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Abstract
Poly(3,4-ethylenedioxythiophene) (PEDOT) nanorods (80–150 nm in diameter)
and nanospheres were synthesized through a self-assembly method using ferric
chloride (FeCl3) and ammonium persulfate (APS) as oxidants, respectively,
and camphorsulfonic acid (CSA) as the dopant. The PEDOT nanorods
showed broader absorption bands, higher crystallinity and much higher
room-temperature conductivity (approximately 300 S cm−1) than the PEDOT
nanospheres. Such obviously distinct properties of these products were
considered to be due to the much lower rate of polymerization with FeCl3

than APS, which made the growth of PEDOT according to the suggested
cylinder micelles more moderate and regular; as a result, the morphology of
the microstructure changed and the crystallinity, the doping level, the molecular
orderliness and the conductivity of PEDOT synthesized under lower rate of
polymerization improved intensely at the same time.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Conducting polymers have received considerable attention because of their excellent electronic
properties, wide range of conductivity, the fact that they retain their light weight, their
mechanical properties, and processing advantages [1]. Poly(3,4-ethylenedioxythiophene)
(PEDOT), in addition to its outstanding stability, high electrical conductivity and low redox
potential, is unique among the family of conducting polymers in that its small band gap

3 Author to whom any correspondence should be addressed.

0953-8984/07/186220+08$30.00 © 2007 IOP Publishing Ltd Printed in the UK 1

http://dx.doi.org/10.1088/0953-8984/19/18/186220
mailto:weifeng@tju.edu.cn
http://stacks.iop.org/JPhysCM/19/186220


J. Phys.: Condens. Matter 19 (2007) 186220 W Feng et al

confers high optical transparency in the doped state [2–5]. For these reasons, nowadays, it has
been widely studied for many potential applications such as modified electrodes, solar cells,
electroluminescent devices and sensors [6–9].

One-dimensional (1D) structures such as tubes and rods have attracted much attention
recently because of their unique optical, electrical and mechanical properties, which suggest
they may have promising applications in electrical and optoelectronic nanodevices [10–12].
The most common way to obtain 1D conducting polymers is template-guide electro-
polymerization [13–15]. Nowadays, utilizing structured molecules such as surfactants [16]
or electrolytes [17] into the chemical polymerization bath to obtain specific morphology
of conducting polymers has become another facile way. Some organic dopants, such as
camphorsulfonic acid (CSA), β-naphthalene sulfonic acid, and p-toluene sulfonic acid, have
also been found to be able to form specific emulsions or micelles leading to 1D structures
through the self-assembly process [18]. This method is very convenient despite the fact that the
size of the product cannot be controlled specifically at this moment.

Recently, 1D PEDOT has been synthesized through electrochemical polymerization in the
pores of an aluminium oxide template [14], a hexane/water reverse microemulsion system using
sodium bis(2-ethylhexyl) sulfosuccinate cylindrical micells as the template and ferric chloride
(FeCl3) as the oxidant [19, 20], and a microemulsion system using sodium dodecyl sulfate as
surfactant and FeCl3 as oxidant [21]. However, as far as we know, there have been few reports
comparing the optical and electrical properties of 1D PEDOT with the traditional grain PEDOT.
Therefore, we adopted CSA as the functional dopant in order to synthesize 1D PEDOT. FeCl3
and ammonium persulfate (APS) were adopted as oxidants. Eventually, 4–10 μm long PEDOT
nanorods with diameters in the 80–150 nm range assembling together as large particles were
obtained by using FeCl3, while traditional PEDOT nanospheres were obtained using APS.
Surprisingly, these different structured PEDOT exhibited extremely distinct properties. The
different optical and electrical phenomena of these products were characterized and the reasons
for them discussed in this study.

2. Experimental details

3,4-ethylenedioxythiophene (EDOT) was purchased from Bayer AG. CSA was obtained from
Sigma-Aldrich Company Ltd. The oxidants APS and FeCl3·6H2O were purchased from Tianjin
Chemical Company. All of the above regents were of analytical grade and were used as received
without further treatment.

5.6 g of CSA was dissolved in de-ionized water and then 0.3 ml of EDOT monomer was
added into the solution under gentle magnetic stirring in an ice bath (0–5 ◦C). The mixture
was kept in the ice bath for at least 30 min to ensure that the temperature at the beginning
of polymerization was between 0 and 5 ◦C. Then 5 ml 0.47 M oxidant aqueous solution was
added to the solution to start the polymerization. The reaction time was 72 and 24 h with FeCl3

and APS as oxidants, respectively. The synthesized PEDOT precipitate was obtained through
centrifugation and then washed with de-ionized water several times to remove the redundant
dopant and oxidant. Finally, the dark-blue product was obtained after being dried in vacuum at
60 ◦C for 24 h.

The morphology of the resulting PEDOT was measured with a Hitachi S-5000 field
scanning electron microscope (SEM) and a Hitachi H-8100T transmission electron microscope
(TEM). The samples for the SEM measurements were mounted on aluminium studs using
adhesive graphite tape before analysis, while for the TEM measurements the samples were
dispersed on reticular copper coated with a carbon support film. Fourier transform infrared
(FTIR) spectra in the range of 650–3500 cm−1 on PEDOT sample pellets made with KBr
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Figure 1. Infrared spectra of the PEDOT nanorods (a) and nanospheres (b).

were measured by means of an infrared spectrophotometer (JASCO corporation, FT/IR-300E).
The ultraviolet–visible–near-infrared (UV–vis–NIR) spectra of PEDOT dissolved in dimethyl
sulfoxide (DSMO) were recorded from 300 to 1500 nm on the Hitachi UV300 UV–visible
spectrophotometer. The fluorescence spectra were obtained on a Hitachi F-4500 spectrometer.
A small number of samples were dissolved in 5 ml DSMO solution and the excitation
wavelength was selected at 430 nm. The x-ray scattering of the products was carried out
on an RINT x-ray diffraction instrument with Cu Kα radiation. X-ray diffraction (XRD)
measurements using Cu Kα radiation were performed with a powder x-ray diffractometer
(RINT 1100, Rigaku). The room-temperature conductivity of compressed PEDOT pellets
was measured by the four-probe method using a programmable DC voltage/current generator
(Advantest R6144 and Keithley 2000). The temperature dependence of conductivity at 140–
300 K was measured by a four-probe method using a Keithley 2000 programmable current
source and 181 nanovoltmeter.

3. Results and discussion

3.1. FTIR spectra measurement

The same amount by weight of resultant PEDOT synthesized using FeCl3 or APS respectively
was used for FTIR measurement. Typical FTIR spectra are shown in figure 1; they are in good
agreement with the previously reported results [19, 22]. The vibrations at 1310 and 1515 cm−1

are due to the C–C or C=C stretching of the quinoidal structure of thiophene ring and the
ring stretching of thiophene ring, respectively. The peaks originating from the stretching in
the alkylenedioxy group are observed at 1210, 1173 and 1089 cm−1. The peaks assigned to
C–S bond stretching in the thiophene ring are also observed at 987, 815 and 682 cm−1. The
weak peak at 1043 cm−1 is attributed to the absorption of the –SO3H group which proves that
the resulting PEDOT is in the doped state [23]. The presence of the peak at 1680 cm−1 in
the case of being oxidized by APS indicates the existence of an overoxidized carbonyl group
due to the powerful oxidant APS [22]. However, the larger absorption intensity of rod-like
PEDOT than sphere-like PEDOT may be brought about by its more regular conjugated structure
that facilitates the coupling of electrons and consequently enhances the value of molecular
polarization.
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Figure 2. X-ray scattering pattern of PEDOT
(a) nanorods and (b) nanospheres.

Figure 3. SEM images of the PEDOT
nanorods (a) and nanospheres (c) and the
TEM images of PEDOT nanorods (b) and
nanospheres (d); the index picture in (a) is the
SEM image of PEDOT nanorods under high
magnification.

3.2. XRD measurement

Figure 2 shows the XRD patterns of resultant PEDOT oxidized by FeCl3 and APS respectively.
Three broad peaks centred at 2θ = 6.5◦ (corresponding to the (100) reflection), 2θ = 12.8◦
(corresponding to the (200) reflection) and 2θ = 26.8◦ (corresponding to the (020) reflection)
and an intense sharp peak at 2θ = 8.9◦ (corresponding to the (001) reflection) are observed in
the PEDOT oxidized by FeCl3 while just two broad peaks centred at 2θ = 6.5◦ and 2θ = 25◦
are observed in the PEDOT oxidized by APS. The reduction in intensity of the peak at 6.5◦
and the peak at 25◦ shifting to a lower angle reveal the decrease of the doping level [22]. The
novel sharp peak at 2θ = 8.9◦ is assigned to the repeat unit of the polymer chains [24] which
may indicate the improvement of the polymer chain ordering. The more intensive and narrow
peaks of PEDOT oxidized by FeCl3 compared to those oxidized by APS illustrate the enhanced
crystallinity under lower rate of polymerization; this phenomenon has also been reported in the
polyaniline system [25].
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Figure 4. A schematic illustration of the formation of PEDOT nanorods and nanospheres using
FeCl3 and APS respectively. At first, cylinder micelles composed of ACS (hollow circle) and
EDOT (straight line) form; after adding different oxidant, the PEDOT grows under different rates
of polymerization and finally obtains different morphology.

3.3. Microstructure measurement

The typical micromorphology of the resultant PEDOT is shown in figure 3. From the SEM
images shown in figure 3(a), we can see that PEDOT oxidized by FeCl3 is in a 1D shape with
diameters ranging from 80 to 150 nm; these nanorods stack together forming large particles.
The TEM image shown in figure 3(b) illustrates that the structure is rod-like. PEDOT oxidized
by APS is in traditional sphere-like shapes, with diameters ranging from 100 to 200 nm;
these agglomerated with smaller grains with diameters ranging from 60 to 80 nm, as seen
in the SEM and TEM images shown in figures 3(c) and (d) respectively. Considering the
outstanding hydrophobic property of EDOT (only 2.1 g l−1 is soluble in water), sufficient CSA
was dissolved in de-ionized water in order to ensure the suggested micelles in other conducting
polymers [18], which are composed of doped acid CSA and EDOT and act as a soft templates
for the formation of the rod-like structures, can form in the reaction. When the oxidant is FeCl3,
the growth of PEDOT is tempered and tends to accord with these micelles because of the weak
oxidation/reduction potential, and finally rod-like PEDOT is synthesized; when the oxidant is
APS, however, the growth of PEDOT is very aggressive and does not accord with the micelles
well because of the powerful oxidant competence of APS, and finally aggregated sphere-like
PEDOT is synthesized. The suggested mechanisms are shown in figure 4.

3.4. UV–vis–NIR spectra measurement

Figure 5 shows the UV–vis–NIR spectra of PEDOT oxidized by FeCl3 and APS respectively.
The spectrum of dark-blue PEDOT oxidized by FeCl3 exhibits a broad absorption region
starting near 500 nm and having a peak at 910 nm corresponding to the polaron state
carriers [26], and is very similar to that of the previously reported fully doped PEDOT [27]. The
spectrum of PEDOT oxidized by APS exhibits a peak at 496 nm corresponding to the π–π∗
electronic transition and the peaks at 710 and 750 nm and a shoulder at 893 nm are attributed
to the polaron state carriers. A band gap of 1.63 eV can be estimated from the red-edge of
this band (∼760 nm). In the region of the polaron carrier, there are several subgaps, and the
transition of these subgaps merges to a single one as the doping level increases [27]. Comparing
the patterns of the spectra, it can be seen that the doping level of PEDOT oxidized by APS is
lower than that of PEDOT oxidized by FeCl3, which is in good agreement of the analysis by
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Figure 5. UV–vis–NIR absorption spectra of
the PEDOT nanorods (a) and nanospheres (b).
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Figure 6. The photoluminescence spectra of
the PEDOT nanorods (a) and nanospheres (b).

XRD. Some monomers, not attracted by CSA, are able to participate in the polymerization
under rapid rate of reaction. As a result, more ACS is doped in the PEDOT oxidized by
FeCl3 than APS, especially in the aqueous circumstance where EDOT is almost insoluble.
Figure 6 shows the photoluminescence (PL) spectra of the different nanostructures of the
PEDOT products. These spectra confirm our hypothesis further. When the PEDOT nanospheres
were excited by a laser source (430 nm), the emission spectrum showed a strong wide peak
centred at 561 nm, while the emission spectrum of PEDOT nanorods excited by the same
source displayed a very weakened peak at 535 nm. The quenching of the luminescence intensity
is mainly assigned to the higher doping level in PEDOT nanorods because the fluorescence in
the conducting polymer is consequently quenched by the doping level increase [28]. These
results demonstrate that decreasing the speed of reaction is a facile way to enhance the doping
level. The small blue-shift of PEDOT nanorods can be explained by the increase of the
conjugated level, because the conjugated level increases with the enhancement of doping
level in conducting polymer systems. Moreover, the special 1D transport property in PEDOT
nanorods facilitating the movement of electrons, and holes and defects such as the surface states
of the samples contribute to the quenching of luminescence in PEDOT nanorods as well.
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Figure 7. Four-probe measurements of the
temperature dependence of the conductivity
for PEDOT (a) nanorods doped with CSA us-
ing FeCl3 as an oxidant and (b) nanospheres
doped with CSA using APS as an oxidant;
these reported values are an average of three
measurements.

3.5. Conductivity measurement

Conductivities of the resultant rod-like and sphere-like PEDOT were measured by the four-
probe method. The value of room-temperature conductivity of PEDOT oxidized by FeCl3

is calculated to be about 300 S cm−1, which is excellent and much higher than that of other
previous reports [19, 20, 22, 29, 30] by almost one order of magnitude. The value for PEDOT
oxidized by APS, however, is just 35 Scm−1. The outstanding conductivity of PEDOT oxidized
by FeCl3 is generated from these factors: the enhanced doping level as we analysed in the
XRD, UV–vis–NIR spectra, and PL spectra; the enhanced crystallinity which is helpful for the
mobility of electrons; the change of morphology from sphere to rod, because of the unique
mechanism of 1D electron transfers inducing the conductivity of a 1D structure such as a fibre
or tube to be larger than that of a 3D structure such as a block or sphere [31]; and the process
of polymerization which excludes the redundant reagent, e.g. surfactant, in the final product.

The calculated temperature dependence of conductivity of the resulting PEDOT oxidized
by different oxidants was measured between 140 and 300 K, and the result is shown in
figure 7. It was found that the conductivity of both measured samples decreases with decreasing
temperature, which is a typical semiconductor behaviour. The temperature dependence of
conductivity (σ ) is described by the multitrap and release (MTR) model as follows:

σ = σ0 exp

(
− Ea

kBT

)
.

Here σ0 is a constant, Ea is the activation energy of charge carriers, kB is the Boltzmann constant
and T is the temperature in kelvin [32]. The value of Ea of the PEDOT oxidized by FeCl3 and
APS is estimated to be ∼0.058 and ∼0.17 meV from the slope of σ versus 1000/T in figure 7,
respectively. These values are smaller than those of previous reports [33–35], and Ea of rod-like
PEDOT is much less than that of sphere-like PEDOT, which is in agreement with the results of
the room-temperature conductivity measurement, and also confirms our previous analysis.

4. Conclusion

1D PEDOT nanorods were obtained by using CSA as the functional dopant and FeCl3 as
oxidant through aqueous solution polymerization, while traditional PEDOT nanospheres were
obtained when using APS as an oxidant. Dissolving sufficient CSA to exert the effect of
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functional dopant and adopting weak oxidant FeCl3 to reduce the rate of polymerization
facilitates the formation of 1D structures of PEDOT. 1D structured PEDOT, in exhibiting
high crystallinity, high doping level and especially excellent conductivity, is superior to the
traditional morphological form. This method is convenient and environmentally friendly, and
this form of PEDOT with high conductivity can be potentially applied in wide areas such as
field emission and solar cell devices.

Acknowledgments

The authors are grateful to the National Natural Science Foundation of China (Nos 60307001
and 50573057) and the Natural Science Foundation of Tianjin City (No. 05YFJMJC08800) for
financial support.

References

[1] Heeger A J 2001 Angew. Chem. Int. Edn 40 2591
[2] Groenendaal L B, Jonas F, Freitag D, Pielartzik H and Reynolds J R 2000 Adv. Mater. 12 481
[3] Ha Y H, Nikolov N, Pollack S K, Mastrangelo J, Martin B D and Shashidhar R 2004 Adv. Funct. Mater. 14 615
[4] Ko H C, Kang M, Moon B and Lee H 2004 Adv. Mater. 16 1712
[5] Argun A A, Girpan A and Reynolds J R 2003 Adv. Mater. 15 1338
[6] Weijtens C H L, Elsbergen V, Kok M M and Winter S H P M 2005 Org. Electron. 6 97
[7] Ouyang J, Xu Q F, Chu C W, Yang Y, Li G and Shinar J 2004 Polymer 45 8443
[8] Nguyen T P, Le Rendu P, Long P D and De Vos S A 2004 Surf. Coat. Technol. 180 646
[9] Pettersson L A A, Ghosh S and Inganäs O 2002 Org. Electron. 3 143

[10] Iijima S 1991 Nature 354 56
[11] Morales A M and Lieber C M 1998 Science 279 208
[12] Wang X and Li Y D 2002 J. Am. Chem. Soc. 124 2880
[13] Joo J, Kim B H, Park D H, Kim H S, Seo D S, Shim J H, Lee S J, Ryu K S, Kim K, Jin J I, Lee T J and Lee C J

2005 Synth. Met. 153 313
[14] Kim B H, Park D H, Joo J, Yu S G and Lee S H 2005 Synth. Met. 150 279
[15] Park D H, Kim B H, Jang M K, Bae K Y, Lee S J and Joo L 2005 Synth. Met. 153 341
[16] Zhang X T, Zhang J, Song W H and Liu Z F 2006 J. Phys. Chem. B 110 1158
[17] Hatano T, Bae A H, Takeuchi M, Fujita N, Kaneko K, Ihara H, Takafuji M and Shinkai S 2004 Angew. Chem.

Int. Edn 43 465
[18] Wei Z X, Zhang Z M and Wan M X 2002 Langmuir 18 917
[19] Jang J, Chang M and Yoon H 2005 Adv. Mater. 17 1616
[20] Zhang X Y, Lee J S, Lee G S, Cha D K, Kim M J, Yang D J and Manohar S K 2006 Macromolecules 39 470
[21] Han M G and Foulger S H 2006 Small 2 1164
[22] Choi J W, Han M G, Kim S Y, Oh S G and Im S S 2004 Synth. Met. 141 293
[23] Zhang L J and Wan M X 2005 Thin Solid Films 477 24
[24] Martin C R 1996 Chem. Mater. 8 1739
[25] Zhang L J, Wan M X and Wei Y 2006 Macromol. Rapid Commun. 27 366
[26] Chen X and Inganäs O 1996 J. Phys. Chem. 100 15202
[27] Ahonen H J, Lukkari J and Kankare J 2000 Macromolecules 33 6787
[28] Hayashi S, Kaneto K and Yoshino K 1987 Solid State Commun. 61 249
[29] Corradi R and Armes S P 1997 Synth. Met. 84 453
[30] Meng H, Perepichka D F, Bendikov M, Wudl F, Pan G Z, Yu W J, Dong W J and Brown S 2003 J. Am. Chem.

Soc. 125 15151
[31] Aleshin A N 2006 Adv. Mater. 18 17
[32] Horowitz G 1998 Adv. Mater. 10 365
[33] Dyakonov V, Riedel I, Chiquvare Z, Deible C, Parisi L, Sariciftci C J and Hummelen J C 2002 Mater. Res. Soc.

Symp. Proc. 725 191
[34] Chiquvare Z and Dyakonov V 2004 Phys. Rev. B 70 235207
[35] Kang H S, Lee J W, Kim M K, Joo J, Ko J M and Lee J Y 2006 J. Appl. Phys. 100 064508

8

http://dx.doi.org/10.1002/1521-3773(20010716)40:14<2591::AID-ANIE2591>3.0.CO;2-0
http://dx.doi.org/10.1002/(SICI)1521-4095(200004)12:7<481::AID-ADMA481>3.0.CO;2-C
http://dx.doi.org/10.1002/adfm.200305059
http://dx.doi.org/10.1002/adma.200400218
http://dx.doi.org/10.1002/adma.200305038
http://dx.doi.org/10.1016/j.orgel.2005.02.005
http://dx.doi.org/10.1016/j.polymer.2004.10.001
http://dx.doi.org/10.1016/j.surfcoat.2003.10.110
http://dx.doi.org/10.1016/S1566-1199(02)00051-4
http://dx.doi.org/10.1038/354056a0
http://dx.doi.org/10.1126/science.279.5348.208
http://dx.doi.org/10.1021/ja0177105
http://dx.doi.org/10.1016/j.synthmet.2005.07.221
http://dx.doi.org/10.1016/j.synthmet.2005.02.012
http://dx.doi.org/10.1016/j.synthmet.2005.07.275
http://dx.doi.org/10.1021/jp054335k
http://dx.doi.org/10.1002/anie.200351749
http://dx.doi.org/10.1021/la0155799
http://dx.doi.org/10.1002/adma.200401909
http://dx.doi.org/10.1021/ma051975c
http://dx.doi.org/10.1002/smll.200600135
http://dx.doi.org/10.1016/S0379-6779(03)00419-3
http://dx.doi.org/10.1016/j.tsf.2004.08.106
http://dx.doi.org/10.1021/cm960166s
http://dx.doi.org/10.1002/marc.200500760
http://dx.doi.org/10.1021/jp9601779
http://dx.doi.org/10.1021/ma0004312
http://dx.doi.org/10.1016/0038-1098(87)91012-X
http://dx.doi.org/10.1016/S0379-6779(97)80828-4
http://dx.doi.org/10.1021/ja037115y
http://dx.doi.org/10.1002/adma.200500928
http://dx.doi.org/10.1002/(SICI)1521-4095(199803)10:5<365::AID-ADMA365>3.0.CO;2-U
http://dx.doi.org/10.1103/PhysRevB.70.235207
http://dx.doi.org/10.1063/1.2349553

	1. Introduction
	2. Experimental details
	3. Results and discussion
	3.1. FTIR spectra measurement
	3.2. XRD measurement
	3.3. Microstructure measurement
	3.4. UV--vis--NIR spectra measurement
	3.5. Conductivity measurement

	4. Conclusion
	Acknowledgments
	References

