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Abstract. A flexible, electrically conductive and low-cost composite sheet has been prepared combining multi-walled
carbon nanotubes (MWCNTs) and cellulose pulp using simple solution mixing method. The uniform attachment of
MWCNTs on to the cellulose fibres of the composites lead to a gradual decline of the sheet resistance with an enhanced
electrical conductivity. The crystallinity of the composites is also found to be increased. The composites remain thermally
stable up to 550 K as well as demonstrate improved flame retardancy. The conducting CNT networks of the composites
are not disrupted even after 600 bending cycles, indicating almost no loss of conductivity. This conducting and flexible
composite sheet can be used in different energy storage devices.
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Introduction

Recent scientific attention mostly relies on the attainment of
advanced applications that meet the incremental technological development by facing the challenges like ongoing
environmental concern and energy crisis. The reduction of
plastic pollution in order to promote awareness against the
growing impact of synthetic polymers on environment and
ecosystem is very important. Therefore, as an effort of
environmental preservation and to reduce the material formulation cost, biopolymers such as polysaccharides,
polypeptides, polynucleotides, polyisoprene, etc. have been
extensively used in the last decades [1]. Cellulose is the
most prevalent polysaccharides, which offers exciting features including low density, high flexibility, large aspect
ratio and biodegradability when used as a polymeric matrix
to form composites [2]. Paper is the most ancient and major
product of cellulose with its many traditional uses. However, now-a-days it has become a part of the research
endeavors to make it a next-generation material for
advanced technology. The research of smart paper and film
technology is of great interest for portable electronics,
sensor and shields applications [3–7].
Despite being relatively cheap, biodegradable, thin and
flexible papers have certain disadvantages, such as they are
insulator and highly flammable, which may be overcome by
incorporating filler components to create further opportunities in advanced technological sectors. In this case, carbon

nanotubes (CNTs) are the most promising fillers compared
to others because of their exceptional electrical, mechanical
and thermal properties [8–11]. Mixed materials of cellulose
and CNTs are expected to be used in low-cost, renewable
smart paper that can replace electrochemical-based materials because of their excellent mechanical strength, lightweight and conductivity [12]. Surface of the cellulose fibres
can be modified with CNTs by using either covalent or noncovalent modification methods [3,4]. In this study,
CNT/cellulose composite sheets have been prepared by
using simple, low-cost and easily scalable dip-drying
method, which have stable and uniform structure and have
outstanding properties such as mechanical toughness,
electrical and thermal conductivity, and the usage of the
materials that have been investigated.
It is reported that mechanical, electrical or other properties of such composite sheet exhibits rapid response,
high sensitivity to humidity or different chemical vapours,
and therefore, provides not only as sensor but also have
potential to be widely used in other fields, such as smart
textiles and wearable technology [4–7]. Uniform dispersion of CNTs is a prerequisite for their effective utilization. To do this, most of the previous studies compromised
the structure of the CNTs and thus their valuable properties. The use of surfactant is attractive as opposed to the
conventional acidic treatment, because the acidic treatment
is not only destructive to the structure of the CNTs as well
as hazardous to the environment [3,13]. Here it is
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considered by using sodium dodecyl sulphate (SDS) to
disperse multi-walled CNTs (MWCNTs) before mixing
with cellulose. Smart cellulose is required to be flexible
and have high mechanical strength and stable conductivity.
In this study, we have concentrated on the good environmental stability of CNT/cellulose composite and low cost
combined with the easiness of preparation. These cellulose
sheet not only has a large surface area but also provides
the high foldability and twistability, which are prerequisite
for robust and flexible sensors [4]. This flexible, thin,
electro-conductive, thermally stable, flame retardant and
eco-friendly composite sheet would also be applied as
supercapacitors, transistors, actuators, sensors and electric
heater electromagnetic interference (EMI) shielding
materials [14–17].

2.
2.1

Experimental
Materials

Commercial 80 GSM A4 size offset papers (Double A
Public Company Limited, Thailand) are used to obtain
the cellulose pulp fibres. These papers were produced
from bleached Eucalyptus Kraft pulp. Pristine MWCNTs
(p-MWCNTs; CNano Technology Ltd., diameter = 10 ± 2.1 nm, length = 1–10lm, purity [95%) are
used as conductive additive were produced by chemical
vapour deposion method. High aspect ratio and tubular
structure of the nanotubes are confirmed by the transmission electron microscope (TEM) image of the pMWCNTs, as shown in figure 1a, which is taken by
JEOL JEM-1400 at an acceleration voltage of 100 kV.
From the field emission scanning electron microscope
(FESEM) image, as shown in figure 1b, it is observed
that the p-MWCNTs are highly aggregated and entangled
in nature. Therefore, sodium dodecyl sulphate (SDS;
Merck, Germany, purity [90%) surfactant is used as a
dispersing agent for the MWCNTs.

Figure 1.

2.2

Fabrication of MWCNT/cellulose nanocomposites

At first, anionic SDS powder is dissolved in distilled water
by sonication for 10 min and a certain amount of MWCNTs
is dispersed in the SDS aqueous solution. The ratio of the
surfactant to MWCNTs is adjusted to 1.2/1 (w/w) and
sonicated for 30 min in order to attain uniformly dispersed
solution of MWCNTs. Cellulose pulp is obtained by
blending the A4 size shredded papers in distilled water and
25 ml of this cellulose matrix is stirred for 30 min into the
uniformly dispersed solution of different amount of
MWCNTs (0.25–3 wt%). After mixing, the resultant solution is poured into a Petri dish and dried using a hot air oven
at 90°C for 3 h. Then the moist fibres of the nanocomposites
are placed between two glass plates and pressed under a
pressure of *2.5 kPa to obtain composites sheet having
even and smooth surface. A schematic preparation procedure of MWCNT/cellulose (M/C) nanocomposites is presented in figure 2. A reference sample is also prepared by
using 25 ml of the slurry without MWCNTs.
2.3

Characterization

The surface morphology of the produced nanocomposites is
observed by using a JEOL JSM-7600F FESEM at an
acceleration voltage of 5 kV. A thin platinum (Pt) coating is
used onto the samples before FESEM imaging. The X-ray
diffraction (XRD) measurements of the fabricated composites are recorded by using a PANalytical Empyrean model
X-ray diffractometer (USA) with CuKa radiation
(k = 1.540598 Å) and operated at 45 kV and 40 mA. The
diffractograms are recorded in the range of angular region
(2h) from 10° to 90°. Functional group identification is
carried out by using a spectrometer (SIMADZU, FTIR-8400
spectrophotometer, Japan) in the region of 650–4000 cm-1
by KBr method. Thermal behaviour of the prepared samples
is examined by NETZSCH STA 449 F3 Jupiter thermogravimetric analyzer. About 5.5 mg of samples are placed in
alumina crucibles and heated from 299 to 1023 K at a rate of

(a) TEM and (b) FESEM images of p-MWCNTs.
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A schematic preparation procedure of the M/C nanocomposites.

Figure 3. FTIR spectra of the p-MWCNTs, cellulose sheet and
2.0-M/C nanocomposite sheet.

10 K min–1 under nitrogen gas atmosphere at a flow rate
of 40 ml min–1. In order to get DC electrical measurements, the nanocomposites of 0.6-mm thick are cut into
1 9 1 cm2 and then the sample is placed inside a pressure
contact, and a digital multimeter (CD 800a, Sanwa, Japan)
is used to measure the current, I, while supplying voltage
by a stabilized DC power supply (6545A, Agilent, Japan).
To measure the sheet resistance, Rs, of the composites,
two copper electrodes of width, D = 1.97 cm are placed
on the M/C composites at a distance L and is calculated
by using the equation: Rs ¼ R  ðD=LÞ. The current of the
prepared cellulose sheet is measured by a Keithley 6517B
digital electrometer (USA). The temperature-dependent
electrical conductivity of the samples is studied in the
temperature range of 298–358 K placing the sample inside
a chamber, which is wrapped by a heating coil. The
temperature is measured by a Chromel-Alumel (Cr-Al)
thermocouple placed very close to the sample, which is
connected to a GW Instek GDM-451 digital multimeter
(Taiwan). To avoid oxidation, all the measurements are
performed in a vacuum of about 10-2 torr. The electrical
resistance, R, of the nanocomposites is obtained from
R = V/I, and the conductivity is calculated from the
equation, r ¼ l=RA, where r, A and l are conductivity,
electrode active area and length (thickness) of the sample,
respectively.
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Figure 4. FESEM images of (a, e) cellulose sheet and (b, f) 0.5-M/C, (c, g) 1.0-M/C and (d, h) 1.5-M/C nanocomposites at different
magnifications.

3.

Results and discussion

The transmittance FTIR spectra of the p-MWCNTs, cellulose sheet and M/C nanocomposites after the baseline correction is presented in figure 3. Usually the FTIR spectrum
of the p-MWCNTs is featureless [18,19]; however, an
absorption band at 3432 cm-1 corresponding to O-H
stretching vibration is observed in our sample, which is
conjectured due to oxidation during their purification [20].
Also the characteristic stretching vibration of C=C bond is
observed at *1631 and 1580 cm-1 [21,22]. The spectrum
of the cellulose sheet shows the characteristic peaks of
cellulose molecules at 3340, 2900, 1432, 1164, 1103, 1028
and 878 cm-1 [23–25]. As compared to cellulose sheet an
appearance of a new peak at 1206 cm-1 in the spectrum of
M/C composite indicates asymmetric S-O stretching
vibration of hydrophilic sulphonate head group of SDS [26].
In addition, the intensities of the bands at 3340 and
1639 cm-1 are observed to be increased and C-H
stretching mode at 2900 cm-1 is shifted to a higher
wavenumber of 2913 cm-1. Also the band at 1432 cm-1 is
shifted to lower wavenumber of 1419 cm-1, representing
–CH2 bending vibration. The shifting of the C–H stretching
peak towards higher wavenumber may be conjectured due
to the decrease of bond length, which may occur due to the
change in electronegativity of the neighbouring atom or
may be due to the reduction of C–H bonds in the composite
sheet, because frequency of vibration is inversely proportional to mass of vibrating molecule [27,28]. For the same
reason, the shift of the –CH2 bending vibration to lower
wavenumber may be due to the increase of bond length or
increase of –CH2 bonds in the composite sheet. These
results support non-covalent interactions among the
MWCNTs, SDS and cellulose. Because the bands at
4000–2995, 2900 and 1430 cm-1 are especially sensitive to
crystallinity of the sample [29], the increase of absorbance
peak intensity of the bands at 3340, 2913 and 1432 cm-1

indicate that the crystallinity of the composites might be
enhanced by the incorporation of MWCNTs in the cellulose
matrix.
The surface morphology of the cellulose sheet and the
M/C nanocomposites with different amount of MWCNTs
are demonstrated in figure 4. It is observed that the sample
sheets have porous structure with entangled cellulose fibres.
The cellulose sheet shown in figure 4e represents the clean
surface of cellulose fibre. The presence of MWCNTs are
confirmed by the high-magnification images as shown in
figures 4f–h. The M/C composites reveal that due to
incorporation 0.5 wt% of MWCNTs (0.5-M/C) the cellulose
fibres are not fully covered, as presented in figure 4f, but in
the composite with 1.0 wt% of MWCNTs, as shown in
figure 4g, the fibres are covered fully and uniformly with
CNTs. Further addition of MWCNTs may become extra
layers on the already attached CNTs on the cellulose fibres.
Energy dispersive X-ray (EDX) analysis has been performed to identify the existing elements in the samples.
Two strong peaks corresponding to C and O are noticed
from the EDX spectra of the cellulose and the composite
sheet, as shown in figure 5. There are also a small content of
Ca and S, which may be due to the chemical treatment of
the paper pulp with CaCO3 and Na2S, usually done in the
papermaking process (Kraft process). The elements present
in the samples are listed in table 1, and it is observed that
the percentage of C is increased with the increase of the
CNTs in the composites, and the percentage of O is
observed to decrease with the increase of CNTs. Also the
percentage of S is increased with increasing wt% of
the MWCNTs because SDS has been used to disperse
the MWCNTs. The peaks at *0.9 and *1.1 KeV in all
the samples may indicate the presence of Na used during
the papermaking process or comes from the surfactant SDS.
XRD spectra of the p-MWCNTs, cellulose sheet and M/C
nanocomposites with different weight percentages of
MWCNTs are depicted in figure 6. p-MWCNTs exhibit
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Figure 5. EDX spectra of cellulose sheet and M/C nanocomposites with different MWCNTs content.
Table 1.

Elemental analysis data of cellulose sheet and M/C nanocomposites.
Elements in at%

Sample
Cellulose sheet
0.5-M/C
1.0-M/C
1.5-M/C

MWCNT content (wt%)

C

O

S

Ca

Na

0.0
0.5
1.0
1.5

53.30
72.31
85.46
85.55

43.16
19.59
11.71
11.69

0.18
0.67
0.88
0.91

3.20
7.29
1.51
1.41

0.17
0.15
0.44
0.45

characteristic assignments of (002), (100) and (004) crystallographic planes appeared, respectively, at scattering
angle (2h) of 25.95, 42.78 and 56.8°, which are identified
from the JCPDS card no. 41-1487 for MWCNTs. The
narrow peak for (002) plane is the evidence of the crystalline graphite structures of MWCNTs. The XRD patterns
of the nanocomposites exhibit similar peak positions of
cellulose, where (101) and (002) planes at 2h values of
15.64 and 22.69° are indicating the typical cellulose-I

structure [30,31]. The peaks at 2h = 29.30, 43.06, 47.71,
57.40°, respectively, correspond to the (117), (062), (355)
and (111) planes of sulphur [32]. The increasing peak
intensities of sulphur are observed owing to the usage of
SDS to disperse the MWCNTs, which also indicates the
crystalline feature of the sulphur in the composites. The
incorporation of CNTs in the cellulose matrix improves the
crystallinity of the composites [33]. The (101) plane
intensity for 1.0-M/C sample is relatively lower than that of
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Figure 6. XRD patterns of the p-MWCNTs, cellulose sheet and
0.5-M/C, 1.0-M/C, 1.5-M/C nanocomposites sheet.

0.5-M/C and 1.5-M/C samples. The reason may be that the
distribution of CNTs is more homogeneous for 1.0-M/C
sample and thus the ratio of CNT to cellulose is more than
other samples.
The thermogravimetric (TGA) curves for the cellulose
sheet and M/C nanocomposites are presented in figure 7a,
and the morphology of the char residue after TGA
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experiment is shown in figure 7b. TGA curves of all the
samples represent two-step degradation, where the initial
weight loss of about 8% at the temperature range of
298–393 K (A region) is observed due to the evaporation of
bound moisture from cellulose, as cellulose has the moisture
regain capability of about 11% [34,35] or may be due to the
removal of water molecules released from the composites.
The second and the dominant weight loss is observed at the
temperature range 566–663 K (B region), leading to the
formation of volatile products owing to the pyrolysis of
cellulose [36]. FESEM micrographs of the obtained residue
of the nanocomposites after TGA experiments reveal the
existence of the residual nanotubes. It is observed that the
loss of weight% for the samples are less for the samples
having more concentration of CNTs, which is attributed to
the formation of effective interconnecting MWCNT networks in the polymer matrix, and the network density
increases further with higher MWCNTs concentration,
where MWCNTs serve as a shield that prevents cellulose
fibres to degrade. The thermal analysis data obtained for
cellulose sheet and M/C nanocomposites are presented in
table 2.
Flame retardancy of polymeric materials is essential to
minimize the hazardous effect of fire in modern technological
applications. CNTs provide a remarkable effect on the
improvement of the flame retardancy behaviour of the
nanocomposites [3,37–39]. Dispersion of MWCNTs is very
important due to the formation of continuous MWCNT network on polymer surface that creates a protective layer and
reduces the flammability of the nanocomposites [37,40]. To
compare the flammability of cellulose sheet and M/C
nanocomposites, the fire retardancy test is conducted and the
combustion process is shown in figure 8. Both the samples
are cut into strips of 8 cm long and 2.1 cm wide and are

Figure 7. (a) TGA curves of the cellulose sheet and 0.5-M/C, 1.0-M/C, 1.5-M/C nanocomposites and (b) the morphology of the char
residue after TGA experiment.
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Thermal analysis data of cellulose sheet and M/C nanocomposites.
First stage (A)

Sample
Cellulose sheet
0.5-M/C
1.0-M/C
1.5-M/C

Figure 8.

142

Second stage (B)

Temperature (K)

Weight loss (%)

Temperature (K)

Weight loss (%)

Tonset (K)

T50% (K)

298–393

2.2
4.5
4.6
6.9

566–663

64.4
58.6
48.7
38.3

609
561
573
555

640
626
639
660

Flammability comparison of cellulose sheet (left) and M/C composite sheet (right, MWCNT concentration of 3.0 wt%).

hanged parallel on a glass rod. To initiate combustion, the
samples are simultaneously ignited at their lower edge. It is
observed that cellulose sheet catches fire immediately and the
entire sample is engulfed within 4 s, but the flame goes out
very soon (at 6 s) in case of M/C sheet. The M/C composite
sheet turns to carbonaceous char residue, while cellulose
paper burns to ashes completely. The test reveals that M/C
composites sheet exhibit improved flame retardancy. Cellulose is an insulator containing a very low concentration of
free charge carriers. The electrical conductivity of the M/C
composite sheet is observed to be increased significantly
when a small amount of MWCNTs are incorporated in the
cellulose matrix, which is conjectured due to the formation of

effective conducting network of MWCNTs on to the fibres.
The conductivity of the nanocomposites increases with the
increase wt% of MWCNTs incorporated in the cellulose
matrix and become 2.34 S m-1 for 3 wt% MWCNT loading.
The temperature-dependent electrical conductivity is shown
in figure 9. The electrical conductivity of the nanocomposites
increases with the increase in temperature. The activation
energy, DE, is evaluated from the slopes of the conductivity
vs. inverse temperature curve (r vs. 1000/T) by using the
equation, r ¼ r0 eDE=kT . Variation of DE values of
nanocomposites sheet with different concentrations of
MWCNTs is presented in table 3. The value of DE of the
nanocomposites is observed to decrease with the increase in
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Figure 9. Variation of current density with 1000/T for different
wt% of MWCNT in the cellulose matrix.

MWCNTs, which corresponds to the mobility of the charge
carriers owing to the establishment of the conductive network
between the localized states [41]. The values of DE of the
cellulose sheet for both temperature region is observed quite
Table 3.

close to the value (0.47 eV) mentioned by Einfeldt et al [42].
For 0.5 wt% filled composites, the activation energy in the
low temperature region reaches a minimum value, which may
be because of a well dispersion of CNTs in the matrix
establishing the conductive network. The values of DE are
observed to decrease in the high temperature region, which
may be attributed to the probability of thermally activated
tunnelling or hopping of the charge carriers through the
connected network of conducting MWCNTs in the composites [43].
The changes in sheet resistance according to MWCNTs
concentration are presented in figure 10a. The sheet resistance is measured across the entire sample and at least 32
measurements are taken for each sample. The sheet resistance
of the nanocomposites gradually decreases as the concentration of the MWCNTs increases in the cellulose matrix. The
nanocomposites exhibit remarkably low sheet resistance
varying from 6.5 to 0.04 kX sq–1. It is also observed that high
MWCNT loading increases the difficulty of dispersing
MWCNTs in the composites and follows agglomeration,
which interrupts the cohesion between MWCNTs and polymer matrix, leading to the loss of bonding. The influence of

Activation energy values of nanocomposites in two temperature regions.
Activation energy, DE (eV)

Sample
Cellulose sheet
0.5-M/C
1.0-M/C
1.5-M/C
2.0-M/C
2.5-M/C
3.0-M/C

Low temperature region

High temperature region

0.335
0.065
0.544
0.436
0.128
0.111
0.109

0.318
0.025
0.074
0.065
0.022
0.016
0.038

Figure 10. (a) Sheet resistance vs. MWCNTs loading in the nanocomposites during flat and bending states (inset: photographs of sheet
resistance measurement of the sample with flat and bending states). (b) Variation of sheet resistance of the nanocomposites according to
the number of bending cycles.
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bending states on the sheet resistance curves of the composites is also shown in figure 10a. There is a minor change in
sheet resistance between the two states. In bending state, the
composite samples show slightly less conductivity than that
of the flat sample, which is probably due to the change in
geometry and interconnections of MWCNTs in the matrix,
but the sheet resistance of the composites is reduced again
upon returning to the flat state. These characteristics indicate
high mechanical flexibility of the composites, which make
them suitable for the applications in flexible energy storage
devices.
The variation of sheet resistance according to the number
of bending cycles is observed to investigate the mechanical
flexibility of all the nanocomposites and is shown in figure 10b. Cyclic bending test is carried out at different
bending angles (above 90 to 180°) and the variation of the
sheet resistance is recorded with a digital multimeter (GW
Instek GDM-451, Taiwan). There is no significant change in
the conductivity of the composites, indicating the strong
attachment of MWCNTs on the cellulose fibres, and the
conducting CNT networks are not disrupted even after 600
bending cycles. This result demonstrates high flexibility of
the composites and due to the strong non-covalent interactions between the cellulose fibre and MWCNTs, leading to
favourable CNT–cellulose interfacial bonding. For 3-M/C
composites, a slight increase in the sheet resistance is
observed, because high volume content of MWCNTs may
reduce the bending properties of the composites [44].

4.

Conclusions

Light weight, cost effective, easily bendable and
biodegradable M/C composite sheets have been successfully fabricated, where MWCNTs effectively reinforced
their properties. The FTIR spectrum of the composites
indicates strong non-covalent interactions among
MWCNTs, SDS and cellulose. The composite becomes
conductive depending on the amount of MWCNTs incorporated in it. The value of activation energy indicates that
this composite sheet may be applied in flexible multilayer
capacitor. The sheet resistance value suggests that a high
EMI shielding effectiveness can be obtained for the M/C
composites. The improved flame retardant behaviour of the
composites extend the possibilities of their use in other
numerous applications.
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