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Abstract Paper-based conductive electrode materials of

polypyrrole (PPy) and nanocellulose (NC) have received

much attention lately for applications in non-metal-based

energy storage devices, ion exchange, etc. The aim of this

study was to study how the primary characteristics of NC raw

materials impact and electrochemical properties of conduc-

tive NC–PPy composite sheets. Three NC raw materials were

used: Cladophora cellulose (NCUU) produced at Uppsala

University, Cladophora cellulose (NCFMC) produced at FMC

Biopolymer, and microfibrillated cellulose (NCINN) produced

at Innventia AB. Composite paper sheets of PPy coated on

the substrate NC material were produced. The NC raw

materials and the composites were characterized with a bat-

tery of techniques to derive their degree of crystallinity,

degree of polymerization, specific surface area, pore size

distribution, porosity, electron conductivity, charge capacity

and tensile properties. It was found that the pore size distri-

bution and overall porosity increase upon coating of NC

fibres for all the samples. The charge capacity of the

composites was found to decrease with the porosity of the

samples. It was further found that the mechanical strength of

the pristine NC sheets was largely dependent on the overall

porosity, with NCINN having the highest mechanical strength

and lowest porosity in the series. The mechanical properties

of the composite NC–PPy sheets were significantly dimin-

ished as compared with pristine NC sheets because of the

impaired H-bonding between fibres and PPy-coated nanofi-

bres. It was concluded that to improve the mechanical

properties of PPy–NC sheets, a fraction of additive bare NC

fibres is beneficial. Future study may include the effect of

both soluble and insoluble additives to improve the mechanical

strength of PPy–NC sheets.

Introduction

Polypyrrole (PPy) is one of the most commonly investi-

gated conductive polymers. Relatively high charge capac-

ity, capability of straightforward synthesis, possibility of

chemical as well as electrochemical polymerization and

coating over different kinds of substrates are some of the

most notable features of PPy [1]. However, PPy suffers

from several drawbacks such as poor cycling stabilities

[2–4], low accessible degree of doping [5, 6], high self-dis-

charge rates [7, 8], and mass transport limitations in thick

polymer layers [4]. Furthermore, its large scale industrial

applicability is limited because of brittleness and poor post-

synthesis processability, such as poor solubility in most

solvents, poor heat-annealing properties, and poor compac-

tability, which makes it hard to produce coherent, self-

standing films, wires, or other moulded or cast forms [9].

In situ polymerization of pyrrole (Py) monomers on

various substrates has been widely used to render PPy with

the preferred mechanical properties [10–15]. In this
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respect, both conductive, e.g. metals [16–18] or carbon [4,

19, 20] materials, and non-conductive substrates, e.g.

synthetic [21–23] or natural polymers [24–26], have been

used. Cellulose is known for its excellent mechanical

properties and bears enormous industrial value. It is inex-

pensive, lightweight, non-toxic and biodegradable, and it

also originates from renewable sources. Furthermore, cel-

lulose, unlike wool [24] or silk [25, 26], exhibits high

affinity to be coated with PPy, which is believed to be

because of direct interactions between OH-groups abun-

dantly present on cellulose surface and NH-groups of Py

ring [11, 13]. Paper-like composites of cellulose and PPy

have recently received much attention as environmental-

friendly electrode materials for non-metal-based energy

storage devices [27, 28] as well as high capacity electrode

materials for electrochemically controlled ion exchange

[29–34]. Further, these conductive paper materials have

been used as a substrate to be coated with various metals

including silver for antibacterial disposable paper products

[13].

Cellulose exists in a variety of crystalline forms, e.g.

cellulose Ib and I–IV, and even different allomorphs for the

same crystalline phase, e.g. cellulose Ia. Furthermore,

cellulose can be obtained from different sources which

include terrestrial plants, algae, bacteria, fungi and even

aquatic animals such as tunicates [35]. Depending on the

source and the processing, the cellulose materials exhibit

different degrees of crystallinity (DC), degrees of poly-

merization (DP), specific surface areas, porosities, fibre

thicknesses, etc., which are all important for ensuring the

mechanical strength of paper.

The various aspects of coating of cellulose with

conductive polymers were summarized in the recently

published reviews [1, 36]. The effects of micron-thick

cellulose fibres used by the paper industry, such as type of

the pulp, fibre length, fines’ content and fibre curl, on the

conductivity of cellulose composites with PPy have been

investigated [37]. It was shown that types of cellulose pulp

and degree of curl are trivial, but the amount of fines and

fibre length are important for producing composites of PPy

and cellulose. It was suggested that with shortening of the

fibre length and raising the fine’s fraction, the conductivity

of the composite increases, but this also impairs the con-

ductive network continuity in the composite [37]. It was

further shown that inclusion of small amounts of cellulose

whiskers improves the mechanical properties of PPy, i.e.

producing increased tensile strength and Young’s modulus,

as well as reduced elongation at break [38].

During the last decade, nanocellulose (NC) materials

have been intensively investigated for their exceptional

mechanical properties [35, 39–41]. The use of NC is

advantageous because NC not only provides necessary

mechanical strength but also features large surface area,

which is favourable to obtain large charge capacity in

paper-like electrodes. Not surprisingly, NCs from algae

[42], wood [43, 44] and bacteria [45, 46] have all been used

to be coated with conductive polymers. In this respect, the

so-called salt-and-paper battery, based on NC from

Cladophora algae and PPy, is exemplary and shows great

promise in the development of environmental-friendly,

non-metal-based energy storage devices [1, 27, 28, 47, 48].

While the investigations on the improvement of the elec-

trochemical performance of the paper-based energy storage

devices are currently underway, the importance of the NC

component has been somewhat overlooked. In particular,

systematic studies on the influence of the primary charac-

teristics of the NC raw materials as substrates for produc-

ing conductive paper electrodes are lacking. The aim of

this study is thus to study how the primary characteristics

of NC raw materials impact on the mechanical and elec-

trochemical properties of conductive NC–PPy composite

sheets.

Experimental

Materials

Py, iron (III) chloride, hydrochloric acid, sodium chloride

and Tween-80 were purchased from Sigma Aldrich,

Germany. Two batches of NC from Cladophora algae were

used: NCUU produced at Uppsala University as earlier

described [49] and NCFMC as delivered by FMC Biopolymer

(batch G3095-10), USA, having a hemicellulose’s content of

less than 1%. The NCINN was manufactured at Innventia,

Stockholm. A bleached sulphite softwood cellulose pulp

(Domsjö ECO Bright; Domsjö Fabriker AB) consisting of

40% pine (Pinus sylvestris) and 60% spruce (Picea abies)

with hemicellulose content of 13.8% (measured as solubility

in 18% NaOH, R1830) and a lignin content of 1% (esti-

mated to 0.165*Kappa number, SCAN C 1:00) was used as

a source for the microfibrillated cellulose. The pulp was used

in its never-dried form. The phosphate buffer used during

the enzymatic treatment was prepared from 11 mM

KH2PO4 and 9 mM Na2HPO4 so that pH was between 6.8

and 7.2, and the monocomponent endoglucanase enzyme

(Novozym 476, Novozym A/S) was used without further

purification. To a pulp slurry with 4% fibre consistency, 0.83

ECU/g fibres of the enzyme was added. The enzymatic

treatment temperature was 50 �C for 2 h, and then the pulp

was treated at 90 �C for 40 min to inactivate the enzyme.

The product was then defibrillated using high shear

mechanical homogenization. The characteristics of NCINN

have been reported in a previous publication [50].
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Pristine NC sheets

A 0.5 wt% dispersion of NC was dispersed in deionized

water using a high-energy ultrasonicator (VibraCell

750 W, Sonics, USA) for 10 min. The dispersion of NC

was then collected on a filter paper in a Buchner funnel and

dried in ambient air to make a paper sheet.

Composite NC–PPy sheets

300 mg of NC (dry weight) was dispersed in 60 ml of

deionized water for 10 min using a high-energy ultrasoni-

cator (VibraCell 750W, Sonics, USA). Then, the NC dis-

persion was mixed with 50 ml of HCl (0.5 M) solution

containing 1.5 ml Py and a drop of Tween-80 and stirred

with a magnetic stirrer for 5 min. Simultaneously 12.6 g

FeCl3 was dissolved in 100 ml HCl (0.5 M) and then added

to the NC–Py mixture to induce polymerization. The mix-

ture was placed inside a fume-hood for 40 min under stirring

and then washed with 5 l of HCl (0.5 M) in a Buchner

funnel on a filter (Whatman filter paper 42, 90 mm, Cat No.

1442 090) followed by 1 l of NaCl (0.1 M). The filter cake

was then transferred to a beaker with 100 ml of deionized

water and sonicated for 2 min to re-disperse the composite

fibres. The well-dispersed suspension was finally transferred

in a Buchner funnel and drained. The final product was dried

in ambient air, and fixed between metal plates with clutches

to produce a composite sheet. The samples were stored in

ambient conditions before characterization.

In order to investigate the effect of inclusion of bare NC

fibres on the composite’s mechanical properties after poly-

merization, the following procedure was carried out. A

composite of NCUUPPy was formed as described above.

Following rinsing, the NCUUPPy composite was mixed with

NCINN dispersion (2.26 wt%), so that the final added NCINN

(dry) contents were 12, 35, and 52 wt% composite. The

mixture was blended using a mechanical homogenizer (IKA

T25 Ultra-Turrax, Germany) at 6000 rpm for 10 min. Before

homogenization, each NCINN batch was dispersed for 10 min

in 100 ml of deionized water using a high-energy ultrasoni-

cator (VibraCell 750W, Sonics, USA). The mixture was then

drained on a filter (Whatman filter paper 42, 90 mm, Cat No.

1442 090) to form a filter cake, which was subsequently dried

in ambient air, fixed between metal plates, to form a sheet.

Methods

Scanning electron microscopy (SEM)

The SEM images were taken with a Leo Gemini 1550 FEG

SEM (UK) instrument. The surface of the sheets was

sputtered with Pt–Au to reduce artefacts because of

charging. The materials were mounted on adhesive tapes

over aluminium stubs.

Degree of crystallinity (DC)

The X-ray diffractograms were obtained using a diffrac-

tometer D5000 (Siemens, Germany) instrument. CuKa1

radiation was used (k = 0.154 nm), and the 2h angle was

adjusted between 10 and 30�.

The DC was measured as follows:

DC% ¼
Icr � Iam

Icr

� 100 ð1Þ

where, Icr stands for the peak intensity at around 2h = 22�
and Iam is the baseline at 2h = 18� [51].

Degree of polymerization (DP)

The DP was obtained from the relative viscosity of the NC

samples in a Cuene solution as described in the ASTM

standard method D1795 [52]. The relative viscosity was

obtained at different dilutions using a capillary viscometer

(Cannon–Fenske 100, USA). The viscosity (g) was calcu-

lated in centipoises, as follows:

g ¼ Ctq ð2Þ

where, C = viscometer constant, t = outflow time (s) and

q = density (g/ml). The relative viscosity (grel) was

calculated as follows:

grel ¼
g
g0

ð3Þ

where g0 is the viscosity of the solvent.

The values of intrinsic viscosity g were obtained by plotting

log
grel�1

c

h i
against c for four concentrations and extrapolating

the straight line through the points to c ¼ 0. The intercept gave

us log[g]. A reasonably good approximation to DP is obtained

by multiplying intrinsic viscosity by 190 [52].

Specific surface area and pore size distribution

N2 gas adsorption and desorption isotherms were obtained

using an ASAP 2020 (Micromeritics, USA) instrument.

The BET specific surface area and the density function

theory (DFT) pore size distribution curves were derived

from the isotherms using the ASAP 2020 (Micromeritics,

USA) software.

True density and porosity

The true density of the samples was measured using a

He-pycnometer (AccuPyc1340, Micromeritics, USA).
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The porosity of the samples was measured according to

the following formula:

e% ¼ 1� qB

qT

� �
� 100 ð4Þ

where, e% is the porosity, qB is the bulk density and qT is

the true density. The bulk density was obtained from the

dimensions of the samples as

qB ¼
m

V
ð5Þ

where, V is the volume, and m is the weight of the sample.

Electrical conductivity

I–V sweep method was used to estimate the bulk resistance

of the dried composite sheets at room temperature using a

semiconductor analyser device (B1500A, Agilent Tech-

nologies, USA). The sample conductivity was estimated as

follows:

r ¼ DI

DU

� �
� L

wd

� �
ð6Þ

where DI
DU

� �
¼ 1

R stands for the conductance of the sample

obtained from the slope of the current versus voltage curve,

L is the length, w is the width, and d is the thickness of the

sample. The selected sample dimensions were approxi-

mately about 12 9 5 9 0.7 mm3. Both the ends of the

sample were painted with silver paint to ensure of good

electrical contacts with the needle probes. The measure-

ments were taken within a week from the date of synthesis.

Cyclic voltammetry

Cyclic voltammetry was performed in a standard 3-elec-

trode electrochemical cell at room temperature at a scan

rate of 5 mV/s using an Autolab/GPES interface (ECO

Chemie, The Netherlands). The composite sheets were

employed as the working electrode, a coiled Pt wire was

used as the counter electrode, and an Ag/AgCl electrode

was used as the reference electrode. 2 M NaCl solution was

used as the electrolyte. The potential region was adjusted

so as to ensure that overoxidation of the sample was

avoided. The charge capacity of composites was calculated

from the area-under-curve of the oxidation current.

Mechanical testing

The mechanical properties of the samples were measured

in an axial tensile mode using a tensile strength analyser

(MiniMat, Rheometric Scientific Inc, USA). The experi-

ments were performed in a room with controlled relative

humidity (50%) at 25 �C. Strips of the sample were cut

with scissors having the following dimensions: 60 9

(3–5) mm. The thickness, depending on the sample, varied

between 0.03 and 0.05 mm for pristine NC samples, and

between 0.55 and 1.25 mm for the composites. The tensile

strength, tensile index, yield stress and Young’s modulus

were derived.

Results and discussion

Primary characteristics

Figure 1 shows the internal structure of the produced

samples as observed in SEM. In Fig. 1a–c, the micrographs

of the pristine NC sheets are shown.

It is seen from these images that NCUU sample (Fig. 1a)

consisted of a network of fine cellulose nanofibres, which

were often aggregated into cellulose bundles. No bundles

were seen in NCFMC (Fig. 1b), which consisted of fine

nanofibres featuring an intertwined network. In NCINN

sample (Fig. 1c), no nanofibre network similar to that seen

in Fig. 1a–b was observed, and the images suggested a

dense, non-porous structure. The thicknesses of the indi-

vidual NC–PPy nanofibres were about 100 nm, as observed

by SEM.

In Fig. 1d–f, the SEM micrographs of the composite

NC–PPy samples are shown. In all the samples, worm-like

structures of individual composite nanofibres with some-

what uneven surfaces were seen. In all the samples, bare

fibres or partially coated cellulose nanofibres were not

detected. Compared with the pristine NCUU sample

(Fig. 1a), no bundles were observed in the composite

NCUUPPy sample (Fig. 1d). The most obvious differences

were observed in the NCINNPPy sample (Fig. 1f) as com-

pared with NCINN sample (Fig. 1c): in Fig. 1f, a porous

structure of intertwined composite nanofibres is seen,

whereas the image in Fig. 1c suggests a dense, non-porous

structure. It is also observed that the structure of

NCINNPPy, although somewhat denser, is generally similar

to that seen for NCUUPPy and NCFMCPPy in Fig. 4d–e,

suggesting the presence of an open, loose structure.

Figure 2 depicts the X-ray powder diffractograms of the

pristine NC samples, reflecting the batch-to-batch vari-

ability with respect to amorphous content. It is seen from

Fig. 2 that the NCUU and NCFMC show nearly identical

diffractograms and are featured with markedly sharp and

highly distinct Bragg peaks, especially in the region

between 14 and 17 (2h), which is typical for highly crys-

talline algae cellulose [35, 53]. The NCINN sample, which

originates from wood sources, exhibits a remarkably dif-

ferent XRD profile concordant with wood cellulose dif-

fractograms described earlier: A broad halo is observed for

the 2h region between 14 and 17 (2h) [54]. It is also seen
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that the peak at 22 degrees (2h) (i.e. major cellulose I peak)

is much broader for NCINN sample than those for NCFMC

and NCUU, which suggests a more disordered structure in

the former sample. The results are in full accordance with

the reported profiles for NC materials from algae and wood

sources [35, 53].

Table 1 summarizes the primary characteristics of the

samples. The DP of NCUU, NCFMC, and NCINN samples

were 1647, 742, and 335, respectively, whereas DC values

of NCUU, NCFMC, and NCINN samples were, respectively,

estimated to be 94, 92, and 59%. Thus, it can be concluded

that, while NCUU and NCFMC were featured with nearly

identical DC, the cellulose wood-based nanofibres had a

lower DC compared to Cladophora nanofibres. Owing to

insoluble nature of PPy, DP values of NC in the composites

following the polymerization could not be determined. It

should, however, be noted that the effect of acidic hydro-

lysis, which occurs almost exclusively in the amorphous

regions of cellulose, on DP is tangible at elevated temper-

atures [55]. Earlier TEM analysis images clearly showed the

presence of NC core inside individual PPy–NC nanofibres,

suggesting that NC fibres are predominantly intact, which is

further supported by the tubular shape of PPy–NC nanofi-

bres seen in SEM [27, 33, 42, 43]. It is further seen from

Table 1 that there is a substantial difference between the

surface areas of NCINN and the other two NC samples as was

expected, and observed from the SEM images shown in

Fig. 4a–c. The values of surface area of pristine NCUU and

NCFMC sheets were around 90 m2/g, whereas that for NCINN

sheet was less than 0.5 m2/g, and the latter could not be

measured with N2 gas adsorption. This is because of the

large differences between the cross-sectional areas of

elemental Cladophora nanofibres (20–30 nm) and the

elemental wood-based nanofibres having a diameter of

around 5 nm [35]. Owing to the higher stiffness of Clado-

phora-based nanofibres, the surface tension forces (Camp-

bell forces) cannot consolidate the structure during drying,

resulting in a much higher porosity of nanostructures based

on Cladophora-based nanofibres.

It is seen from Table 1 that the true density values for

NCUU and NCFMC samples are slightly higher than that for

Fig. 1 SEM images of pristine NC and composite NC–PPy sheets: a NCUU, b NCFMC, c NCINN, d NCUUPPy, e NCFMCPPy, and f NCINNPPy

Fig. 2 XRD patterns of NCUU, NCFMC, and NCINN samples
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NCINN sample. The latter has also been observed earlier,

and it is due to the higher DC of Cladophora cellulose [35].

The true density values of the composite samples were

between 1.60 and 1.65 g/cm3, which is comparable with

the previously reported data [56]. It should also be noted

that values of true density for cellulose reported in the

literature vary between 1.51 and 1.67 g/cm3 [57]. It is

clearly inferred from Table 1 that the composite samples

were featured with higher porosity than the corresponding

pristine NC samples: NCUUPPy sample showed a smaller

specific surface area than NCFMCPPy; however, the

porosities of NCUUPPy and NCFMCPPy were relatively

similar.

Figure 3 shows the pore size distribution curves of the

samples studied (note that owing to the low surface area of

NCINN sample, the N2 gas adsorption/desorption curves

could not be obtained for it). It is seen from Fig. 3 that

pores in NCUU and NCFMC samples are predominantly in

the range between 10 and 50 nm. Upon coating the NC

fibres with PPy, it becomes evident that the distribution of

pores for NCUUPPy and NCFMCPPy samples is shifted

towards larger pore sizes approaching 100 nm. The broad

distribution of pores and their shift to larger sizes agree

well with the SEM images, cf. Fig. 1d, e. It should further

be noted that the pore volume of NCINNPPy sample

appears to be substantially smaller than those for NCUUPPy

and NCFMCPPy samples.

Electrochemical properties

The conductivity values of the composites are summarized

in Table 1. The average value of conductivity for

NCINNPPy was 4.3 S/cm, whilst those for NCUUPPy and

NCFMCPPy were 2.9 and 2.8 S/cm, respectively. It could

be speculated that better conductivity of NCINNPPy sample

is due to somewhat lower porosity of this sample, which

implies a denser network of conductive strands [37].

Figure 4a shows the cyclic voltammograms of the

composites studied in 2 M NaCl electrolyte at a scan rate

of 5 mV/s. In a typical cyclic voltammogram, the oxidation

and reduction peaks correspond to the absorption and

desorption of chloride ions into/from the composites,

respectively [42]. The cyclic voltammograms were then

used to estimate the charge capacity of the composites.

Figure 4b shows the correlation between the charge

capacity and the porosity of the composite NC–PPy sam-

ples. It is seen from this graph that the charge capacity

increases with the overall porosity of the samples. It

was previously suggested that the high surface area of

the composite may be favourable to obtain greater

Table 1 Primary characteristics of the pristine NC and composite NC–PPy sheets

Sample DC (%) DP Surface area (m2/g) True density (g/cm3) Porosity (%) Conductivity (S/cm)

NCUU 94 1647 90.5 1.60 43.2 –

NCFMC 92 742 89.9 1.64 36.7 –

NCINN 59 335 \0.5 1.58 3.6 –

NCUUPPy – – 60.0 1.65 75.3 2.9

NCFMCPPy – – 96.0 1.60 69.3 2.8

NCINNPPy – – 80.8 1.62 55.4 4.3

Fig. 3 DFT pore size distribution of a pristine NC and b PPy–NC

sheets
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ion-exchange capacity than for a composite with low sur-

face area [42]. However, the influence of the overall

porosity on the charge capacity has hitherto not been dis-

cussed. The NCUUPPy sample has larger overall porosity

than NCFMCPPy sample, although the latter sample is

featured with a larger surface area than the former one. The

charge capacity, as seen from Fig. 4b, progressively

decreases with the decrease in the overall porosity of the

samples, whereas no correlation between the surface area

and charge capacity could be established in the series

studied. In this respect, even if the material may possess a

large surface area, small pores and low porosity may also

hinder the access of the electrolyte to the PPy-conductive

strands during oxidation and reduction. Because the values

of porosity of the composites are roughly in the same

range, as opposed to the porosity values of the pristine NC

sheets, it would be preferable to investigate the influence of

porosity as well as the pore size distribution on the charge

capacity of the composite materials over a markedly

broader range of values in the future.

Mechanical properties

Figure 5 shows the typical stress versus strain curves of the

pristine NC sheets. From such curves, the tensile strength

(i.e. strength at break), tensile index (tensile strength nor-

malized per bulk density), Young’s modulus and yield

stress (i.e. the transition point from elastic to ductile

behaviour) values were derived.

Table 2 summarizes the mechanical properties of the

NC samples studied. Whilst the tensile strength values of

NCINN sample are higher than those for NCFMC and,

especially, for the NCUU sample, these differences are

evened out when the bulk density of the pristine NC sheets

is taken into account, indicating that probably the main

reasons for the observed difference in the tensile strengths

of pristine NC sheets are the variations in the porosity. The

mechanical properties of NCINN-films have been reported

before [58], and with the current DP of the films, the

stress–strain curves are identical.

It is further seen from Table 2 that the tensile strength

values for the composites were markedly lower, viz.

*50–100 times, for the composites compared with the

pristine NC sheets. The composites were rather brittle, and

the yield stress values could not be obtained, as there was

no detectable transition point from elastic-to-ductile

deformation.

It is commonly known that chemical polymerization of

Py monomers using oxidants, such as iron (III) chloride,

produces a powder product featured with very poorFig. 4 Electrochemical performance of the composite samples:

a cyclic voltammograms of the composite NC–PPy samples and

b charge capacity values versus overall porosity

Fig. 5 Stress versus strain curves of the pristine NC sheets
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post-synthesis processability, such as poor solubility in

most solvents, poor compatibility or poor heat-annealing

properties [9]. Clearly, in situ polymerization of Py

monomers on NC fibres enables production of self-standing

paper sheets which can be moulded into any shape or cut

with scissors. Thus, although the manufacturing of self-

standing PPy sheets is enabled by making composites with

NC, the tensile properties of composite samples are

diminished as compared to pristine NC sheets.

Although the composite samples possess larger pores

and are generally featured with higher porosity than pris-

tine NC samples, this factor alone is not sufficient to

explain the differences between the pristine NC and com-

posite samples, since tensile index values of the composites

are still almost an order of magnitude lower than those for

the pristine NC sheets. It can therefore be suggested that

the deterioration of the mechanical properties of the com-

posites compared to the pristine NC samples could be due

to the shielding of the H-bonds between the OH-groups

present on the surfaces of cellulose adjacent nanofibres

since PPy-to-PPy contacts are obviously much weaker. The

OH-groups present on the cellulose nanofibres are occupied

by interactions with the NH-groups of Py rings, which

results in an uninterrupted and continuous PPy coating on

individual NC fibres [11, 13]. The presence of the contin-

uous and uninterrupted coating on NC fibres is critical for

good electrical conductivity [42]; however, it tends to

deteriorate the mechanical properties of otherwise strong

pristine NC sheets. The fact that the composite samples

exhibit relatively high porosities as compared with the

pristine NC sheets could also be indicative of the impaired

H-bondings between adjacent NC fibres, pointing to the

limited shrinking upon drying.

From the above discussion, it is inferred that the

mechanical properties of the composites would strongly

benefit from the presence of limited amounts of bare NC

fibres embedded in the matrix of the composite NC–PPy

fibres. In order to verify this hypothesis, various

proportions of bare NCINN fibres were post-synthetically

added to the composite NCUUPPy which was then moulded

into sheets. Figure 6 depicts an SEM image of such a

sample, in which NCINN is seen as non-porous islands,

which was post-synthetically embedded into the porous

matrix of the NCUUPPy sample. The mechanical properties

of the thus-produced composite sheets, featuring bare NC

fibres as an additive, are presented in Fig. 7. It is seen from

Fig. 7 that, upon inclusion of bare NCINN fibres to the

NCUUPPy composite, the tensile index, which accounts for

the differences in bulk density of the samples and, thereby,

largely eliminates the effects of porosity, progressively

Table 2 Mechanical properties of the pristine NC and composite

PPy–NC sheets

Sample Tensile

index (kNm/

kg)

Tensile

strength

(MPa)

Young’s

modulus

(GPa)

Yield

stress

(MPa)

NCUU 50 46 0.42 17

NCFMC 77 80 0.90 34

NCINN 74 112 1.13 77

NCUUPPy 3.2 1.3 0.01 –

NCFMCPPy 1.2 0.6 0.01 –

NCINNPPy 1.4 1.0 0.03 –

The results are the mean (n = 3) with the standard deviation in the

range between 7 and 14%

Fig. 6 SEM image of highly porous composite NCUUPPy sample

featuring islands of non-porous NCINN embedded into the matrix

Fig. 7 Influence of additive NCINN fibres on the tensile index of

composite NCUUPPy samples. The inset in the graph depicts the

composite sample with 52% added NCINN fraction
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increases in direct proportion to the added fraction of

NCINN fibres.

These results thus illustrate that the affinity between

bare NC fibres is critical for the formation of the

mechanically strong composites of NC–PPy. The rein-

forcing effects of water-soluble polymers such as xylan or

carboxymethylcellulose on the mechanical properties of

PPy–NC films have recently been shown [10, 59].

Conclusions

The results of the present study suggest that coating the

pristine NC fibres with PPy shifts the pore size distribution to

larger pore sizes and produces composites featured with

open, loosely packed structure of large surface areas. The

composites exhibit good electroactivity which seems to be

dependent on the total porosity of the composite. It was also

observed that the mechanical strength of the composites is

diminished in comparison with pristine NC samples. The

observed effect was interpreted to be because of impaired

H-bonding between adjacent pristine NC fibres. Post-syn-

thetic inclusion of bare NC fibres to composites was found to

enhance the mechanical properties of NC–PPy composites.
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