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ABSTRACT: The poly(2,5-dimethoxyaniline) (PDMA) were synthesized through interfacial polymerization method using three various
organic solvent/water reaction systems. As comparison with conventional chemical polymerized PDMA, the interfacial polymerization
can produce uniform nanoparticular PDMA, especially for using high density (higher than water) solvent as organic phase. The capaci-
tive performances of interfacial polymerized PDMA can be benefited from its uniform morphologies and loose packing structure. The
specific capacitance of interfacial polymerized PDMA using carbon tetrachloride is 194 Fg~' at current density of 50 mA cm ™2, which
has 59% enhancement over 122 Fg~ ' of conventional PDMA at the same current density. The energy density of interfacial polymerized
PDMA is 39 Wh kg™ ' at current density of 5 mA cm™ > and the power density is 28,421 W kg™ ! at current density of 50 mA cm™ 2. The
energy density has improvement in different extent as comparison with that of conventional PDMA. The enhanced capacitive perform-
ances can be attributed to the increased ionic conductivity induced by the loose molecular packing structure and uniform morphology

produced by the interfacial polymerization process. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40666.
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INTRODUCTION

Attributing to the high specific capacitance of conducting poly-
mer resulting from the high exchangeable charge during their
reversible redox reactions, the conducting polymer-based super-
capacitor electrode materials have attracted wide interest of
researchers in the energy storage fields. Among of the conduct-
ing polymers, polyaniline (PANI) has been intensively studied
because of its high specific capacitance, ease in preparation and
low cost."? Although the capacitance of PANI is mainly contrib-
uted by its redox reaction, the morphology and microstructure
of PANI also play the important role in determination of its
capacitive performances. The nanostructural PANI normally
produces high capacitive properties. It may attribute to the fast
redox reactions brought by large interfacial area with electro-
lytes, short diffusion length of ions and more accessible redox
sites during the charge—discharge process.” Recently, a series of
conducting polymer nanostructures including nanotubes, nano-
wires, and nanoparticles have been prepared and used in various
fields including supercapacitor electrodes. Raghu® synthesized
the MWCNTs-core/thiophene polymer-sheath composite nano-
cables by a cationic surfactant-assisted chemical oxidative
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polymerization for varied applications. Wang® synthesized suc-
cessfully the PANI nanofiber by electrochemical method with
very high specific capacitance of 1.21 X 10° Fg~'. The pulsed
sonoelectrochemical method was used in Gedanken’s work® to
prepare PANI nanoparticle with size of 20-40 nm. The specific
capacitance is 166 Fg~'. Li’ also synthesized PANI nanowires
with diameter of 30 nm through membrane template route. The
capacitance of PANI nanowires arrayed electrode is 1142 Fg™'
at current density of 5 Ag~'. The electrospun PANI nanofiber
with specific capacitance of 267 Fg~ ' is reported in Srinivasan’s
work.®? Though the specific capacitances of PANI are varied in a
large range according to the different preparation methods, a
general feature is that the nanostructural PANI with high aspect
ratio give high specific capacitance.

Interfacial polymerization is one of effective routes for prepara-
tion of conducting polymer nanostructrues, which has easy con-
trol, large-scale production, and low cost features. Huang” "' has
prepared successfully the PANI nanowires using interfacial poly-
merization process. The resultant materials possess even struc-
tures and uniform morphologies. Prakash'*™* also utilizes the
interfacial polymerization technique for preparation of various
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structures (hollow microspheres and nanotubes) of polycarbazole,
polyindole, and polyanthranilic acid. The interfacial polymeriza-
tion method supplies a highly effective approach for preparation
of nanoelectrode materials in large scale. It can also be utilized for
preparation of PANI nanofiber supercapacity electrode."”
Although PANI is widely utilized as supercapacitor electrode
materials, the capacitive properties of its derivatives are studied
seldom."® As one of the PANI derivatives, the poly(2,5-dimethox-
ylaniline) (PDMA) possesses better processability and high activ-
ity as comparison with PANI owing to the stereo-specific
blocking effect and electron-donor function of its two methoxyl
groups. It will be interested to study the capacitive performance
of PDMA. Furthermore, PDMA can be synthesized by the interfa-
cial polymerization method to produce novel nanostructures.
With consideration of the unique molecular growth process in
the interfacial polymerization and the contribution of large spe-
cific surface area and high electrochemical activity of conducting
polymer nanostructure, it is reasonable to believe that the interfa-
cial polymerization will bring novel structure and high capacitive
performance to PDMA. Herein, we synthesize two kinds of
PDMA using conventional chemical polymerization and interfa-
cial polymerization methods, respectively. The comparison study
of structure, morphologies and capacitive properties were carried
out between these two kinds of PDMA.

EXPERIMENTAL

Chemical Polymerization of PDMA

All chemicals are analytical reagent and used as received unless
otherwise specified. In a typical experimental, the monomer
2,5-dimethoxylaniline (DMA) and the oxidant agent ammo-
nium peroxydisulfate (APS) with molar ratio of 1/2 were dis-
solved in 25 mL and 5 mL 1M HCI solution, respectively. The
APS/HCI solution was dropped into DMA/HCI solution with
stir in three separate doses in 30 min. The reaction was carried
out for 24 h at room temperature. The resultant product was
washed with acetone and deionized water for three times to
remove the unpolymerized monomer and sulfate salts and dried
at 40°C in vacuum oven overnight. The final product was
denoted as PDMA-n.

Interfacial Polymerization of PDMA

In a typical experimental, 1.6 mmol DMA was dissolved in 10
mL of xylene, chloroform, and carbon tetrachloride, respectively
as organic phase. Various amounts (0.4 mmol, 0.6 mmol, and
0.8 mmol) of APS were dissolved in 10 mL 1M HCI solution as
water phase. The addition sequences of reagents are determined
by the density difference of organic solvent and water, which
obey the principle of high density materials first. For xylene/
water system, the water phase was added into the vial first, and
then the organic phase was added carefully on the top of water
phase to avoid breaking the steady state of interface. For chloro-
form/water and carbon tetrachloride/water systems, the organic
phases were added into the vial first, and then the water phase
was added carefully on the top of organic phase. The vial was
standed vertically for 24 h for the proceeding of reaction. After
the organic phase was removed, water phase was filtered and
washed with acetone and deionized water for three times to
remove the unpolymerizaed monomer and sulfate salts. The
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Figure 1. Experimental phenomena of interfacial polymerization of
PDMA using xylene (a), chloroform (b), and carbon tetrachloride (c) as
organic phases, respectively. Photograph is recorded in 10 s after adding
the second phase. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

final products were dried at 40°C in vacuum oven overnight.
The final products were denoted as PDMA-x, PDMA-c, and
PDMA-t for materials using xylene, chloroform, and carbon tet-
rachloride as organic phases, respectively.

Fabrication of Supercapacitor Electrode

The mixture of PDMA, conducting carbon black and PTFE
aqueous suspension with weight ratio of 75 : 20 : 5 were dis-
persed in ethanol with assistance of grind and ultrasonic treat-
ment. The mixture was casted even on a graphite paper
electrode to form a thin film with area of 1 cm” and weight of
~0.5 mg. The electrode was dried at 50°C overnight.

Characterization

Fourier transform infrared (FTIR) spectra of the materials were
obtained on a PerkinElemer GX Spectrometer using KBr pellet
method. The morphologies of PDMA were observed on a JSM-
6460LV scanning electron microscope. The pore size distribu-
tion was obtained on a Micromeritics ASAP 2020 Physisorption
Analyzer. All of the electrochemical tests were carried out using
AUTOLAB PGSTAT302N potentiostat. The cyclic voltammetry
(CV) and charge—discharge experiments were performed using
Pt plate (99.99%) and Ag/AgCl (3M KCl) as counter and refer-
ence electrodes, respectively, in a 1M H,SO, solution.

RESULTS AND DISCUSSION

Interfacial Polymerization of PDMA

The interfacial polymerization of PDMA is occurred at the inter-
face of organic phase and water phase. The monomer in the
organic phase was oxidized by the APS from the water phase at
their interface, and then diffused into the water phase. Because of
lack of monomer in the water phase, once the PDMA is entered
into water phase, the growth process of PDMA will stop. So the
size and the morphology of interfacial polymerized PDMA is dif-
ferent from those synthesized by the conventional chemical poly-
merization, in which the growth will not stop until all of the
monomer are run out. According to the different growth proc-
esses, the morphologies of resultant products may be variable,
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Figure 2. FTIR spectra of PDMA synthesized by conventional chemical poly-
merization (PDMA-n) and interfacial polymerization with various organic/
water systems (PDMA-x, PDMA-c, and PDMA-t). [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

e.g., nanotubular structure of PANI. To investigate the interfacial
polymerization process of PDMA, we chose three kinds of organic
solvents with different densities as organic phases. Figure 1 shows
the experimental phenomena of PDMA diffusing from organic
phase into water phase during the initial period of interfacial
polymerization. In xylene/water system [Figure 1(a)], due to its
low density of xylene, the organic phase is on the top of the water
phase. Just after the organic phase was added, some blue materials
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diffused into the water phase, indicating the formation of PDMA.
The experimental phenomena of chloroform/water and carbon
tetrachloride/water systems [Figure 1(b,c)] are similar. The pro-
duced PDMA was diffused from organic phase into above water
phase. At the same time, the water solution became brown color.
With on-going of polymerization, the whole reaction system was
converted to dark brown color, which verifies that the PDMA can
be synthesized successfully with these three organic solvent/water
systems. With adding various amount of APS, the experimental
phenomena does not show any difference.

Structures and Morphologies of PDMA

FTIR spectra of conventional PDMA synthesized by chemical
polymerization and interfacial polymerized PDMA were used to
study the structure difference of PDMA as shown in Figure 2. It
can be seen that though the peak intensities of four FTIR spec-
tra are different, the main characteristic peaks of PDMA are
appeared in all four spectra. The broad band at 3441 cm™' is
assigned to the N—H stretching vibration. The C=N and C=C
stretching modes for the quinoid (Q) and benzoid (B) rings of
PDMA occur at 1593 cm™ ' and 1519 cm ™', respectively. The
band at 1207 cm™' is assigned to the presence of o-methoxy
groups of PDMA,"” which confirm the successful polymeriza-
tion of PDMA. In the FTIR spectrum of PDMA-n, due to the
neighbouning strong absorption of 1639 cm™ ', the C=N peak
(Q) is exhibited as a shoulder peak. Furthermore, the PDMA-c
and PDMA-t exhibit almost same FTIR spectra, which should
relate to that the similar organic solvent of chloroform and car-
bon tetrachloride are used for their synthesis.

Figure 3. Morphologies of PDMA synthesized by conventional chemical polymerization (a), and interfacial polymerization using xylene (b), chloroform

(¢), and carbon tetrachloride (d) as organic solvents, respectively.
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Figure 4. Pore size distribution of PDMA-n, PDMA-x, PDMA-c, and
PDMA-t. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

The morphologies of four kinds of PDMA are shown in Figure
3. It can be seen that the PDMA-n is consisted of particle with
various size from several hundred nanometers to several micro-
meters and the aggregation of the particle is serious, while the
interfacial polymerized PDMA exhibits a relatively uniform
morphology. However, the interfacial polymerized PDMA shows
a particle shape, which is totally different from the nanofiber
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morphologies of interfacial polymerized PANI. Reference to
Huang’s mechanism,”™"' the difference between interfacial poly-
merization and conventional chemical polymerization is that
the PANI nanofiber formed by rapid oxidative reaction of
monomer in the initial stage of polymerization cannot act as
the nucleation centre for further growth of molecule in two sep-
arated phases of interfacial polymerization system due to lack of
continuous supply of monomer. In one word, the subsequent
secondary growth of molecular chain is forbidden in the interfa-
cial polymerization by the two separated phases. In our case,
the easy oxidation feature of DMA caused from the electron-
donor function of its two methoxy groups results in very fast
growth of PDMA. So even in the short contact time of mono-
mer and oxidant agent at the interface, the secondary growth of
PDMA on its initial nanostructure is occurred. But with
employing different organic solvents, the morphologies of
PDMA are various. Among of three organic solvent/water sys-
tems, the PDMA synthesized using xylene/water system shows
severe aggregation and its particle size is not even. Owing to
similar solvent properties of chloroform and carbon tetrachlor-
ide, the PDMA-c and PDMA-t exhibit alike morphologies
except that the particle size distribution of PDMA-t is uniform
than that of PDMA-c. The similar structure was also confirmed
by their alike FTIR spectra. The morphology difference of three
systems may relate to the density difference of organic solvents
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Figure 5. CV curves of PDMA-n (a), PDMA-x (b), and PDMA-t (c) measured in 1M H,SO, solution with scan rate of 10, 25, 50, 100, and 250 mV s
respectively using Ag/AgCl (3M KCl) reference electrode and Pt counter electrode. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Figure 6. Charge—discharge curves of PDMA-n (a), PDMA-x (b), and PDMA-t (c) at different current densities of 5, 10, 25, and 50 mA cm 2, respec-
tively in 1M H,SO, solution. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

used. In xylene/water system, the organic phase is on the top of
water phase, all of synthesized PDMA with different size are
deposited in the water phase, resulting in complex morpholo-
gies. In another two systems, the organic phase are at the bot-

Table 1. Capacitive Performance of PDMA-n, PDMA-x, and PDMA-t at
Different Current Densities

Specific Specific
Current Specific energy power
density capacitance  density density
(mMAcm™2) (Fg™?) Whkg™l)  Wkg™?)
PDMA-n 5 275 38 5338
10 227 31 10,182
25 139 20 17,142
50 122 17 30,600
PDMA-x 5 277 38 5,472
10 239 33 9,810
25 153 22 14,776
50 152 22 30,817
PDMA-t 5 281 39 5,484
10 246 34 10,200
25 199 28 15,508
50 194 27 28,421
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tom of water phase, only light PDMA particle with suitable size
range are floated in water phase. Also, the pore size test shows
that these four PDMA possess various pore sizes and distribu-
tion. As shown in Figure 4, the PDMA-n is mainly consisted of
meso- and macropores and the macropores domain the pore
volume, while the PDMA-x, PDMA-c, and PDMA-t are con-
sisted of micro-, meso-, and macropores and the mesopores
domain the pore volume. The mesopores pore volume can fol-
low a sequence of PDMA-t>PDMA-c>PDMA-x. The rela-
tively higher mesopores pore volume can supply large specific
surface area and more ion pathway, which may favor the
charge—discharge process. With consideration of similar size,
morphology, and structure of PDMA-c and PDMA-t, only
PDMA-n, PDMA-x and PDMA-t are employed for the compari-
son study of the capacitive performances in this article.

Capacitive Performances of PDMA

The electrochemical redox behaviors of two types of PDMA were
studied by CV analysis. Figure 5 shows the CV curves of PDMA-n,
PDMA-x, and PDMA-t with different scan rate from 10 mV s~
to 250 mV s~ '. It can be seen that PDMA-n, PDMA-x, and
PDMA-t exhibit reversible switching even at the high scan rate of
250 mV s~ '. Two pairs of redox peaks appear in two samples,
indicating their alike electrochemical behavior (two electrons reac-
tion process). However, there are some slight difference in the
peak intensity and enclosed area of CV curves. As comparison
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with PDMA-n, the redox peak intensities at different scan rate of
PDMA-x and PDMA-t are slight higher than these of PDMA-n at
corresponding scan rate, indicating the high electrochemical activ-
ity of PDMA-x and PDMA-t resulted from their uniform mor-
phologies. At the meanwhile, the peak area enclosed by the CV
curves of PDMA-x and PDMA-t are larger than these of PDMA-n,
implying more accessible redox sites of PDMA-x and PDMA-t
contributing from their nanostructure. The area of CV curve is
proportional to the exchanged charge volume of active materials,
so a better capacitive performance of PDMA-t based electrode is
expectable since that it has largest area among three samples.

The charge—discharge test at a constant current is the major
method for studying the capacitive properties of supercapacitors.
According the equation,'® the specific capacitance is proportional
to the discharge time. Figure 6 shows the charge—discharge curves
of PDMA-n, PDMA-x, and PDMA-t at different current densities
from 5 mA cm  to 50 mA cm ’. Unlike to the triangular
charge—discharge curves of carbon based double layer capacitors,
there are two charge plats and two discharge plats in the conduct-
ing polymer based pseudo-capacitors, indicating the two redox
reactions of PDMA during the charge—discharge process. The spe-
cific capacitance of PDMA-n, PDMA-x, and PDMA-t at different
current densities are calculated and listed in Table I. At all current
densities, the PDMA-x and PDMA-t exhibits superior specific
capacitance over those of PDMA-n. Especially at current density
of 50 mA cm ™%, PDMA-t has 59% and 28% enhancement in spe-
cific capacitance in comparison with those of PDMA-n and
PDMA-x, respectively, indicating the better rate performance of
interfacial polymerized PDMA. At other current densities,
PDMA-t and PDMA-x also has better specific capacitance over
that of PDMA-n to some extent. Though the performance of
PDMA-x is better that PDMA-n, it is worse than PDMA-t owing
to its larger aggregation size and lower mesoporoes volume.

The value of another two key parameters for practical application
of supercapacitors, the energy density and power density at differ-
ent current densities are listed in Table I. It can be found that the
energy densities of PDMA-t and PDMA-x are higher than that of
PDMA-n, which means that the energy storage capacity of PDMA-
t and PDMA-x are better than that of PDMA-n. The enhanced
capacitive performances can be benefited from the uniform mor-
phology of interfacial polymerized PDMA. In an interfacial poly-
merization system with organic phase at the bottom, the produced
PDMA has a light density (lighter than water) and uniform mor-
phology owing to the flotation function of above water phase. The
relative loose packing structure (light density and high pore vol-
ume) and uniform morphology are helpful for increasing the ions
diffusion depth into the electrode materials during the charge—dis-
charge process, improving the electrochemical activity of PDMA,
as well as reinforcing the capacitive properties.

CONCLUSIONS

The PDMA with uniform nanoparticles structure were synthe-
sized successfully through interfacial polymerization approach.
The morphologies and uniformity of PDMA particles are depend-
ant on the organic solvent/water system employed. The carbon
tetrachloride/water system produces uniform PDMA nanopar-
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ticle. The difference in the morphology can affect the electro-
chemical behavior of PDMA. The PDMA synthesized by
interfacial polymerization exhibits facile redox process and larger
charge—discharge volume as comparison with conventional
PDMA. Also, the better capacitive performances of PDMA-t are
obtained. The interfacial polymerization method is easy for large
scale production of conducting polymer nanomaterials with good
electrochemical activity, which may have potential application in
enhancement of the performance of various types of electrochem-
ical devices that require materials morphologies.
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