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Abstract—A hybrid composite was prepared by the formation of poly (3,4-ethylenedioxythiophene) (PEDOT) layer
on two types of ordered mesoporous carbon (OMC) by vapor phase polymerization. The morphology, chemical com-
position, pore structure, and electrical properties of the normal type ordered mesoporous carbon (NTOMC) and rod
type ordered mesoporous carbon (RTOMC) composites were compared and analyzed. The surface morphology of the
PEDOT-OMC composite did not change, due to the uniform coating of PEDOT layer on the OMC. The content of
PEDOT in the composite and the thickness of the coating layer both increased with the amount of the oxidizing agent,
Iron (III) p-toluenesulfonate (FTS) used in VPP. Pore size, porosity, and surface area of PEDOT-OMC composite
decreased with coating of PEDOT layer on the outer surface of the OMC, and the mesopore inner wall. Electrical resis-
tance decreased with an increase in the thickness of the PEDOT layer coated on the OMC. The PEDOT-RTOMC
composite had lower electrical resistivity than the PEDOT-NTOMC composite, suggesting that rod-type morphology
is advantageous for electron transport. The capacitance was also higher for the PEDOT-RTOMC than for the PEDOT-
NTOMC, which is thought to be proportional to the surface area of the composite determined by the external and
internal structure of the material.
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INTRODUCTION

Carbon materials, such as activated carbon, carbon black, nano-
tubes, and graphene, have great mechanical stability and large sur-
face area which make them applicable to various functions such as
fillers of a polymer composite [1-3], adsorbents for removing harm-
ful substances [4,5], and catalyst supports [6,7]. In addition, they
are also widely used as an electrode material for fuel cells [8], sec-
ondary batteries [9], and supercapacitors [10] due to excellent elec-
trical conductivity. On the other hand, a family of mesoporous silica,
named M41S such as MCM-41 and MCM-48, was developed by
Mobil's research team in 1992 [11]. These mesoporous materials
containing pores with diameters in the range 2-50 nm have been
developed into different structures such as the SBA [12], MSU [13,
14] and KIT [15] series. A new dimension of carbon material, the
ordered mesoporous carbon (OMC) having regular pores, has also
been created utilizing the mesoporous silica previously mentioned
as a template [16-18]. OMC offers the advantage of a regular pore
structure with large surface area, with the pore size being easy to
control. The morphological properties of SBA-15, which is a regu-
lar hexagonal array of one-dimensional nanopores, can control the
morphology of the OMC [19]. SBA-15 template with controlled
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morphology had been used for the normal type ordered meso-
porous carbon (NTOMC) [20] and the rod type ordered meso-
porous carbon (RTOMC) [21-23], which are manipulated mor-
phologies at the micro-sized level. Recently, the RTOMC has been
reported to have a high specific capacitance and retention ratio,
which makes it a potential material for next generation super
capacitors [23].

Conductive polymers such as poly (3, 4-ethylenedioxythiophene)
(PEDOT), polypyrrole (PPy) and polyaniline have been continu-
ously studied since the discovery of polyacetylene [24]. Research
on the combination of the conductive polymer and OMC materi-
als has been conducted in an effort to improve the performances
of these materials in the field of energy [25-27]. It has been previ-
ously reported that there is a 75% increase in the output density
when the PEDOT-OMC composite is used as the anode material
for supporting the Pt metal of the proton exchange fuel cell [25,26].
The discharge capacity and stability can also be improved with the
use of PPy-OMC composite as a cathode material in a lithium-sul-
fur secondary battery [27]. The hybridization of the conductive poly-
mer with the organic-inorganic material can be made in a variety
of ways by the wet method [28,29]. Recently; we introduced organic-
inorganic hybrid materials using vapor phase polymerization [30-
35]. Vapor phase polymerization (VPP) can homogeneously pro-
duce multifunctional organic-inorganic composites at the molecu-
lar level, which cannot be achieved by simple solution-solution or
solid-solution mixing. Also, polymerization carried out in the vapor
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phase allows the uniform coating of substances with complex shapes
because the monomer in the gaseous phase can easily approach
the interface of the solid [34-38].

In this study, we fabricated a hybrid composite by forming a
conductive polymer layer via VPP on two types of OMCs of simi-
lar mesopores and sizes but different particulate morphologies.
NTOMC and RTOMC underwent PEDOT VPP process to pro-
duce the hybrid composites. The morphological, chemical compo-
sition and pore structure of OMC and PEDOT-OMC composites
were compared and analyzed. The electrical characteristics such as
threshold voltage, electrical resistance, and capacitance of PEDOT-
OMC composites were also compared.

MATERIALS AND METHODS

1. Chemicals

3,4-Ethylenedioxythiophene (EDOT, MD Bros.) as a monomer
for PEDOT, iron (III) p-toluenesulfonate (FI'S, ALDRICH) as oxi-
dant and dopant and 1-butanol (JUNSEI, Japan) and ethanol
(ALDRICH) as solvents were used without further purification.
Two types of regular pore mesoporous carbon (OMC normal type:
NTOMC, rod type OMC: RTOMC) were donated by UNICAM.
NTOMC and RTOMC were synthesized by the methods described
in the literature [20,21].
2. Preparation of PEDOT-OMC Composite

The PEDOT-OMC hybrid composites were prepared via VPP
FTS was added as an oxidizing agent to 1-butanol at 10, 15 and
20 wt% and was completely dissolved by stirring. The OMC was
immersed in each FTS solution for 30 min and ultrasonicated in
an ultrasonic washing machine (Power Sonic 410, Foshin Tech) to
sufficiently allow the FTS to penetrate into the mesopores of the
OMC. After filtering, FTS impregnated OMC was separated with-
out any washing process and was dried in an oven at 60 °C for 10
min before it was transferred to a mesh pocket in the vapor phase
polymerization reactor. Prior to the polymerization, nitrogen was
allowed to flow into the reactor for 10 mL/s for 30 min to suppress
the recrystallization of FIS. The VPP reactor used was the same as
that reported in our literature [39]. EDOT, the monomer of PEDOT,
was placed in a petri dish at the bottom of the reactor. The polym-
erization was carried out for 30 min at a maintained internal tem-
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perature of the reactor at 60 °C. The composite produced after
polymerization was then immersed in ethanol for at least 1 h and
washed with ethanol using a filtration apparatus. After washing, it
was dried in an oven at 60 °C to obtain the final PEDOT-NTOMC
and PEDOT-RTOMC hybrid composites.
3. Characterization of PEDOT-OMC Composite

Scanning electron microscopy (SEM, TESCAN, VEGA3, Czech)
was used for particle surface and morphology analysis. The chem-
ical composition and chemical species distribution of the PEDOT-
OMC composite were analyzed by point and mapping analysis of
energy dispersive X-ray spectroscopy (EDS, BRUKER, X FLASH,
US.A.). Brunauer-Emmett-Teller (BET, Micromeritics ASAP 2020)
analysis was performed to analyze the pore structure of OMC and
PEDOT-OMC composites. The physically adsorbed moisture was
completely removed by degassing the sample at 350 °C for 3 h prior
to the analysis. At —196 °C, a nitrogen adsorption-desorption iso-
therm was obtained. The specific surface area was determined using
the BET equation and the pore volume by the t-plot method. To
measure the electrical properties of the PEDOT-OMC compos-
ites, the pellet was first formed into a disk with a diameter of 7 mm
and a thickness of 0.5 mm. A silver line pattern with a thickness of
200-250 nm was deposited on a glass substrate using a thermal evap-
orator and the device was fabricated by connecting the deposited
silver line and the prepared PEDOT-OMC composite disk using
silver paste (Fig. 4(a)). The threshold voltage for turning on the light
emitting diode (LED) was determined by connecting the fabri-
cated device to a DC power supply (EXSO® K6133A, Korea) and
gradually increasing the voltage. An inductor/capacitor/resistor
(LCR) meter (GW INSTEK, LCR-6100, Taiwan) was used to meas-
ure the specific capacitance and resistance in parallel mode.

RESULTS AND DISCUSSION

1. Physico-chemical Structure Analysis of PEDOT-OMC Hy-
brid Composite

OMC:s with various morphological characteristics have been re-
ported using SBA-15 as a template for the OMC. Recently; a fiber
type and a rod type OMC having the morphology of a one dimen-
sional structure were applied to an electrode material of a superca-
pacitor. The specific capacitance was 162 F/g at a scan rate of 2mV/s

s O SN\
LT_-ﬂc{_{ P A
S T“»—f_{--_) .
Wi
v
Vapor Phase  penar NTOMC hybrid
Polymerization
I~
— \

PEDOT -RTOMC hybrid

Scheme 1. Systematic preparation scheme of PEDOT coated mesoporous carbon: (a) Normal type mesoporous carbon (b) rod type meso-

porous carbon.
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Fig. 1. SEM images of two kinds of mesoporous carbon: (a) NTOMC, (b) RTOMC and PEDOT coated mesoporous carbon (c) PEDOT-

NTOMC hybrid, (d) PEDOT-NTOMC hybrid.

and 82% at 50 mV/s with RTOMC as an electrode material. These
values are superior to that of the fiber type [23]. Previous studies
also reported that improvement in the performance of the elec-
trode as a fuel cell or secondary battery can be achieved by coat-
ing the OMC material with conductive polymer [26,27]. In our
study, PEDOT-OMC composites were prepared by hybridizing
OMC of two different morphologies with PEDOT vig VPP (dry
process) as shown in Scheme 1. The FT'S solution is impregnated
into the NTOMC or RTOMC and was made to enter the meso-
pores as well as the outer surface of the OMC. Uniform coating on
the inner and outer surfaces of the mesoporous carbon could be
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possible when the EDOT VPP is applied to the mesoporous carbon
impregnated with FTS. SEM images of NTOMC and RTOMC
(Fig. 1(a), (c)) show that NTOMC has the shape of irregular ellip-
tical particles of different sizes, and RTOMC shows the morphol-
ogy of a twisted rod with a diameter of about 100-120 nm and a
length of a few micrometers. Even after the two mesoporous car-
bons were hybridized with PEDOT, the surface morphology was
maintained (Fig. 1(b), (d)), indicating that the conductive polymer
layer was uniformly thinly coated. EDS analysis performed to ana-
lyze the chemical composition of PEDOT-OMC hybrid compos-
ites confirmed the presence of carbon alone on the NTOMC and

50000
(b)
40000
c
30000 -
o Pt S
J"‘\_A
20000 A PEDOT-RTOMC hybrid with FTS 20 wi%
10000 —
PEDOT-RTOMG hybrid with FTS 10 wi%
0 —
pristine RTOMC
0.5 1.0 15 20 25 3.0

Binding Energy(keV)

Fig. 2. EDS spectra of various mesoporous carbon of (a) NTOMC and PEDOT-NTOMC hybrid and (b) RTOMC and PEDOT-RTOMC

hybrid as a function of FT'S content.

Korean J. Chem. Eng.(Vol. 35, No. 9)



1944 P. M. Losaria et al.

Table 1. The content of sulfur in the PEDOT- ordered mesoporous carbon hybrid material as a function of FT'S content

(wt%) Atomic content (%) Weight content (%) Atomic content (%) Weight content (%)
10 0.64 1.60 0.76 1.92
20 1.10 2.77 1.27 3.16

RTOMC mesoporous carbons with the peak at 0.27 eV as shown
in Fig. 2. On the other hand, the peaks of oxygen (0.52eV) and
sulfur (2.30 eV) present in PEDOT were increased with increasing
FTS content, indicating that the PEDOT layer was eftectively polym-
erized on the OMC. Inset images of Fig. 2(a) and (b), showing the
results of EDS mapping of sulfur atoms in the PEDOT-OMC
composite subjected to VPP after 20 wt% FTS impregnation, show
uniform distribution of the atoms, suggesting the uniform coating
of PEDOT on the surface of the OMC. The quantitative content of
sulfur atoms in the composite, on the other hand, is summarized
in Table 1. The impregnation of OMC with 20 wt% of FTS resulted
in the formation of about 3 wt% sulfur in the composite.

Table 2 summarizes the pore structure parameters, including the
porosity, BET surface area and pore size of the two OMCs and the
two PEDOT-OMC composites prepared therefrom. The pore sizes
of pure NTOMC and RTOMC were 3.8 and 3.3 nm, respectively,
and the BET surface area was 833 and 882 m’/g. The porosity, BET
surface area and pore size of the PEDOT-NTOMC and PEDOT-
RTOMC composites decreased after VPP, and the reason for this
reduction is thought to be the blockage of some parts of the meso-
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Table 2. Summary of nitrogen BET analysis for two kinds meso-
porous carbon and PEDOT coated ordered mesoporous

materials
Pore volume  “Sp,;  Pore size
Sample (am’g) (m’g ") (nm)
NTOMC 0.93 833 3.8
PEDOT-NTOMC hybrid” 0.57 507 34
RTOMC 0.94 882 33
PEDOT-RTOMC hybrid® 0.59 546 3.1

“BET surface area
*Hybrid samples prepared by VPP with 20 wt% FTS

pores after coating by PEDOT. The quantitative measure of the
reduction of the pore size is 0.2-0.4 nm. Fig. 3 shows the N, adsorp-
tion-desorption isotherms and pore size distribution curves of
NTOMC, PEDOT-NTOMC, RTOMC and PEDOT-RTOMC. All
samples exhibit type IV hysteresis specified by the IUPAC dlassifi-
cation, thus indicating that the mesopores are present. Despite the
decrease in adsorbed nitrogen, similar shape of hysteresis loops is

%ﬂ
£ .
s B
&
g
< 10 4
=
&
3 RTOMC
Q 54 — =% —  (Desorption)
—————  PEDOT-RTOMC hybrid with FTS 20 wi%
(Adsoption)
= =# —  (Desorplion)
0 T T T
00 02 04 06 o8 1.0

Relative Pressure (P/P,)

- RTOMC
3.0 4 (d) = PEDOT-RTOMC hybrid with FTS 20 wi%

10 100

Pore Diameter (nm)

Fig. 3. Nitrogen adsorption-desorption isotherms and pore size distribution of PEDOT-mesoporous carbon hybrid material prepared with
20 wt% FTS (a), (c) PEDOT-NTOMC hybrid, (b), (d) PEDOT-RTOMC hybrid.

September, 2018



Preparation of PEDOT-ordered mesoporous carbon hybrid material using vapor phase polymerization

observed for both the adsorption isotherms of NTOMC and
RTOMC and the PEDOT-OMC hybridized by VPP process. This
means that there was no change in the pore shape of the original
OMC. The pore size of each carbon material, on the other hand,
decreased slightly after the conductive polymer layer PEDOT was
coated on the walls of the mesopores (see Table 2). However, the
shape of all characteristic pore size distribution curves of all PEDOT-
OMC hybrid composites did not change as shown in Fig. 3(c) and (d).

(a)

1945

2. Electrical Characteristics of PEDOT-OMC Hybrid Com-
posite

A simple device for measuring the electrical properties of PEDOT-
OMC hybrid composites was fabricated as shown in Fig. 4(a). A
DC power supply was connected to the device to measure the
threshold voltage in turning on a light emitting diode (LED). The
threshold voltage of PEDOT-NTOMC and PEDOT-RTOMC was
1.4 V. In the case of PEDOT-NTOMC, a voltage of 1.5V was applied

Fig. 4. Brightness comparison of LED bulb in PEDOT-NTOMC hybrid as a function of FTS content: (a) Test device (b) PEDOT-NTOMC
with FTS 10 wt%, (c) PEDOT-NTOMC with FTS 15 wt%, (d) PEDOT-NTOMC with FT'S 20 wt%, applied voltage was fixed at 1.5 V.
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Fig. 5. Comparisons of electrical properties of two kinds of PEDOT- mesoporous carbon hybrid: (a) Resistance and (b) specific capacitance

behavior as functions of FT'S content.
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to the fabricated device equipped with the samples and an increase
in the brightness of the LED bulb was observed with an increase
in the content of FIS in the composite material. This might be
due to the decrease in the electrical resistance of the test disc as the
conductive PEDOT layer becomes thicker with increasing FTS
content. Quantitative electrical properties were determined by LCR
meter and the results are illustrated in Fig. 5 where the capacitance
and electrical resistance of PEDOT-OMC is plotted as a function
of the FTS content. The resistance decreased with an increase in
the FT'S concentration as shown in Fig. 5(a). The PEDOT-RTOMC
exhibited lower resistance than PEDOT-NTOMC at all concentra-
tions of FTS. It might be because the transport path of electrons in
the RTOMC composite, which shows morphological characteris-
tics of the rod shape, is much more developed than the NTOMC
system. Also, the capacitance tended to increase as a function of
the FTS content (Fig. 5(b)). Moreover, the capacitance of PEDOT-
RTOMC was larger than that of PEDOT-NTOMC for the same
FTS concentration. The capacitance difference of the two compos-
ites also tended to increase as the FTS content increased. This phe-
nomenon may be related to the surface area of the mesoporous
composites determined by the external and internal structure of
the material. In general, the capacitance of a material is propor-
tional to the dielectric constant and the contact area, and is inversely
proportional to the distance between the electrodes. The tests were
performed under the assumption that the OMC-based compos-
ites prepared were made of disks of the same size, so that the elec-
trode distance and the dielectric constant were also similar. The
surface area of PEDOT-RTOMC is larger than that of PEDOT-
NTOMC as shown in Table 2. Therefore, the capacitance may be
proportional to the surface area of the mesoporous carbon system.

CONCLUSIONS

A hybrid conductive composite with PEDOT layer formed by
VPP in two types of OMC (NTOMC, RTOMC) with different
morphologies was successfully fabricated. The PEDOT layer was
observed to uniformly coat the OMC, thereby not changing the sur-
face morphology of the original mesoporous carbon material. The
amount of PEDOT in the composite increased as the amount of
FTS, the oxidant used in VPP, was increased. Pore s ize, porosity,
and surface area decreased as the PEDOT was coated on the outer
surface of the OMC and the mesopore inner wall. The electrical
resistance of the PEDOT-RTOMC composite was lower than that
of the PEDOT-NTOMC composite because the rod-shaped mor-
phology is advantageous for electron transport. In the case of the
capacitance, the PEDOT-RTOMC composite was higher than the
PEDOT-NTOMC composite, which is probably due to the differ-
ence in surface area of t he PEDOT-OMC composite. The VPP-
based PEDOT-OMC hybrid composites provided in this study can
therefore be effectively used as electrode materials for fuel cells, sec-
ondary batteries, and capacitors.
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