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Abstract: Enhanced electrical conductivity of cotton fabrics coated with polyaniline (PANI) and PANI/carbon coated Fe
(Fe@C) and carbon coated Co (Co@C) metal nanoparticles (NPs) composites were investigated. PANI/metal nanoparticle
(NP) composites were fabricated with a surface initialized polymerization method and silanization helped with chemical
bonding to cotton. The volume resistivity of the samples and structural characterizations were assessed by relevant methods.
The results showed that enhanced electrical conductivity, thermal stability and magnetization were obtained via polymeric
nanocomposites (PNC) and all these findings revealed that PANI/metal NP PNC coated cotton fabrics would exhibit good
level electromagnetic shielding performance as a function of combined electrical conductivity and magnetization which is the
objective of our future studies.
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techniques [14-17].
Metallic based CP nanocomposites are explored in view of
great variety of applications and improved electron transfer
and eventually achieved synergistic effect due to the
combination of the electrocatalytic performances of the
composite constituents are expected. Therefore, one particular
research objective has been the dispersion of metal
nanoparticles (NPs) within the polymer matrix, since the
incorporation of metal nanoparticles is known to enhance
the conductivity of the polymer and add magnetization [1820]. Additionally, metal nanoparticles embedded in CP
matrix are claimed to serve as efficient electrocatalysts
during oxidation and reduction of monomer. Other advantages
of these nanoparticles are arranging CP into well-defined
structure, avoiding aggregation and providing controllable
particle size for nanocomposites [21-23]. As a result, the
textile surfaces covered with CP/metal nanoparticle are
expected to have a good level of electrical conductivity and
some magnetization which are key factors for EMR shielding
property.
This study has been conducted to investigate the enhancement
of electrical conductivity of 100 % cotton knitted textile
fabric after covering it with conductive polymer/metallic
particle nanocomposites via completing the polymerization
of CP in the presence of fabric. The characterizations of the
samples with SEM, FTIR, TGA and PPMS were also
included.

Introduction
General approaches to enhance the selected properties of
textile fabrics include the embedment of relevant non-textile
particles within the structure or covering the surface with
those particles via various techniques. Electrical conductivity of
textile fabrics has gained great interest among researchers.
This is due to fact that traditional fibers that are used in the
textile fabrics are electrically insulating materials and adding
some conductivity can bring new usage areas for textile
fabrics, especially for health-related topics like antistatic and
electromagnetic shielding [14]. The widely accepted technical
approach for increasing conductivity of textile fabrics is the
incorporation of stainless steel and copper wire as conductive
fillers; however the existence of metal wires causes an
increase in the fabric thickness which is accepted as variation
source on surface resistance [5]. Therefore, coating conductive
polymers (CP) onto textiles may lead power to flow through
without the incorporation of any wiring throughout the
fabric. There are some studies on coating textile fibrous
surfaces with conductive polymers like polyaniline (PANI),
polypyrrole (PPy), polythiophene (PT) via electrochemical
and chemical polymerization upon insulating fiber or
preparation of composite conductive fibers by chemical or
electrochemical routes [6-13]. Among these polymers, PANI
has been defined to be the first dispersible inherently
conductive polymer readily accessible and stable in ambient
conditions. It has ability to switch very quickly between
insulating and conductive forms when exposed to an acidic
or alkaline environment. It also has low cost and relatively
simple chemical and electrochemical polymerization

Experimental
Materials
100 % knitted cotton fabric (15×22 wale/course, 270 g/
m2) was used in this study. The fabric was scoured and
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bleached by the supplier (Selçuk Tekstil, Gaziantep, Turkey).
Aniline monomer (C6H7N), ammonium persulfate as the
oxidant (APS, (NH4)2S2O8), p-toluene sulphonic acid as the
protonic doping agent (PTSA, C7H8O3S) were purchased
from Sigma Aldrich. The metal nanoparticles were selected
as carbon coated Fe (Fe@C) and carbon coated Co (Co@C)
which are widely investigated magnetic encapsulates with
average particle size of 20 nm. They were obtained from
Nanjing Emperor Nano Material Co., Ltd. The metal
nanoparticles were subjected to silanization with (3aminopropyl)-triethoxysilane (APTES, C9H23NO3Si from
Sigma Aldrich) before polymerization of aniline. All the
chemicals were used as-received without any further
treatment.
Preparation of PANI/NP PNCs
PANI/metal nanoparticle (NP) composites were fabricated
with a surface initialized polymerization method [24]. First,
the NPs (1 % of weight of fabric sample) were dispersed in
toluene by 1-h sonication; then fabric sample was added
within the dispersion and stirring was kept on for 30 minutes.
APTES solution in toluene (~0.1 % M) was prepared by 1-h
vigorous stirring. The fabric sample (with NPs on it) was
added into APTES solution, followed by 1-h ultrasonic
stirring; then the sample was refluxed at 120 oC for 30 minutes
for silanization. Theoretically, alkoxy groups produced over
C shell of NP after silanization would make Si-O bond with
the hydroxyl groups of cotton. Then the sample was dropped
in the aniline solution in distilled water with a liquor ratio of
1:50. The liquor ratio is simply the mass of aniline solution
prepared per unit mass of sample being treated. The molar
ratio of APS: Aniline: PTSA in that solution was 1:1.25:1
and molar volumes of aniline were varied for several
applications; and the solution was sonicated for 2-h in an
ice-water bath for polymerization. The solution was filtered
and the sample was washed with ammonia several times to
receive undoped PANI, and then further washed with
distilled water. After doping PANI in the excess of 0.5 M
HCl, filtering and washing with distilled water were
employed again. The sample was finally dried overnight in
laboratory environment. The repeated undoping/doping
process was done to enhance conductivity due to proper
doping level as reported elsewhere [25,26]. As a reference
sample, pure PANI was also fabricated following the above
procedures without adding any NPs for comparison.
Characterization
The morphology of nanocomposite over cotton fibre was
evaluated via SEM (Hitachi 3400 N), size distribution and
cluster formation were also assessed. FT-IR characterizations
were carried out using a Bruker Inc. Tensor 27 FT-IR
spectrometer with Hyperion 1000 attenuated total reflection
(ATR) spectroscopy accessory. The thermal stabilities of the
samples were measured in a thermo-gravimetric analysis
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(TGA, TA instruments, Q-500) with a heating rate of 10 oC
min-1 under an air flow rate of 60 ml min-1 from 25 to
700 oC. The magnetic properties of covered samples were
recorded at room temperature in a 9T physical properties
measurement system (PPMS) by Quantum Design and the
conditions which give magnetically harder covering were
obtained. The volume resistivity (ρ) of covered samples was
measured with a resistivity cell (HP Agilent 16008B) satisfying
insulation measurement standard ASTM D-257.

Results and Discussion
The SEM micrographs and FT-IR spectrum of NPs
silanized sample are given in Figure 1(a), (b) and (c),
respectively. NPs are clearly observed on fiber surface
without agglomeration. In the FT-IR spectrum, O-H bending
(ca. 3329-3265 cm-1) and C=O bending peaks (ca. 1627 cm-1)
of uncovered sample disappear and C-H stretching (ca.
2948-2846 cm-1) and C-H bending peaks (ca. 1452 cm-1 and
1375 cm-1) sharpen with higher absorbance and Si-O and SiO-Metal peaks appear around 971 cm-1 and 839 cm-1 after
silanization. This proves that carbon coated NPs were
chemically bonded to cotton via Si-O-Si and C-H bonds
along with NPs observed on several washed fabric at SEM
image
Compared with the SEM images of 0.02 M PANI coated
sample, Figure 2(a) and (b), 0.5 M PANI coated samples
reveal that low amount of PANI exhibited random particle
settlements on fiber surface, however it established larger
patches, bearing as film-like structure as the amount of PANI
increased. When PANI polymerization was completed after
NPs silanization, Figure 2(c), coating has not been disturbed
from NPs and rougher surface defined in Figure 2(b) seems
to be avoided.
In the FT-IR spectrum of 0.5 M PANI coated sample,
Figure 3, the peaks at 1471 cm-1 and 1554 cm-1 correspond
to the C=C stretching of quinoid ring (Q) and benzene ring
(B), respectively with good agreement with early spectroscopic
characterization of PANI [27,28]. The peaks at 1290 cm-1
and 1232 cm-1 are related to the C-N stretching of aromatic
amine. The pale peak at around 2902 cm-1 is assigned to the
aromatic C-H stretching. The peaks at around 1138 cm-1,
971 cm-1 and 790 cm-1 are due to aromatic C-H in-plane
bending, while the peaks at 1108 cm-1 and 1647 cm-1 are
contributed to N=Q=N vibration and C=N vibration from Q
group [29]. These characteristics peak show that cotton
fabric was successfully coated with PANI via polymerization.
The FT-IR spectrum of PANI/Co@C NP PNC coated
sample, Figure 4, shows similar peaks with only PANI
coated sample which means that PANI peaks overlap NP
peaks, where the band at 2890 cm-1 corresponding to C-H
stretching shows higher absorbance.
The TGA curves, Figure 5, show that there were two-stage
weight losses for the untreated cotton sample at around 350 o
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Figure 1. SEM images (a) of Co@C NP (b) of Fe@ C NP and FTIR spectra (c) of Co@C NP silanized sample.

and 560 oC. The NPs (here Co@C) increased decomposition
temperature (to 375 oC) with single-stage and residual at
higher temperatures was bigger which corresponds to enhanced
thermal stability. PANI coated sample degraded faster at
lower temperature as a sign of early polymer degradation but
the residual (final stability) was still bigger showing also
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Figure 2. SEM images (a) of 0.02 M PANI (b) of 0.5 M PANI (c)
of 0.5 M PANI/Co@C NP PNC coated sample.

enhanced thermal stability. NPs avoided early degradation of
PANI when coated with PANI together as sign of thermal
stability enhancement. Many groups have reported the
thermal stability enhancement effect of nanoparticles in
polymeric composites [29-32] and the similar effect was
observed for metal NPs on the cotton.
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Figure 3. FT-IR spectra of 0.5 M PANI coated sample.

Figure 4. FT-IR spectra of 0.5 M PANI/Co@C NP PNC coated
sample.

Figure 6. Room temperature magnetic hysteresis loops of (a) 0.5 M
PANI coated (b) 0.5 M PANI/Fe@C NP PNC coated (c) 0.5 M
PANI/Co@C NP PNC coated samples.

Table 1. Volume resistivity of the samples
Sample
Figure 5. TGA curves of the samples.

Figure 6 shows the room temperature magnetic hysteresis
loops. The samples coated with PNCs including Co@C or
Fe@C NPs exhibited magnetization; the extrapolated Mr of
the samples were 0.024 emu/g and 0.021 emu/g, respectively
and the calculated coercivity (Hc) values were almost the
same, 240.13 and 240.01 Oe, pointing out the magnetically
soft samples. However, sample coated with only PANI,
Figure 6(a), did not show magnetic property which is a clear
demonstration of PNC effect on magnetization. The contribution of metal NP was found to be non-significant on
magnetization and it was concluded to NP amount being
same.

Untreated
0.02 M PANI coated
0.02 M PANI/Co@C NP coated
0.5 M PANI coated
0.5 M PANI/Co@C NP coated
0.5 M PANI/Fe@C NP coated

Volume resistivity (ρv)
(Ω·cm)
9.53×109
4.52×107
3.61×107
5.32×104
1.56×103
1.89×103

The volume resistivity of the samples, Table 1, were the
mean values of four measurements and CV% values of each
measurement group were recorded below 3 %. The results
are also graphed in Figure 7. The results showed the clear
decrease in resistivity (increase in electrical conductivity)
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Figure 7. Volume resistivity of the samples.

when comparing coated samples with the untreated one;
there was a proportional relation between molar volume of
PANI and the conductivity. Also PNCs coating enhanced the
conductivity much more than PANI. The different volumes
of PANI/metal NP nanocomposites gave also statistically
significant volume resistivity values; where 0.5 M PANI/
Co@C (or Fe@C) NP PNC coating decreased volume
resistivity of fabrics at most (from 9.5×109 Ω·cm to 1.5×103
Ω·cm).

Conclusion
This study investigates the electrical conductivity enhancement of cotton samples by conductive polymer (PANI) and
PANI/metal nanoparticles (Fe@C and Co@C) composite
coating along with chemical characterizations by FTIR,
SEM, TGA and PPMS. The results showed that cotton fiber
can be successfully grated by PANI via polymerization
where FT-IR pointed the chemical bonding and NPs promoted
fine covering without agglomeration. PANI decreased the
volume resistivity of cotton fabrics and NPs had an enhancing
effect in conductivity which is corresponded to the electrocatalyst
performance expected. Also, enhanced thermal stability and
magnetization are also justified when PNCs are used. All
these findings revealed that PANI/metal NP PNC coated
cotton fabrics would exhibit good level electromagnetic
shielding performance as a function of combined electrical
conductivity and magnetization which is the objective of our
future studies.
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