
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
A

pr
il 

20
17

. D
ow

nl
oa

de
d 

on
 2

/1
2/

20
26

 1
1:

19
:2

1 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Notably enhance
State Key Laboratory of Advanced Technolog

Wuhan University of Technology, Wuhan 43

edu.cn; cxzwut@126.com

Cite this: RSC Adv., 2017, 7, 20192

Received 24th February 2017
Accepted 31st March 2017

DOI: 10.1039/c7ra02302b

rsc.li/rsc-advances

20192 | RSC Adv., 2017, 7, 20192–2020
d thermoelectric properties of
lamellar polypyrrole by doping with b-naphthalene
sulfonic acid

Xianxian Tang, Taoxiang Liu,* Han Li, Dongwang Yang, Liangjun Chen
and Xinfeng Tang *

Polypyrrole (PPy) is a type of potential organic thermoelectric material that has attracted extensive attention

in recent years. Its application is mainly limited by the relatively low intrinsic electrical conductivity and

Seebeck coefficient, so it is necessary to find an effective way to improve the electrical transport

properties of PPy. In this work, lamellar PPy doped with b-naphthalene sulfonic acid (b-NSA) was

synthesized chemically using ferric chloride (FeCl3) as the oxidant, and the thermoelectric performance

of b-NSA doped PPy was significantly enhanced. FTIR, XRD, Raman and FESEM analyses indicated that

the presence of b-NSA and FeCl3 could effectively control the morphology of PPy to form a lamellar

structure during the polymerization process, which improves the thermoelectric properties of PPy

greatly. The highest thermoelectric figure of merit ZT, 0.62 � 10�3, was obtained with the molar ratio of

monomer pyrrole (py) to b-NSA of 1.0 : 0.45 at 300 K, and was 10 times higher than that of pure PPy.

Furthermore, the TGA, elastic modulus, Vickers hardness results showed that the thermal stability and

mechanical properties of b-NSA doped PPy was better than that of pure PPy.
1. Introduction

With the exhaustion of traditional energy sources such as coal
and oil, and increasingly serious environmental pollution, there
is urgent need to develop new energy conversion materials and
clean energy to solve these problems. Thermoelectric (TE)
conversion technology is capable of converting thermal energy
into electrical energy directly using TE materials.1–3 In recent
years, TE materials have attracted much attention in the world
because of their lack of pollution, noise, andmoving parts, their
high reliability and other signicant advantages.4–6 The perfor-
mance of thermoelectric materials can be characterized by the
dimensionless gure of merit ZT ¼ S2sT/k, where S, s, k and T
are the Seebeck coefficient, electrical conductivity, thermal
conductivity, and absolute temperature, respectively.7

Over the years, researches were mainly concentrated on
inorganic thermoelectric materials due to the relatively high
performance and good high-temperature stability. However, the
high cost of raw materials and the complicated manufacturing
as well as the poor processing performance limits its wide-
spread use.8 In recent years, organic thermoelectric materials
have been developed rapidly thanks to their abundant
resources, low weight, low cost, low thermal conductivity,
simple preparation process and exible preparation of wearable
y for Materials Synthesis and Processing,
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products with different shapes, which made it become a high-
prole international research eld.9–11 For example, poly (3,4-
ethylenedioxythiophene)/poly (styrenesulphonate) (PEDOT/
PSS),12–14 polyaniline (PANI),15,16 polypyrrole (PPy),17,18 and other
organic thermoelectric materials have been studied exten-
sively.19 Kim et al. reported that the ZT value of PEDOT reaches
0.42 at room temperature aer doping with PSS.20 Li et al.
fabricated a series of hydrochloric acid-doped PANI, found that
the ZTmax achieves 2.67 � 10�4 at 423 K when HCl-doping
concentration is 1.0 M.21

In contrast with other conductive polymers, PPy has been
widely reported in battery, super capacitor, electromagnetic
shielding, biological sensors and so on22–25 in virtue of its non
toxic, environmental protection, low thermal conductivity, good
biocompatibility, good stability in air,26,27 and meanwhile these
advantages also make PPy as a potential organic thermoelectric
material.28,29 But the intrinsic electrical conductivity and See-
beck coefficient of PPy is relatively low, and its thermal stability
is not good enough. To solve these issues, most researchers
mainly focused on doping or combining with other materials.
For example, Wang et al. successfully synthesized the composite
of PPy and graphene nanosheets (GNs) with enhanced ther-
moelectric properties. The ZT value increased with increasing
GNs content and the maximum ZT value of 2.80 � 10�3 is about
210 times higher than that obtained from pure PPy.30 Wang
et al. prepared PPy/multi-walled carbon nanotubes (MWCNTs)
composite powders in the presence of ferric chloride (FeCl3) as
the oxidant, resulting in the surfaces of MWCNT coated with
This journal is © The Royal Society of Chemistry 2017
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PPy nanoparticles. And the power factor of the PPy/MWCNTs
composite is 2.079 mW m�1 K�2 when the MWCNTs content is
20%, which is about 26 times as high as that of pure PPy.31 Shen
et al.mainly studied the solubility of the b-NSA doped PPy in m-
cresol, and the PPy–NSA prepared by in situ doped polymeriza-
tion method with ammonium persulfate (APS) as the oxidant
exhibited brillar morphology, which was different from the
typical granular morphology of PPy doped with DBSA, HCl,
MBSA or CSA, while the PPy/b-NSA prepared by two-stepmethod
was also granular morphology. And the highest electrical
conductivity of b-NSA doped PPy is 27 S cm�1 at room temper-
ature.32 In another work, they investigated the solubility of the
PPy doped with different sulfonic acid (BNSA, b-NSA, DBSA,
CSA, MBSA and so on), and proposed that the solubility of PPy is
connected with the solvating ability of sulfonic acid. They also
studied the inuences of the various polymerization medium
(water, CHCl3, CH3NO2, THF) on the solubility and conductivity
of PPy.33 Akinyeye et al. synthesized b-NSA doped PPy micro/
nanotubes, they pointed out that the stability of the conduct-
ing cationic polypyrrole intermediate in the polymerization
process is favoured in acidic medium. And the acidic media
provided by the b-NSA dopant will signicantly inuence the
conductivity of PPy.34 What's more, b-NSA can ionize hydro-
philic group of naphthalene sulfonic acid ion (NSA�) in solution
simultaneously, which may act as template to affect the
micromorphology of PPy in the polymerization process, and
affect the carrier transportation within intrachain and inter-
chain. Thereby the electrical conductivity can be further
improved.35

From the above, the microstructure of PPy has a great impact
on its thermoelectric performance, and doping PPy with b-NSA
may improve the thermoelectric performance of PPy. In this
work, lamellar PPy doped with b-NSA was successfully prepared
with various doping amount of b-NSA through the chemical
oxidative polymerization method, using ferric chloride (FeCl3)
as the oxidant and the b-NSA as the dopant, respectively. The
formation mechanism of lamellar structure and the thermo-
electric properties of the prepared samples were studied.

2. Experimental

Pyrrole (99%), b-naphthalene sulfonic acid (b-NSA) (98%),
anhydrous ferric chloride (FeCl3) (AR), anhydrous ethanol (AR)
and deionized water were the main raw materials. All the
chemical reagents were of analytical grade and without any
further purication. Typically, 0.97 g pyrrole monomer was
dissolved in 80 mL deionized water, then a certain amount of b-
NSA was added into the above solution, the molar ratios of
pyrrole monomer to b-NSA were designed as 1.0 : 0.4, 1.0 : 0.45,
1.0 : 0.5, 1.0 : 0.55, 1.0 : 0.6, respectively. Aer magnetic stirring
for 30 min in ice bath (<5 �C), the oxidant solution obtained by
dissolving 4.69 g FeCl3 in 80 mL deionized water was slowly
dropped into the above reaction system via pear-shaped funnel.
The reaction was carried out under continuously stirring for
12 h in ice bath (<5 �C). Aer the polymerization, the resulting
precipitates were centrifuged and washed with anhydrous
ethanol for several times until colorless. Finally, as-prepared
This journal is © The Royal Society of Chemistry 2017
products were dried under vacuum at 50 �C for 24 h. Pure PPy
without b-NSA was also prepared under the similar procedure.

Fourier transform infrared spectroscopy (FTIR, NEXUS/
NEXUS, USA) measurements were conducted to test the charac-
teristic absorption peaks of functional group, with the scanning
range of 4000–400 cm�1. The X-ray diffraction (XRD) spectra of
the all samples were checked on a PANalytical X'Pert Empyean X-
ray diffractometer with Cu Ka (1.5406 �A) with the generator
voltage and the tube current to be 40 kV and 40mA, and scanning
was carried out in the 2q range from 3 to 50 degrees with a scan
step size of 0.02 degree. Raman spectra were recorded on
a Raman spectrometer (NVIA/INVIA, China) with an excitation
wavelength of 633 nm. Field emission scanning electron
microscopy (SEM, HITACHI SU8020, Japan) was employed to
observe the microstructure of the powder sample. Comprehen-
sive thermal analyzer (TG-DSC, STA449F3/STA449F3, Germany)
was applied to investigate the thermal stability of the sample
under nitrogen atmosphere at a heating rate of 10 �Cmin�1. The
electrical conductivity and the Seebeck coefficient of the samples
were acquired on a commercial ZEM-3 system (Ulvac Sinku-Riko,
Japan) in helium in the temperature range of 300–400 K. The
thermal conductivity of the sample was determined from k ¼
lCpd, where l is the thermal diffusivity acquired by the laser ash
method (Netzsch LFA 457, Germany), d is the density measured
by the Archimedes method in alcohol, and Cp is the specic heat
obtained by a differential scanning calorimeter (TA DSC Q20,
USA) in argon. The measurement error of the electrical conduc-
tivity, the Seebeck coefficient and thermal conductivity were
�5%,�2% and�5%, respectively. Ultrasonic Pulse-echoMethod
(Tektronix, TDS2022 USA) was used to measure the transverse
velocity (nt) and longitudinal velocity (nl) of the sample, and the
elastic modulus was calculated by the following equations:36,37

G ¼ dvt
2

E ¼ d
3nt

2nl
2 � 4nt

2

nl2 � nt2

n ¼ E

2G
� 1

B ¼ E

3ð1� 2nÞ
where d is the density, G is the shear modulus, E is the Young's
modulus, n is the Poisson's ratio and B is the bulk modulus.
Vickers hardness was measured by microhardness instrument
(Qness, Q10A+, Austria) with the main load of 2.0 kg and the
dwell time of 10 s.

3. Results and discussion
3.1 Structure and morphology of b-NSA doped PPy

FTIR spectra of pure PPy and b-NSA doped PPy is shown in
Fig. 1. In the spectrum of pure PPy, the peaks at 882 cm�1 and
RSC Adv., 2017, 7, 20192–20200 | 20193
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Fig. 1 FTIR spectra of pure PPy and PPy doped with various b-NSA
contents.
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965 cm�1 are attributed to the vibration of the C–H. The peaks
located at 1384 cm�1 and 1454 cm�1 represent the C–N and
C]C stretching vibration, respectively, which are also the
characteristic peaks of pyrrole ring. The peak at 3455 cm�1

corresponds to the N–H stretching vibration.38 Compared with
the pure PPy, two peaks located at 605 cm�1 and 1638 cm�1 can
be noticed in the spectra of the PPy/b-NSA samples, which can
be assigned to the characteristic vibrational peaks of SO3

� and
benzene ring, respectively.39 It can be concluded that the b-NSA
has been doped into PPy successfully.

XRD analysis of the samples was showed in Fig. 2. For the
pure PPy sample, there is only a broad characteristic peak at
24.5� correspond to the d spacing values of 3.6 �A, which origi-
nates from p–p stacking of pyrrole rings, indicating that pure
PPy is amorphous.40,41 However, three characteristic peaks of b-
NSA doped PPy samples can be observed at about 7.4�, 10.1� and
24.5�, corresponding to the d spacing values of 11.48, 8.67 and
3.4 �A, respectively. These d values can be associated with the
interlayer distance of pyrrole rings, pyrrole ring to NSA� ion
dopant and p–p stacking distance,42,43 which also can be
ascribed to the crystallization peak of PPy.44 And the peak
Fig. 2 XRD patterns of pure PPy and PPy doped with various b-NSA
contents.

20194 | RSC Adv., 2017, 7, 20192–20200
associated to p–p interaction shied from 24.5� to 26.1� aer
doping b-NSA, which can be explained by the introduction of
the large conjugated structure of b-NSA strengthened the p–p

interaction.43 The crystallinity (Xc) of the samples can be
calculated according to the peak area of the crystalline (Ac) and
noncrystalline (Aa) parts, Xc ¼ Ac/(Aa + Ac).45 The crystalline peak
of pure PPy is too weak to calculate Xc, while the crystallinity of
the b-NSA doped PPy samples are about 41%, 47%, 48%, 44%
and 45%, respectively. From the above analysis, it is implied
that the crystalline of PPy improved greatly aer doping b-NSA.

In order to further elucidate the inuence on PPy molecular
chain aer doping b-NSA, the Raman spectrum of all samples
was carried out and the results are depicted in Fig. 3. The
Raman spectrum of pure PPy displays two peaks located at 1358
cm�1 (D peak) and 1570 cm�1 (G peak), which are related to the
pyrrole ring and C]C molecular chain stretching vibration of
PPy, respectively.46,47 And the calculated peak intensity ratio of D
peak and G peak (ID/IG) is 0.92. As can be seen from the Raman
spectrum, the peaks position of b-NSA doped PPy have no
obvious shi compared with that of pure PPy. However, with the
increasing of b-NSA, the peak intensity ratio (ID/IG) appears
signicant change. When molar ratios of py to b-NSA increase
from 1.0 : 0.4 to 1.0 : 0.6, the ID/IG changes from 0.92 to 0.89,
0.63, 0.63, 0.89 and 0.88. Compared with pure PPy, the peak
intensity ratios of D peak and G peak (ID/IG) are signicantly
reduced. The result indicates that the conjugated structure of
PPy is enhanced, the order degree of molecular chain is
increased, and the degree of defects is greatly decreased aer
doping b-NSA.29 With the augment of b-NSA, the growth of ID/IG
is mainly attributed to the steric hindrance effect of NSA� ion
weakened conjugated structure of PPy.48

Fig. 4(a)–(e) presents the FESEM images of the pure PPy and
PPy doped with various molar ratios of b-NSA. Fig. 4(a) shows
the morphology of pure PPy, which exhibits irregular granular
clusters. When the molar ratio of py to b-NSA is 1.0 : 0.4, not
only the granular structure exists, but also lamellar structure
(Fig. 4(b)) can be observed; when the molar ratio of py to b-NSA
increases to 1.0 : 0.45, it shows lamellar structures instead of
Fig. 3 Raman spectra of pure PPy and PPy doped with various b-NSA
contents.

This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra02302b


Fig. 4 FESEM images of all samples: (a) pure PPy and (b–f) PPy doped b-NSA with various molar ratios of py to b-NSA, (b) 1.0 : 0.4, (c) 1.0 : 0.45,
(d) 1.0 : 0.5, (e) 1.0 : 0.55, (f) 1.0 : 0.6.

Fig. 5 Schematic illustration of the formation procedure of lamellar
PPy.
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the former granular structure (Fig. 4(c)). When the molar ratio
reaches 1.0 : 0.5, the lamellar area is enlarged and 8–9 layers
stack together (Fig. 4(d)). And the sheet is very thin and nearly
transparent, which can be seen from the illustration inset
Fig. 4(d). As the molar ratio further increases, the number of
stacked layers is extended to several tens of layers (Fig. 4(e) and
(f)). Thus, it can be inferred that different concentration of b-
NSA in the solution has a great impact on the morphology of
PPy. Well known, b-NSA contains a polar functional group of
sulfonic acid and a naphthyl with rich electronic properties due
to its p–p bond. It can greatly modify the conjugate of PPy
molecular chain structure on account of the big conjugate
structure of b-NSA.39,49 It is easy to formNSAmicelles in aqueous
solution due to the hydrophilic nature of NSA. Thus, it is
reasonable to propose that NSA micelles might act as dopant
and templates at the same time in the formation of PPy.35,50,51

When the amount of b-NSA is low, the formed NSA micelles are
limited, only parts of the pyrrole monomers grew along the b-
NSA micelles templates, thus granular and lamellar structures
can coexist. When b-NSA reached a certain concentration, it can
induce enough NSA micelles as templates for all the pyrrole
monomers, thus only the lamellar structure can be observed.
When the concentration of b-NSA is too high, the PPy sheets
turned stacked together. However, the b-NSA doped PPy (or
PANI) exhibited microtubular morphology when APS was used
as oxidant, instead of FeCl3.52 It can be ascribed to the redox
potential of APS is 2.05 V, and the redox potential of FeCl3 is
0.77 V, the oxidizing ability of the FeCl3 is weaker than APS,53

thus the polymerization rate of py monomer is slower, so that it
preferred to form lamellar PPy rather than crinkle into tubular.
Moreover, the concentration of py monomer is also important
for the morphology. At a high concentration of py monomer, it
turned to form granular morphology.54 And the concentration of
py monomer in our work is low, this may also favored in
producing lamellar PPy. In conclusion, the features of the
dopant, the monomer concentration, and the type of oxidant, as
This journal is © The Royal Society of Chemistry 2017
well as polymerization conditions can affect the morphology of
PPy. Both b-NSA and FeCl3 can effectively control the
morphology of PPy to form a lamellar structure during the
polymerization process. Based on the analysis of the FESEM
images, a formation procedure of lamellar PPy is put forward in
Fig. 5.
3.2 Thermoelectric properties of b-NSA doped PPy

Fig. 6(a)–(f) illustrates the electrical conductivity, Seebeck
coefficient, thermal conductivity, power factor and ZT of PPy
doped with different molar ratios of b-NSA in the temperature
range of 300–400 K. For all samples, as we can see from Fig. 6(a),
the electrical conductivity is enhanced dramatically with the
rising temperature, showing the characteristic of nondegen-
erate semiconductor transport behavior. At the same time,
when the molar ratio of monomer py to b-NSA increased from
1.0 : 0.4 to 1.0 : 0.6, the electrical conductivity of PPy rst
increases and then decreases with the increment of b-NSA
doping concentration and reaches the maximum when the
molar ratio is 1.0 : 0.5. This phenomenonmight be attributed to
RSC Adv., 2017, 7, 20192–20200 | 20195
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Fig. 6 Temperature dependence of thermoelectric properties of all samples, (a) electrical conductivity, (b) the plots of ln s vs. T�1/4, (c) Seebeck
coefficient and (d) power factor.
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the following two reasons: one is the large conjugated structure
of b-NSA, and the other is the steric hindrance effect of NSA�

ion.55 Firstly, with the increasing of b-NSA content, the
enhancement of electrical conductivity is mainly originated
from the large conjugated structure of b-NSA. According to the
Raman spectra and XRD pattern, the decline of ID/IG indicates
that the degree of conjugation and the order of PPy molecular
chain are strengthened aer doping with b-NSA. In the mean-
time, the FESEM image shows that the microstructure of PPy
transforms from granular to lamellar. The reinforcement of PPy
molecular chain conjugation and the lamellar structure are
favorable for the transport of carriers between interchain and
intrachain, resulting in the increased electrical conductivity.
When the molar ratio of py to b-NSA is 1.0 : 0.5, the ID/IG
dropped to a minimum value of 0.63 and the electrical
conductivity achieves the maximum of 133 S cm�1 at 400 K. The
electrical conductivity of b-NSA doped PPy is about 10 times
larger than that of pure PPy (10.34 S cm�1) at room temperature.
With the increasing of b-NSA, the anion steric hindrance effect
of b-NSA plays a dominant role. Thus the degree of separation is
aggravated and the degree of conjugation is weakened between
the molecular chains of PPy which is consistent with the results
of Raman analysis (namely ID/IG increases). The carrier hopping
will be hindered between molecular chains, which lead to the
decrease of electrical conductivity. Compared with others re-
ported PPy composite samples, the electrical conductivity of b-
NSA doped PPy is also considerable high.28–31
20196 | RSC Adv., 2017, 7, 20192–20200
The plots of ln s versus T�1/4 are shown in Fig. 6(b). It can be
observed that ln s is linearly related to T�1/4, which is in
accordance with Mott's 3D Variable Range Hopping (VRH)
model, except that ln s deviates linearly from T�1/4 slightly at
room temperature. The equation can be expressed as follows:
s(T) ¼ s0 exp[�(T0/T)

1/4], where s0 is a constant, T0 is the Mott
characteristic temperature, which can be calculated from the
slope of the curve, T is the Kelvin temperature.56

Fig. 6(c) displays the Seebeck coefficient of all samples. The
Seebeck coefficient of all samples is positive, suggesting p-type
conductive behavior. It is apparent that the Seebeck coefficient
of all samples is similar to that of pure PPy (6.995 mV K�1), and
the Seebeck coefficient does not change with the increasing of
temperature and the doping amount of b-NSA. Because of the
energy ltering effect at the interfaces between PPy and
composite material, the Seebeck coefficient of PPy composite
samples is high in comparison with doped with b-NSA.30,31

We know that the electrical conductivity is dependent on
carrier mobility, which can be improved by the degree of crys-
tallization of the polymer chain. A higher crystalline of the
polymer resulted in a smaller barrier of carrier mobility within
the intra-chain and the inter-chain.57,58 In general, the chains of
conductive polymer are amorphous, showing the short-range
order but long-range disorder. From the above analysis of
FTIR, Raman spectra and FESEM image, when b-NSA was
introduced into the polymerization system, b-NSA can not only
act as so template in the process of monomer polymerization
This journal is © The Royal Society of Chemistry 2017
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to improve the microstructure of PPy, but also serve as dopant
to heighten the conjugation degree of the molecular chain. As
a result, both the carrier transition barrier and the degree of
defects in the PPy chain are greatly reduced, which lead to
a further improvement in the electrical conductivity.

Fig. 6(d) demonstrates the power factor (S2s) of all the PPy
samples. Because of much enhanced electrical conductivity
by doping b-NSA, the power factor of PPy doped with b-NSA
is strengthened to some extent and it reaches the maximum
0.47 mW m�1 K�2 when the molar ratio of py to b-NSA is
1.0 : 0.5, which is 9 times higher than that of pure PPy
(0.0506 mW m�1 K�2).

As shown in Fig. 7, the thermal conductivity of PPy increases
with the rise of temperature, and increases with the increment
of b-NSA doping amount. When the molar ratio of py to b-NSA is
1.0 : 0.5, the thermal conductivity obtained the maximum of
1.07 Wm�1 K�1 at 400 K, but the thermal conductivity of all the
samples are comparable to pure PPy (0.240 Wm�1 K�1) at room
temperature. Generally speaking, the thermal conductivity of
thermoelectric materials derives from phonons (kp) and elec-
trons (ke).59 However, the polymers with different crystalline, the
contribution of the two parts to the thermal conductivity is
different. According to Wiedemann–Franz's law: ke ¼ LTs,
where L is the Lorentz factor, s is the electrical conductivity, and
T is the absolute temperature.60 For a typical conductive poly-
mer, even the electrical conductivity reach up to 300 S cm�1, ke
is almost negligible on account of quite low value. For instance,
the study of PANI manifested that although the electrical
conductivity increased more than nine orders of magnitude, the
change of thermal conductivity was not signicant.61 In addi-
tion, the thermal conductivity of organic thermoelectric mate-
rials is usually closely linked with the ordering degree of
molecular chain arrangement and the charge carrier concen-
tration, the higher degree of order, the greater thermal
conductivity. The increase in thermal conductivity of PPy doped
with b-NSA may be due to the following two reasons: on the one
hand, the enhanced of order and conjugation of PPy chain
makes phonons harder to scatter. On the other hand, aer
Fig. 7 Temperature dependence of the thermal conductivity of all
samples and PPy/GNs ref. 30.

This journal is © The Royal Society of Chemistry 2017
doping b-NSA, the density of charge carrier increases so as to
promote the heat transfer.

Fig. 8 depicts the ZT values of PPy doped with different molar
ratios of b-NSA as a function of temperature. The maximum ZT
value of 0.62 � 10�3 is obtained when the molar ratio of py to b-
NSA is 1.0 : 0.45 at 300 K, which is approximately 10 times
higher than that of pure PPy (0.064� 10�3). This is attributed to
two aspects: rstly, the electrical conductivity is dramatically
improved. Secondly, the thermal conductivity is maintained at
a low level or even reduced at room temperature. Despite the
electrical conductivity increases signicantly at all test
temperature range, the ZT value at high temperature is not
improved, because the thermal conductivity shows an upward
trend and the Seebeck coefficient is not developed.
3.3 Thermal stability of b-NSA doped PPy

Thermal stability of conductive polymer is an important
parameter, which determines the application temperature
range. Therefore, TG analysis for all samples including pure b-
NSA has been carried out from room temperature to 700 �C
under heating rate of 10 �C min�1 in nitrogen atmosphere and
the result is displayed in Fig. 9. From the gure, it can be seen
that b-NSA is particularly stable and does not lose weight before
550 �C. And then it begins to decompose at 550 �C and the
weight loss is about 40% between 550 �C and 700 �C, indicating
that the thermal stability of b-NSA is very good before 550 �C.
Besides, the TGA curves of pure PPy and PPy doped with b-NSA
show a similar shape, suggesting that these samples display
a similar degradation procedure. The initial weight loss up to
100 �C may stem from the removal of absorbed water.62

Compared with pure PPy, when the molar ratio is 1.0 : 0.55, the
thermal stability of PPy is the best. The weight loss rate of PPy
doped with b-NSA is slower under 410 �C and the weight loss is
about 25%, the weight loss rate is quicker above 410 �C and the
weight loss is about 43% at 700 �C. This is primarily attributed
to the thermal decomposition property of b-NSA. The results
declared that the thermal stability of PPy could strengthen in
the temperature range of RT–400 �C, and aggravate the degra-
dation of PPy at high temperature (>400 �C) aer doping b-NSA.
Fig. 8 ZT values of all samples as a function of temperature.
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Fig. 9 TGA curves of pure PPy, b-NSA and PPy doped with various b-
NSA contents.
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3.4 Mechanical properties of b-NSA doped PPy

In addition to exploring the thermoelectric properties of PPy, we
also studied the mechanical properties of PPy. The elastic
modulus (bulk modulus, Yong's modulus and shear modulus)
and Vickers hardness of the samples were carried out. It can be
seen from the Fig. 10(a) that the elastic modulus of PPy is
enhanced aer doping b-NSA. And the Yong's modulus and
shear modulus among the b-NSA doped PPy samples showed
little difference, while the bulk modulus of the b-NSA doped PPy
increased with the increasing of b-NSA. The enhanced elastic
modulus is due to the microstructure of PPy changing from
granular to lamellar and the enhancement of molecular chain
arrangement tightness aer doping b-NSA. And the molecular
structure of b-NSA contains two benzene rings, which can
further increase the rigidity of PPy when b-NSA are introduced
into PPy chains.63

Besides, Vickers hardness is the parameters evaluating
the ability of the material to resist plastic deformation, it was
showed in Fig. 10(b). It can be found that the hardness of PPy
increased rstly aer doping b-NSA, and then decreased with
higher doping level of b-NSA. The hardness of pure PPy is
15.4 MPa, while the maximum hardness of 31.1 MPa was
Fig. 10 Mechanical properties of all PPy samples, (a) elastic modulus, (b

20198 | RSC Adv., 2017, 7, 20192–20200
obtained when the molar ratio of monomer py to b-NSA is
1.0 : 0.45, this is consistence with the thermoelectric prop-
erties of the samples. Compared with the pure PPy, the
hardness of the b-NSA doped PPy was greatly improved, and
it exhibited an enhanced ability to resist plastic deforma-
tion. This is due to the b-NSA template in favor of the
formation of lamellar PPy, which possessed more regular
and close arrangement of the molecular chains of PPy. The
free volume of PPy can be promoted when excess NSA� ions
were introduced into the main chain of PPy, resulting in
a looser PPy backbone.64 Meanwhile, the wear resistance of
the material is proportional to hardness. The higher the
Vickers hardness, the better the wear resistance of the
material.65
4. Conclusions

b-NSA doped lamellar polypyrrole (PPy) was successfully
prepared via chemical oxidation polymerization method with
varying the mole ratio of monomer py to b-NSA under ice bath
(<5 �C). b-NSA can not only improve the microstructure of PPy
effectively due to the formation of b-NSA micelles in the solu-
tion which acted as template in the polymerization process, but
also enhance the ordering of the molecular chains and the
conjugated degree of the PPy owing to the large conjugated
structure of b-NSA, which are both led to the increase of the
electrical conductivity. Meanwhile, the thermal conductivity is
also kept at a low level even decreased with the increase of
doping amount at room temperature. So that the highest ther-
moelectric gure of merit ZT is achieved 0.62 � 10�3 with the
molar ratio of monomer py to b-NSA of 1.0 : 0.45 at 300 K, which
is 10 times higher than that of pure PPy. Moreover, the thermal
stability and mechanical properties of PPy are also enhanced
greatly aer doping b-NSA. These results implied that organic
thermoelectric materials become promising candidates for the
applications of low-cost and low-density thermoelectric mate-
rials. There is still much space for further improvement of the
thermoelectric performance in comparison with other organic
thermoelectric materials, especially the enhancement of the
Seebeck coefficient.
) hardness.

This journal is © The Royal Society of Chemistry 2017
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