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Conductive composite fiberswere successfully fabricated by coating poly(3,4-ethylenedioxythiophene) (PEDOT)
layers on the surface of polypropylene-graft-poly(acrylic acid) (PP-g-PAA) fibers through in situ chemical oxida-
tive polymerization. It was found that the adhesion between the conductive PEDOT layers and the modified PP
fiber substrates was significantly enhanced due to the electrostatic attractions between PEDOT chains and car-
boxylic groups of grafted PAA. In this study, we investigated the influence of the 3,4-ethylenedioxythiophene
(EDOT) concentration and the oxidant species on the electrical conductivity of the composite fibers, and the re-
sult show that the maximum conductivities of PP-g-PAA/PEDOT composite fibers prepared with FeCl3 and
iron(III) p-toluenesulfonate (FepTS) as oxidants reached 0.069 S/cm and 10.09 S/cm, respectively. The composite
fibers were applied as a sensor for HCl and NH3 gas detection and exhibited a rapid and reversible response. The
influence of the oxidant species on the sensing properties for HCl and NH3 gas detection is further discussed, and
some features such as fast response time (less than 2 s) and high relative resistance changes (63% for HCl and
110% for NH3 gas) were achieved.
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1. Introduction

Smart materials like piezoelectric materials [1], shape-memory ma-
terials [2], self-healing materials [3], sensors [4], etc., have flourished
rapidly in this decade. Commercial smart materials are based on ce-
ramics or metal alloys which require high temperature and robust pro-
cessing conditions and machineries. To achieve a degree of commercial
success facile conditions and process to prepare smart materials which
could be integrated with continuous mass production is indispensable.
Smart textiles are thosematerialswhere the smart component is backed
up by the textile which bestows flexibility, easy fabricability, mass pro-
ductivity and integrability.

Intrinsically conducting polymers (ICPs) are primarily used for
supercapacitors [5], electrochromic devices [6], photovoltaic devices
[7], and sensors [8–12]. However, the applications of these ICPs have
been limited by their complex production process and the poor me-
chanical flexibility resulting from their rigid conjugated backbone
@dhu.edu.cn (M. Zhu).
structure. Almost in all applications, conducting polymers are backed
up by a substrate either plastic or ceramic owing to its poor mechanical
strength [13]. To address these drawbacks, ICPs were also used to form
electrically conductive composite fibers with various insulating fibers
by in situ polymerization [14,15]. Owing to the advantages of the excel-
lent flexibility of the substrate and the electrical conductivity, the elec-
trically conductive composite fibers as flexible smart materials are
used in various fields such as heat generators [16], electromagnetic in-
terference shielding [17], strain sensors [18] and flexible or stretchable
conductors [19]. In this work, we take the advantage of its reversible
redox ability to fabricate and characterize smart textile sensor. ICPs
coated fabric is a promising medium for chemical sensing of analytes
that are electronically active when encountering the conducting poly-
mers at room temperature, which can cause changes in resistance of
the sensing materials [20]. Recently, polyaniline coated fabrics [21–23]
and polypyrrole coated fabrics [24] have been utilized as sensing mate-
rials to detect pH and various hazardous gas such as ammonia, nitrogen
dioxide, carbon monoxide, and propane. Among a wide variety of ICPs,
PEDOT is now regarded as one of the most promising conducting poly-
mers for practical applications on account of its high conductivity, good
processability, excellent thermal and chemical stability [25].
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However, fabrication of conductive composite fibers based on ICPs
suffer from the limitation of the poor adhesion between the conductive
coating and the synthetic fiber substrates due to the low surface energy
ofmost conventional polymericmaterials. To overcome these problems,
effective strategies are required to improve the adhesion between the
ICPs and the polymeric substrates. Although in situ polymerization or
oxidative chemical vapor deposition of PEDOT on nylon 6, PET fabric,
and viscose fabric are recently reported [26,27], little research has
been explored to improve the adhesion between the PEDOT coating
and the polymeric substrates and to develop sensors based on PEDOT
coated fabrics.

Herein, we fabricated a flexible composite fiber based on PEDOT as
sensor for HCl and NH3 gas. Electrically conducting layers of PEDOT
were tightly coated onto the surface of PP-g-PAA fiber substrate via in
situ polymerization (illustrated in Scheme 1). Moreover, the perfor-
mance of the as-prepared PP-g-PAA/PEDOT composite fibers as chemi-
cal sensors for detectingHCl and NH3 gaswas evaluated and the sensing
mechanism was discussed.

2. Experimental

2.1. Materials

Commercial multifilament PP fibers (monofilament with a diameter
of 33 μm)were extracted by acetone for about 24 h to remove additives
before use. Acrylic acid (AA), benzophenone (BP), acetone, ethanol, and
FeCl3 were obtained from Sinopharm Chemical Reagent Co. Ltd., China.
EDOT monomer and FepTS were purchased from Energy-Chemical Co.
Ltd., China. All reagents were of analytical grade and used without any
further purification.

2.2. Preparation of PP-g-PAA/PEDOT composite fibers

2.2.1. Photo-induced graft polymerization of AA from PP fiber surfaces
Ma et al. [28] developed a sequential two-step photo-induced living

graft polymerization process to decrease unwanted homo-polymeriza-
tion and graft surface-confined polymer layers, where radical sites
were first formed under UV irradiation with a photo-initiator molecule,
and thenmonomers polymerize from these reactive sites. A similar pro-
cedure was followed to obtain PP-g-PAA fibers reported here.

A total number of 20 PP fibers were fixed onto a 12 × 1 cm rectangu-
lar copper frame using stainless steel clips, and then dip-coated in a
5 vol.% solution of BP in ethanol for 10min. The specimen was removed
from the solution and dried at room temperature for 30 min to evapo-
rate the ethanol. The specimen was then carefully transferred into a
quartz test tube and purged with nitrogen. UV irradiation of the fibers
was performed for 10 min by a LED-UV processor (UVATA-UPA100 se-
ries; UVATA Precision Optoelectronics CO., LTD). The processor has a
wavelength of 365 ± 5 nm and an intensity of 450 mW/cm2 when the
Scheme 1. Illustration of the fabrication mechanism of the PP-g-PAA/PEDOT comp
distance between UV lamp and fiber surface was 50 mm. After irradia-
tion, the substrate was taken out of the quartz test tube, sonicated in
ethanol for 10 min to remove any unreacted BP, and then dried at
room temperature.

The BP grafted PP fibers were then immersed into 40 mL AA/water
solutionwith different concentrations, the dissolved oxygen in the reac-
tion solution was removed by bubbling nitrogen for 60min at flow rate
of 5 L/min, and then exposed to the UV irradiation (450 mW/cm2 at
365 nm) for a specified time. After irradiation, the substrate was soni-
cated in water for 30 min to remove any unreacted acrylic acid. The
non-grafted PAA was removed by soaking the fibers in deionized
water for 2 h at 100 °C. Finally, the fibers were dried under vacuum
for 24 h for further use.

2.2.2. In situ polymerization of PEDOT onto the PP-g-PAA fiber surfaces
According to literature [29], the oxidative in situ polymerization is

best carried out with ionic oxidants in a suitable higher oxidation state
like iron-III. Normally, to obtain the PEDOT with the high conductivity,
the optimum mole ratio of iron-III and EDOT monomer is 2.3:1. There-
fore, this mole ratio was also used in this work. The PP-g-PAA fibers
were immersed in 5 mL ethanol solution of EDOT and oxidant with
varying concentration for 30 min. During this period, the solution was
maintained at about 0–5 °C for inhibiting the polymerization during im-
mersion. After that, the PP-g-PAA fibers were removed from the reac-
tion solution and dried under atmospheric conditions (25 °C, relative
humidity 60%) for 24 h. EDOT on the surface of the PP-g-PAA fibers po-
lymerized to PEDOT during this drying process. A control specimenwas
prepared following the same procedure using the neat PP fibers as sub-
strate. The as-prepared PP-g-PAA/PEDOT composite fibers were subse-
quently rinsed with deionized water and ethanol under ultrasonic
treatment for up to 1 h to remove the residual reactants and oligomer,
and then dried in vacuum at 40 °C for 24 h.

In this paper, EDOTwere polymerized on the surface of PP-g-PAA fi-
bers either with FepTS or FeCl3, thus the composite fibers were denoted
as PP-g-PAA/PEDOT-FepTS and PP-g-PAA/PEDOT-FeCl3, respectively.

2.3. Characterization

The surfacemorphologies of pristine PP fibers and as-prepared com-
posite fibers were observed using a JEOL JSM-5600LV.

The chemical structures of pristine PP fibers and as-prepared com-
posite fibers were characterized by attenuated total reflectance Fourier
transform infrared (ATR-FTIR) Spectroscopy. ATR-FTIR spectra were re-
corded onNicolet 6700with variable angle horizontal ATR accessory, on
which a 45° rectangle ZnSe crystal was used. The intensities of charac-
teristic peak at wavenumber 1705 cm−1, corresponding to the
\\C_ O stretches in the carboxylic acid groups of PAA, and the peak
at wavenumber 1376 cm−1, corresponding to the CH2 and CH3 groups
of PP were used for analysis. Results are presented as peak area ratio
osite fibers (where A− is the dopant anion: chloride or p-toluenesulfonate).



Fig. 1. (a) ATR-FTIR spectra and (b) PAR of PP-g-PAA fibers reacted in 20 vol.% AA solution with different irradiation times.
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(PAR), e.g., peak area at 1705 cm−1 divided by the peak area at
1376 cm−1.

The electrical resistance of PP-g-PAA/PEDOT composite fiber was
measured by two point probemethod, in which probes were connected
to a Keithley 2000 source meter. The electrical conductivities of the
composite fibers were calculated using the following equation:

σ ¼ L
R� S

ð1Þ

where σ is the electrical conductivity (S/cm), R is the electrical resis-
tance (Ω), and L and S are the length (cm) and cross section area
(cm2) of the composite fibers, respectively.

The thermogravimetric analysis (TGA) was performed on a TA
Q5000IR thermogravimetric analyzer with programmed heating at
10 °C/min from 50 °C to 600 °C. The chamber was continuously swept
with N2 at 20 mL/min.

2.4. Gas sensing test

The conductive PP-g-PAA/PEDOT composite fibers were initially ex-
posed to NH3 (g) and HCl (g) to evaluate their sensing properties to
toxic gases which could interact electronically with conductive PEDOT
layer. The gas sensing properties of PP-g-PAA/PEDOT composite fibers
were investigated by recording their resistance change upon alternate
exposure to 1% NH3 gas (or 1% HCl gas) for 120 s and dry air for 180 s
at 20 °C. A homemade testing device (according to [30]) connected to
a digital multimeter (Keithley 2000, USA) was used in this research to
monitor the variation of electrical resistance. The resistance measure-
ment set-up was interfaced with a computer to record the real-time re-
sistance of the composite fiber upon exposure to analytes. To compare
the sensing properties of composite fibers polymerized with different
Fig. 2. (a) ATR-FTIR spectra and (b) PAR of PP-g-PAA fibers reacted in
oxidants independently of their initial electrical resistance, the normal-
ized resistance changes RREL were calculated according to Eq. (2),

RREL %ð Þ ¼ R−RI

RI

� �
� 100 ð2Þ

where RI is the initial resistance of the sample in the dry air and R is the
real-time resistance upon exposure to 1% NH3 gas (or 1% HCl gas).

3. Results and Discussion

3.1. Photo-induced graft polymerization of AA from PP fiber surfaces

The influence of graft polymerization reaction conditions on PAR
was investigated. The ATR-FTIR spectra and PAR of PP fibers modified
by photo-graftingwith AA at different irradiation time in 20 vol.% acrylic
acid solution in water are shown in Fig. 1. As expected, the amount of
grafted PAA on PP fibers increases with increasing UV irradiation time,
and this may be attributed to the formation of more active radicals on
the fiber surface. However, no significant increase in the PAR was ob-
served for UV irradiation times longer than 30min. This result indicates
that the amount of grafted PAA can be controlled byUV irradiation time.
In addition, the dependence of PRA onmonomer concentrationwas also
investigated (Fig. 2(b)).

Fig. 2 shows the ATR-FTIR spectra and PAR of PP fibers modified by
photo-grafting with AA at different concentration at the irradiation
time of 30 min. The amount of grafted PAA also significantly increases
with increasing AA concentration in the solution. The results indicate
that the grafting efficiency of PAA on the surface of PP fiber could be
controlled effectively by adjusting UV irradiation time and AA concen-
tration. However, with increasing AA concentration at the irradiation
time of 30 min, the solution changed from a clear solution to a soft
different AA concentration solution with 30 min UV irradiation.



Fig. 5.ATR-FTIR spectra of (a) neat PPfibers, (b) PP-g-PAAfibers (irradiation time=30min;
AA concentration = 20 vol.%; UV irradiation intensity = 450 mW/cm2), (c) PP-g-PAA/
PEDOT-FeCl3 composite fibers and (d) PP-g-PAA/PEDOT-FepTS composite fibers.

Fig. 3. Effect of the oxidant concentration on the conductivity of (a) PP-g-PAA/PEDOT-
FeCl3 composite fibers and (b) PP-g-PAA/PEDOT-FepTS composite fibers; impregnation
temperature/time = 0–5 °C/30 min; polymerization temperature/time = 25 °C/24 h;
mole ratio of oxidant to EDOT monomer = 2.3/1.
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gel, then to afirmgel due to the formation of ungrafted homopolymer in
the solution. The 25 vol.% AA solution became a firm gel after 30min re-
action, and it is difficult to remove the fibers from the solution. There-
fore, all the PP-g-PAA fibers used in the subsequent experiments were
prepared at an irradiation time of 30 min in 20 vol.% acrylic acid
solution.

3.2. Chemical structure of PP and composite fibers

The ATR-FTIR spectra of pristine PP fibers, PP-g-PAA fibers, and PP-g-
PAA/PEDOT composite fibers are shown in Fig. 5. Fig. 5(a) represents a
typical IR spectrum of pristine PP fibers (with a strong absorption of
C\\H deformation vibration at 1459 and 1376 cm−1). The peak at
1376 cm−1 corresponding to the CH2 and CH3 groups of PP can be ob-
served in all these spectra [31]. The ATR-FTIR spectra of PP-g-PAA fiber
is shown in Fig. 5(b). The vibrations at 1705 cm−1 can be assigned to the
C_O stretching, which is due to the carboxylic group in PP-g-PAA fiber
[32]. The spectra for PP-g-PAA/PEDOT-FeCl3 composite fiber (Fig. 5(c))
and PP-g-PAA/PEDOT-FepTS composite fiber (Fig. 5(d)) show a similar
pattern and peak positions. Some characteristic broad bands of PEDOT
are observed. The peaks at 1633 and 1377 cm−1 correspond to the
C_C and C\\C stretching of the quinoidal structure of the thiophene
ring; the bands around 1204, 1167, and 1092 cm−1 are ascribed to vi-
bration modes of ethylenedioxy group [19]. Further vibrations from
C\\S bond in the thiophene ring can be seen at 974, 841, and
691 cm−1 [33]. The ATR-FTIR results indicate that PEDOT was success-
fully deposited on the PP-g-PAA fiber.

3.3. Morphologies of PP and composite fibers

SEMwas employed to examine the surface morphology of the PP-g-
PAA fibers and the PP-g-PAA/PEDOT composite fibers. The pristine PP
fiber with a diameter of 33 μm (Fig. 4(a)) has a smooth surface while
the PP-g-PAA fiber (Fig. 4(b)) has a rough surfacewith amean diameter
of 37 μm, implying the thickness of the PAA layer to be around2 μm.This
Fig. 4. SEM photographs of (a) pristine PP fiber, (b) PP-g-PAA composite fiber, (c)
increase in the diameter size correlates with the ATR-FTIR results prov-
ing the presence of thin surface coverage of PAA. Fig. 4(c) shows the
SEM picture of a PP-g-PAA/PEDOT-FepTS composite fiber after 60 min
sonicating in water. A dense and uniform layer of PEDOT particles was
formed on the PP-g-PAA fiber surface. The PEDOT coating prepared by
use of FeCl3 exhibits rough structure as in case of use FepTS and is not
shown here. For comparison, the pristine PP fiber was used as substrate
to prepare PP/PEDOT composite fiber. The SEMpicture of this PP/PEDOT
composite fiber after 60minwashing under ultrasonic treatment is pre-
sented in Fig. 4(d). After washing, the diameter of PP/PEDOT composite
fiber return to 33 μm, the deposited PEDOT particles were nearly
completely washed away, and only few remaining PEDOT particles
were observed, thus the fibers lose their conductivity. This may be at-
tributed to the poor adhesion between PEDOT and pristine PP fiber.
The low surface free energy and hydrophobic surface of pristine PP
fiber were passive to adhesion. This demonstrated that grafting of PAA
on PP fiber significantly improves the adhesion of PEDOT with the PP
fiber substrate due to the electrostatic forces between PEDOT chains
and carboxylic groups.

3.4. Thermal stability of PP and composite fibers

TGAwas performed on PP and composite fibers in order to assess the
relative thermal stability and the amount of PEDOT coatings on the fi-
bers. The TGA curves of pristine PP fibers, PP-g-PAA fibers, PEDOT parti-
cles, and PP-g-PAA/PEDOT composite fibers prepared with different
oxidants, FeCl3 and FepTS are shown in Fig. 6. No observable weight
loss or decomposition was observed at temperatures up to 400 °C for
the pristine PP fibers, indicating excellent thermal stability. For PP-g-
PAA fibers, the weight loss started at about 200 °C and nearly 80 wt%
was lost by 460 °C, and about 96 wt% was lost by 600 °C. The chemical
modification has a slight destabilizing effect on the PP fiber matrix.
The TGA curves obtained with PEDOT exhibited weight losses around
150 °C and 300 °C. The small mass loss of about 10 wt% between 150
and 200 °C corresponds to the vaporization of adsorbed water and the
loss of residual oligomers in the polymers [7]. The weight loss at
PP-g-PAA/PEDOT-FepTS composite fiber, and (d) PP/PEDOT composite fiber.



Fig. 6. TGA curves of (a) pristine PP fibers, (b) PP-g-PAA fibers, (c) PEDOT particles
(oxidant (FepTS) concentration = 1.15 M; EDOT concentration = 0.5 M), (d) PP-g-PAA/
PEDOT-FeCl3 composite fibers, and (e) PP-g-PAA/PEDOT-FepTS composite fibers.
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temperatures above 300 °C may be attributed to the degradation and
decomposition of the PEDOT main chains [34]. The PEDOT shows a re-
sidual amount of 50.2 wt% after heating to 600 °C. The TGA curves of
PP-g-PAA/PEDOT composite fibers polymerized with different oxidants
FeCl3 (Fig. 6(d)) and FepTS (Fig. 6(e)) displayed similar pattern, nearly
overlapping in degradation curve, except with higher residual at the
end for PP-g-PAA/PEDOT-FepTS composite fiber. The weight loss of
PP-g-PAA/PEDOT composite fibers started at about 200 °C, and this
can attribute to the loss of residual oligomers in PEDOT and the loss of
PAA coating. The major decomposition occurs in the region between
300 and 500 °C due to the decomposition of the PEDOT, PP-g-PAA,
and the PP main chains. Assuming that there is an additive degradation
behavior of the PP-g-PAA/PEDOT sample, and taking the residuals of the
PEDOT, PP-g-PAA fibers, PP-g-PAA/PEDOT-FeCl3 composite fibers, and
PP-g-PAA/PEDOT-FepTS composite fibers at 600 °C (50.2, 4.8, 6.6 and
10.4 wt%, respectively), one can estimate the PEDOT content in PP-g-
PAA/PEDOT-FeCl3 composite fibers and PP-g-PAA/PEDOT-FepTS com-
positefibers to be 3.9 and 12.3wt%, respectively. It assumed that besides
of the higher viscosity of the FepTS/ethanol solution compared to FeCl3/
ethanol solution, the polymerization efficiency in the former case is bet-
ter than in the latter case. Therefore, there weremore PEDOT coated on
the PP-g-PAA fibers when FepTS was employed as oxidant.

3.5. Conductivities of PP-g-PAA/PEDOT composite fibers

The PP-g-PAA composite fibers were used as substrate for in situ po-
lymerization of EDOT. Fig. 3 shows the relationship between the electri-
cal conductivity of PP-g-PAA/PEDOT composite fibers and the EDOT
concentrations with different oxidants.

Due to the very rough structures of the PAA coating and the final
PEDOT coating, the effective resistance of the conductive coating layer
could not be determined. Thus, for calculation σ, the overall diameter
Fig. 7. The reversible and reproducible response of PP-g-PAA/PEDOT composite fibers upon p
sensing process (b).
of the coated fibers estimated from the SEM analysis was used. The con-
ductivity of PP-g-PAA/PEDOT composite fibers underwent an initially
significant increase, and reached amaximumvalue at the concentration
of 0.5 M. With further increase in EDOT concentration, the conductivi-
tiesfinally presented a downward trend. Thismay be because of the for-
mation of large amount of PEDOT particles in the mixture solution
rather than on the surface on the PP-g-PAA fibers at a higher EDOT con-
centration. Therefore, it was concluded that the optimum concentration
of EDOT monomer and oxidant are 0.5 M and 1.15 M, respectively. The
conductivities of the PP-g-PAA/PEDOT-FeCl3 and PP-g-PAA/PEDOT-
FepTS composite fibers ranged from 0.013 S/cm to 0.069 S/cm and
0.29 S/cm to 10.09 S/cm, respectively. Overall, the conductivities of
PP-g-PAA/PEDOT-FepTS compositefiberswere about 2 orders ofmagni-
tude higher than those of PP-g-PAA/PEDOT-FeCl3 composite fibers. This
cannot be attributed just to the higher grafting degree in case of FepTS
(see TGA result) but mainly by the higher doping level of PEDOT
when polymerized with FepTS rather than with FeCl3 because the elec-
tronegativity of FepTS is stronger than that of FeCl3 [26]. Moreover,
FeCl3 is not suitable for preparing high conductivity PEDOT due to the
formation of unwanted non-conductive neutral PEDOT [29]. Therefore,
all the PP-g-PAA/PEDOT composite fibers used in the subsequent char-
acterization were prepared at the optimum polymerization condition:
impregnation temperature/time=0–5 °C/30min; polymerization tem-
perature/time = 25 °C/24 h; oxidant concentration = 1.15 M; EDOT
concentration = 0.5 M.
3.6. Acid-base gas sensing behaviors of PP-g-PAA/PEDOT composite fibers

In order to achieve stable resistance responses, the fibers prepared at
the optimum polymerization conditions (impregnation temperature/
time = 0–5 °C/30 min; polymerization temperature/time = 25 °C/24 h;
oxidant concentration= 1.15M; EDOT concentration= 0.5M)with dif-
ferent oxidants were selected for gas sensing investigations.

Fig. 7(a) shows the reversible and reproducible response of PP-g-
PAA/PEDOT-FepTS and PP-g-PAA/PEDOT-FeCl3 composite fibers upon
periodic exposure to HCl/air (120 s/180 s) at 20 °C. In the first cycle,
the electrical resistances of the composite fibers decreased immediately
after exposure to 1%HCl gas and 50% of the resistance change happened
during the first 5 s of exposure to HCl. Upon exposure to HCl gas, HCl
molecules diffuses into the PEDOT layer, Cl− gets incorporated into
the PEDOT backbone as an additional dopant anion, which leads to the
increase in the doping level, thereby enhancing the electric conductance
of PEDOT due to an increase in the number of charge carriers [12,35].
The speculated sensing mechanism is illustrated in Fig. 7(b). After the
HCl gas flowwas replaced by dry air flow, the resistance of the compos-
ite fiber increased quickly. However, the resistance of the composite
fiber could not be recovered to the initial level. This may be attributed
to the residual HClmolecules in the PEDOT backbonewhich causes per-
manent enhancement of electrical conductance.
eriodic exposure to HCl (1%)/air (a) and the possible reaction mechanism in the HCl gas



Fig. 8. The reversible and reproducible response of PP-g-PAA/PEDOT composite fibers upon periodic exposure to NH3 (1%)/air (a) and the possible reaction mechanism in the NH3 gas
sensing process (b).
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Fig. 8(a) shows the reversible response of PP-g-PAA/PEDOT-FepTS
and PP-g-PAA/PEDOT-FeCl3 composite fibers upon periodic exposure
to NH3 and dry air (120 s/180 s) at 20 °C. The electrical resistance of
the composite fibers increased immediately after they were exposed
to 1% NH3 gas. The diffusion of NH3 into PEDOT layer dedopes the
conducting polymer, eventually leading towards the formation of a neu-
tral PEDOT backbone resulting in a decrease in number of charge car-
riers (illustrated in Fig. 8(b)), which causes a significant drop in
conductivity. In addition, the NH4

+X− decomposed back into ammonia
when exposed to air, which caused the recovery of conductivity.
Yet, the electrical resistance of the composite fibers could not recover
completely due to the residual NH4

+ ions in the PEDOT backbone
which inflicts the irreversible change of conductance. As in the case
of HCl sensing, starting from the second cycle the response is rather
stable.

As can be seen fromFig. 7(a) and Fig. 8(a), the response of PP-g-PAA/
PEDOT-FeCl3 composite fibers to HCl and NH3 gas is faster and stronger
than that of PP-g-PAA/PEDOT-FepTS composite fibers. The result sug-
gests that a bigger change in resistance is associated with lower doping
degree of PEDOT due to the different oxidants which also functions as
dopant used in the polymerization.
4. Conclusions

PP-g-PAA/PEDOT conductive composite fibers could be prepared
through in situ chemical polymerization of EDOTmonomers on the sur-
face of functionalized PP fibers. The conductive fibers exhibited the
combination of flexibility of PP fiber, excellent conductivity of PEDOT,
and especially structural stability benefited from the strong electrostatic
attractions between PEDOT and carboxylic groups of grafted PAA. EDOT
concentrations and oxidant species effect the degree of EDOT grafting
and reachable conductivities. The maximum conductivities of PP-g-
PAA/PEDOT composite fibers polymerized with oxidant FeCl3 and
FepTS reached 0.069 S/cm and 10.09 S/cm, respectively. The oxidant
species has a significant impact on the sensing performance for HCl
and NH3 gas. This is due to the different doping degree of PEDOT. For
the PP-g-PAA/PEDOT composite fibers prepared with FeCl3 as oxidant,
fast response time (less than 2 s) and high relative resistance changes
(63% for HCl and 110% for NH3 gas) can be achieved for HCl and NH3

gas detection. The first sensing cycle for both HCl and NH3 result in a
kind of conditioning of the sensor, and following this conditioning
step the further cycles are stable in response behavior. Despite irrevers-
ible change in resistance existing in the first cycle, good reversibility in
response to both HCl and NH3 gas are obtained starting from the second
cycle. The characteristics of the composite sensing fibers can be marked
by easy preparation, rapid response and recovery indicating that
they have great potential for applications as flexible sensors in smart
textiles.
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