengths and the
more complex diffusion process due to the increased influence of
tortuosity effects and fibre aggregation. The possibilities of
controlling the porosity of PPy/nanocellulose composites presented
in this work provide new and powerful means for optimisations of
the properties of electrochemically controlled extraction devices and
energy storage systems, as well as for fundamental studies of the
impact of the porosity on the electrochemical properties of
electroactive materials in general. In energy storage devices, such as
batteries and supercapacitors, it is important to optimise the
performance of the electrodes with respect to their gravimetric and
volumetric capacities. The results of this study imply that the
composites can be tailored to an optimum porosity, for which the
charging rate of the device is sufficiently fast and the volume and
thus the weight of the excess electrolyte has been minimized.
Another important aspect is the effect that the porosity has on the
mechanical properties. This should be investigated in future work
employing samples covering the full porosity range.
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