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Abstract High-performance supercapacitors require the molecular-level linkage of
charge transport components and charge-storage components. In this work, poly-
pyrrole (PPy) was prepared via in situ chemical oxidative polymerization in the
presence of a reactive dye (alizarin red S, ARS) which could play the role of both
dopant and physical cross linker for pyrrole polymerization. The effects of ARS
concentration on morphology, structure, electrical conductivity, and electrochemi-
cal performance were studied. When the feeding ratio of pyrrole: ARS was 2:1, the
as-prepared ARS-doped PPy sample exhibited a high-mass-specific capacitance of
319 F/g at a current density of 1.0 A/g. All PPy—ARS electrodes possessed excellent
capacitance retention. Especially, the specific capacitance of the sample with the
highest ARS content increased by 18% of its initial value after 2000 cycles. The
results demonstrated that the multifunctional dye ARS could effectively improve the
performances of PPy as an electrode material for supercapacitors.
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Introduction

Electrochemical capacitors are attractive energy storage devices that fill the gap
between batteries and traditional dielectric capacitors. They can be classified into
two types depending on the charge-storage mechanism, known as electrochemical
double-layer capacitors and redox supercapacitors [1-3]. As a new class of
materials, conducting polymers possess the electrical, optical, electronic, and
magnetic properties of metals, as well as the processability and mechanical
properties of the conventional polymers [4-7]. Among the various conducting
polymers, polypyrrole (PPy) is one of the most promising materials for electrical
applications, including polymer electrodes [8], electromagnetic interference
shielding films [9, 10], sensors [11], electroactive polymer actuators [12, 13], and
all-plastic conductive composites [14]. In recent years, there have been many
researches focusing on the performances of PPy and its composites in the field of
energy storage. Compared with metal oxide electrodes, PPy has several merits such
as low cost, low toxicity, easy preparation, low density, and high electrical
conductivity. However, PPy and other conducting polymers suffer from the inherent
drawbacks of limited specific capacity and poor stability upon repeated cycling,
causing nucleophilic attack of other species on the polymer matrix and gradual
degradation in the mechanical strength during the charge—discharge process [15].
The integration of molecular components into conductive composites is a facile
approach for addressing functional molecules on the macroscopic level. One
promising synthetic route is the “wiring” of electroactive molecules to conducting
polymers (CPs), leading to composite materials which bring together the properties
of both components [16]. The extremely high electronic charge density of 1787 C/g
or 496 mAh/g for hydroquinone that two electrons and protons are stored in its 6
carbon and 2 oxygen atoms is more favorable than the standard electrochemical
systems [17]. Hence, taking advantage of the quinone redox characteristic in
electroactive materials to enhance charge-storage capacity is satisfying. For
instance, researchers have prepared interpenetrating networks of PPy with
lignosulfonate which is a water-soluble anionic polymer containing quinone units
and investigated their charge-storage capacity due to quinone electrochemistry [18].
However, lignosulfonate impeded electron transfer between PPy chains, leading to
higher resistivity of PPy. Using the small redox active molecules may solve above
problem [19, 20]. Furthermore, some dopants can afford conducting polymers with
satisfactory thermal stability, high conductivity, good electrochemical performance,
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and special morphology [21-24]. Alizarin red S (ARS, Fig. 1) is an anthraquinone
derivative that possesses redox function. It is desirable to be used to increase the
charge-storage capacity. In particular, because of the multiple sulfonate groups of
ARS and strong interactions between PPy and ARS, it is also expected to be used as
dopant to improve the electrochemical performance and stability during the charge—
discharge process of PPy. Besides, ARS would exert n—mn stacking with PPy, which
play a part in enhancing the electrochemical capacities of PPy in this work. The
morphology, structure, and electrical properties of the resultant PPy—ARS
composites were characterized by transmission electron microscope (TEM), Fourier
transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS),
X-ray diffraction (XRD), cyclic voltammetry (CV), and galvanostatic charge—
discharge test.

Experimental section
Materials

Pyrrole, ammonium persulfate (APS), and Alizarin red S sodium salt (ARS) were
purchased from Nacalai Tesque, Inc., Japan. Pyrrole monomer dehydrated with
calcium hydride for 24 h was distilled under reduced pressure before use. All
solutions were prepared with deionized water. All other chemicals were reagent
quality.

Preparation of ARS-enhanced PPy

The ARS-enhanced PPy (PPy—ARS) was prepared via in situ oxidative polymer-
ization method. Typically, a certain amount of ARS was added to 100 mL of
deionized water in a 250 mL round-bottom flask and stirred for 15 min. Freshly
distilled pyrrole (1 mL, 14.4 mmol) was added to the above solution and stirred in
ice-water bath for 30 min to obtain a pale yellow solution. Then, an aqueous
solution (20 mL) of APS (0.90 g, 3.9 mmol) was added dropwise to this mixture to
initiate the oxidative polymerization. The reaction was continued for 10 h in the ice-
cold condition under mechanical stirring and nitrogen atmosphere. The resulting
precipitates were filtrated off and washed with deionized water several times until
filtrate turned colorless. Finally, the product was dried in vacuum at 50 °C for 24 h
to obtain the desired PPy as a dark powder. The detailed conditions of the
polymerizations are given in Table 1.

Characterizations and electrochemical measurements

The morphology of the samples was investigated with a transmission electron
microscope (TEM, JSM-2010HR) at an accelerating voltage of 5 kV. The Fourier
transform infrared spectroscopy (FTIR) measurements (Nicolet Impact 400) were
carried out with the KBr pellet method. Thermogravimetric results were obtained
using a TA Instrument Q500 thermogravimetric analyzer at a heating rate of 10 °C/
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Table 1 Compositions of PPy—ARS investigated in this work

Sample  Pyrrole (mL) ARS (mg) APS (g) Conductivity (S/m) Particle size (nm)  Yield

(%)
S-1 1 51.0 0.9 830 Aggregation 79.6
S-2 1 167.7 0.9 2000 80 72.1
S-3 1 415.3 0.9 830 50 65.7
S-4 1 969.1 0.9 230 90 47.3

min from 50 to 800 °C under nitrogen atmosphere. X-ray photoelectron spec-
troscopy (XPS) measurements were performed on a PHI 5000 Series (Shimadzu,
Japan) equipped with a monochromatic MgK,, X-ray source and a resistive anode
detector. The electrical conductivities of the samples were measured using SDY-4
Four-Point Probe Meter (Guangzhou Semiconductor Material Academe) at ambient
temperature. Electrochemical experiments were performed on a CHI660D electro-
chemical workstation (Shanghai, China) with a conventional three-electrode system.
The working electrode was prepared by mixing 80 wt% active material with 15 wt%
acetylene black and 5 wt% polyvinylidene fluoride. A platinum foil and a saturated
calomel electrode (SCE) were used as the counter and reference electrode,
respectively. Cyclic voltammetry was performed in the voltage range of
— 1.0-0.6 V at a scan rate of 10 mV/s. Galvanostatic charge—discharge experiments
were carried out in the potential range from — 1.0 to 0.6 V with an applied current
density of 1.0 A/g.

Results and discussion
Morphology observations

Figure 2 shows the TEM images of PPy—ARS samples. Basically, PPy shows a
granular-like morphology with a nanoscale. The use of reactive dye ARS as dopant
led to a significant decrease in particle size. TEM images of the samples clearly
indicated that the obtained products were uniform nanoparticles and the average
diameter of S-2, S-3, and S-4 was, respectively, about 80, 50 and 90 nm, whereas
S-1 showed serious aggregation. It should be ascribed to the fact that the presence of
ARS which contains phenolic hydroxyl, anthraquinonyl, and sulfonate groups leads
to the hydrophilic surface and facilitates reduction of particle size. From the view-
point of pseudocapacitive electrode materials, the resulting PPy—ARS composite
with smaller particle size is desirable, since it enables more surface active sites for
redox reactions which should be conducive to achieving higher specific capacitance.
However, excessive intake of ARS led to aggregation of PPy particles via hydrogen
bonds.
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Fig. 2 TEM images of the PPy—ARS samples (a S-1, b S-2, ¢ S-3, and d S-4)
FTIR Analysis

The FTIR spectra of PPy, ARS, and PPy—ARS samples are shown in Fig. 3. For
PPy, the peaks at 1540 and 1455/cm were associated with the C=C- and C-N-
stretching vibration in the pyrrole ring [25, 26]. The peaks presented at 1300 and
785/cm were due to C-H in-plane deformation and C-H wagging vibration,
respectively. In the FTIR spectrum of ARS, the bands observed at 1637 and
1668/cm were assigned to C=O-stretching vibration, where the peak at low
wavenumber referred to intramolecular hydrogen bonding between C=0 and —OH.
The peak of aromatic C=C-stretching vibration appeared at 1590/cm. The
asymmetrical and symmetrical stretching vibrations of SOj; in the form of RSO3;Na
were observed at 1160 and 1065/cm, respectively [27]. For PPy—ARS samples, both
the characteristic peaks of PPy and ARS appeared, which indicated that PPy was
doped with ARS. It is important to clarify how ARS is incorporated into PPy. The
asymmetrical stretching vibrations of SO; in PPy—ARS samples shifted to 1167/cm
which overlapped with the peak of PPy at 1178/cm. The symmetrical stretching
vibrations of SO; in PPy—ARS samples shifted to 1086/cm, indicating the
interaction between RSO;~ and doped PPy. Moreover, the intensity for the
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Fig. 3 FTIR spectra of ARS, PPy, and ARS-PPy samples
1086/cm absorption band increased in PPy—ARS samples as the feeding ratio of

ARS increased. It showed that the content of ARS played a significant role in the
interactions between PPy and ARS.

X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) was used to determine the content of the
dopant as well as the doping level of the resulting PPy—ARS samples [28]. Figure 4
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Fig. 4 Nls and S2p XPS spectra of ARS-PPy samples
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shows high-resolution N1 s and S2p spectra for PPy—ARS samples. The S/N ratio of
S-1to S-4 was 0.228, 0.286, 0.392, and 0.401, respectively, which was agreed with
the data of the elemental analysis. The increased S/N ratio indicated that there was
an increase in the doping level as the feeding ratio of ARS was increased. It is
known that 25-30 mol% of PPy moiety is generally doped when it is synthesized by
chemical polymerization [29]. However, the S/N ratio of S-4 was about 0.4, which
was assumed that the effective doping level of the PPy—ARS should be lower than
its apparent doping level, even though the apparent doping level increased with the
increasing feeding ratio of ARS. Excessive amounts of ARS interacted with PPy
through the formation of hydrogen bonds between the PPy secondary amine groups
and carbonyls or the hydroxyl groups present in ARS.

XRD analysis

The XRD studies of PPy—ARS samples are shown in Fig. 5. In general, PPy is an
amorphous polymer, because its linear rigid chains cannot fold to induce crystalline
domain [30]. When PPy was doped with ARS, PPy tended to arrange into a three-
dimensional ordered fashion. To be specific, for PPy—ARS samples, the peak at
260 = 26.2, which depended on the doping level and reflected pyrrole—pyrrole
interplanar distance [31], became sharper as the feeding ratio of ARS increased.
This indicated that the decrease in the feeding amount of ARS decreases the
interplanar distance in the ARS dope PPy and produces a rather ordered PPy.

Electrical conductivity and electrochemical performance of PPy—-ARS

Table 1 reflects the variation of electrical conductivity as a function of feeding ratio
of ARS. The obtained maximum electrical conductivity was 2000 S/m, which was
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Fig. 5 X-ray diffraction patterns of PPy and ARS-PPy samples
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comparable with values for similar sulfuric-acid-doped PPy reported in the
literatures [32—35]. With the increase in the ARS content, the electrical conductivity
of the sample first increased and then decreased. There are two primary reasons for
this phenomenon: first, the organic sulfonate is an effective dopant for conjugated
conducting polymers. Namely, doping of PPy with ARS can cause the change of
electron density of pyrrole ring in the polymer backbone. It is useful for improving
the conductivity of PPy. On the other hand, ARS, containing no free electrons, is a
poor conductor of electricity. This means that the incorporation of ARS has a
negative effect on improving the conductivity of PPy. Therefore, the two opposing
effects of ARS are responsible for the changing trend of electrical conductivity of
PPy—-ARS with different feeding ratios of ARS.

To further evaluate the applicability of the PPy—ARS in electrochemical energy
storage devices, the cycling performance and galvanostatic charge—discharge
performance of the PPy—ARS samples were investigated in a three-electrode
system. Figure 6 shows the CV curves of the samples performed at a scan rate of
10 mV/s in 1.0 mol/L KClI solution. In the potential range of — 1.0-0.6 V, the PPy—
ARS electrode showed a typical pseudocapacitive profile and the reversible redox
peaks were associated with oxidation—reduction processes of hydroanthraquinone/
anthraquinone groups present in ARS, confirming the successful incorporation of
ARS into the composite [36, 37]. The incorporation of different contents ARS in the
PPy matrix significantly influenced the specific capacitance, as indicated by
important differences in cyclic voltammograms. Among the samples, S-3 showed
the highest output current and largest area, indicating the best charge transport
properties and specific capacitance.

Galvanostatic charge—discharge curves of PPy—ARS electrodes with different
contents of ARS were recorded (Fig. 7) at a current density of 1.0 A/g within the
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Fig. 6 CVs of PPy—ARS samples in 1.0 M KClI solution recorded at scan rate of 10 mV/s
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Fig. 7 Galvanostatic charge—discharge curves of PPy—ARS nanocomposite electrodes at a current
density of 1.0 A/g in 1 M KCI solution

potential window from — 1.0 to 0.6 V. The specific capacitance (C,,) can be
calculated from the equation [38]:

Cn= (IXx1t)/mxV,

where [ is the charge—discharge current, ¢ is the discharge time, V is the potential
drop during discharge, and m is the mass of active material. The C,, values of S-1—
S-4 calculated at a current density of 1.0 A/g were 132, 173, 317, and 255 F/g,
respectively. On one hand, with the increasing of ARS, the doping level of the PPy
and the electrical conductivity of the PPy—ARS nanocomposite increased. In
addition, as the content of ARS increased, the decreasing particle size can shorten
the ion-diffusion length. Based on these, the capacitance increased first. On the
other hand, with a further increasing of ARS, it increased resistance of carriers in the
conjugated chains, resulting in a decreased capacitance. To obtain more information
about the ability of PPy—ARS samples to function as electrodes in supercapacitors,
an EIS experiment was carried out in a 1.0 M KCl solution at open-circuit potential
(Fig. 8). In the medium-low-frequency region, an unequal semicircular pattern can
be discovered in both curves. At low frequency, the impedance plots exhibited a
vertical line, indicating a limiting diffusion process in the electrolyte.

The long-term cycle stability was tested by galvanostatic charge—discharge at a
current density of 1.0 A/g for 2000 cycles and the result is shown in Fig. 9. The
capacitance of the supercapacitor with PPy—ARS nanocomposite electrodes
increased in the first 100 cycles due to the self-activation process, and then
gradually decreased in the following cycles. It is inferred that the hydroxyl,
anthraquinonyl, and sulfonate groups existing in ARS could not only play the role as
dopant, but also crosslinking agent through physical crosslinking of PPy via
hydrogen bonds. The schematic representation of doping and physical crosslinking
mechanism is illustrated in Fig. 10. Such structure is not beneficial for the
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Fig. 8 Impedance Nyquist plots of the PPy—ARS samples
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Fig. 9 Cycle-life performance of the ARS—PPy sample at a current density of 1.0 A/g in 1.0 M KCl

solution

diffusivity of electrolyte so as to make the nanocomposite possess self-activation
process behavior. No significant self-activation process was observed in the samples
with low content of ARS. It is further evidenced that excessive ARS could offer
physical crosslinking via hydrogen bonds. All the samples kept the capacitance very
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Fig. 10 Schematic representation for mechanism of interaction between PPy and ARS

well after cycling for 2000 times. It is especially noteworthy that the more ARS in
samples the better long-term cycle stability they were. All the samples showed good
capacitance retention after cycling 2000 times. It is notable that the more ARS in
samples the better long-term cycle stability they were. When the content ARS was
relatively low, the capacitance retention showed a decreased trend (S-1 and S-2),
whereas the samples with relatively high ARS content even exhibited an increased
capacitance compared with its initial value after 2000 cycles (S-3 and S-4).

Conclusion

In summary, we have successfully fabricated highly conductive PPy—ARS
nanocomposites by in situ chemical oxidative polymerization. The ARS would
exert m—7 stacking with PPy, which played a part in improving the conductivity and
electrochemical capacities of PPy—ARS. The specific capacity of the PPy—ARS was
significantly enhanced by anthraquinone sulfonate as a dopant and C,, of S-3 sample
reached 317 F/g. Moreover, the PPy—ARS supercapacitor exhibited a good
electrochemical stability without the capacitance degradation over 2000 cycles.
The corporation of ARS can thus considerably improve the performances of PPy
and provide a suitable preparation for conjugated polymer-based materials.
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