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ABSTRACT. Here, we report the effect of various drying temperature of Polyaniline (PAni) on battery PAni|Zn
performance. PAni was synthesized using the electrodeposition method on the surface of the graphite sheets (GS),
at 0.7 V relative to the saturated Ag/AgCl. PAni is dried with various temperature, 25, 80, 120, and 180 °C,
respectively. PAni was characterized by Raman spectroscopy; then the performance Pani battery was studied in a
rechargeable battery system. The measurement results found the PAni|Zn battery with 25 °C temperature drying of
PAni was a good performance which the capacity density stable at 175-105 mAh g until 100 cycles. Raman
study showed that high-temperature drying resulted in a cleavage peak at 1188 cm™ and increased peak intensity at
1495 cm’. This vibrational mode appears as a stretching v(C-C) on the semi quinonoid ring and v(C=N) on the
quinoid ring. This phenomenon indicated the changing structure of PAni to be Emeraldine base form.
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INTRODUCTION

Today, with a large number of portable electronics used, such as cellular phones, personal
computers, and wireless equipment in everyday life, as well as the start-up of pure electric
vehicle projects, the electricity storage is more important. As one of the most common and
significant storage devices for electrical energy, batteries have developed into substantial
innovations that continue to grow at a more shocking and unprecedented speed [1].

Polyaniline (PAni) is one of the conductive polymers that has received much attention in
its full application due to its easy synthesis route, low cost, stability in the atmospheric
environment, excellent electrochemical properties, versatility, interchangeable oxidation states,
and reversibility in terms of characteristics doping/dedoping acid or base. These polymers
having electrical properties have aroused great interest since the 1980s, and during that time,
many reports about their applications have been extensively investigated including as electronic
devices [2], batteries [3], solar cells [4], sensors and actuators [5], membranes [6], anticorrosion
coatings [7], and light emitting diode (LED) [8]. For batteries, PAni was widely used as anode
or cathode composite material to improve conductive and catalytic properties. The PAni|Zn
battery is one of the secondary batteries which mostly carried out based on PAni study as an
electrode. This was due to the multilevel oxidation properties possessed by reversible PAni
redox, ranging from leucoemeraldine (completely reduced state), emeraldine (half oxidized),
and pernigraniline (fully oxidized state) [9]. On the other hand, Zn electrodes are cheap and easy
to obtain.

The EB form is the most stable of these polymers. This condition is the most studied
because the EB form could show a high conductivity level when treatment with acid given
emeraldine salt (ES) form [5,7-9]. Meanwhile, the application of polyaniline depends on the
morphology, polyaniline oxidation state, surface properties, thermal stability, and preparation
process. There has been no study regarding the effect of PAni drying temperature synthesis on
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polymer stability, which is very important for further improvements to the application of battery
devices. Therefore, this study was conducted on the effect of PAni electrode drying temperature
on the performance of PAni|Zn batteries.

EXPERIMENTAL

Aniline was purchased from Sigma Aldrich, hydrogen chloride 37%, zinc chloride (ZnCl,), Zn
powder, carbon paste electrode (CPE), KBr, platinum wire (Pt), graphite sheet (GS), Triton X-
100, acetone, and N,N-dimethylacetamide (DMAC) were used as received.

The electrochemical polymerization of aniline was carried out at 0.7 V at room temperature
in the mixed solution containing 0.40 M aniline and 1.0 M HCI. The electrolytic cell consisted
of Ag/AgCl/saturated KCl as a reference electrode, graphite sheet (GS) as a working electrode,
and Pt wire net as a counter electrode. The films, obtained by the above method, were dark
green. Samples product for the study were dried at 25, 80, 120, and 180 °C for about 2-3 h, then
cooled down to room temperature before taking Raman measurements and applying on the
PAni|Zn battery.

Raman Bruker Senterra spectrometer was used for the collection of the Raman spectra
excited with a wavelength 488 nm laser, high resolution 1200 grooves/cm grating to analyze the
scattered light from the surface of the film. The power of the laser was kept low around four
mW in other to avoid burning of the sample. The laser beam was focused on the example with
the 20x (short focal) objective lens. All spectra were taken from 300 cm™ to 3000 cm™. The
PAni|Zn battery was tested by wusing a galvanostatic charge/discharge cycler
(Gamry Reference 3000 electroanalysis instrument) in the range of 0.7-1.6 V, with a constant
current density of 2.5 mA cm’”.

RESULTS AND DISCUSSION
Synthesis of PAni

In the synthesis of PAni, many methods have been developed, both in terms of technique and
the type of material used, such as X-ray irradiated polymerization, electropolymerization,
interfacial polymerization and rapidly mixed. In this work, we used the electropolymerization
method for PAni synthesis, the electrochemical polymerization of aniline was carried out at 0.7
V at room temperature in the mixed solution containing 0.40 M aniline and 1.0 M strong acid.
The electrolytic cell consisted of a saturated Ag/AgCl as a reference electrode. A graphite sheet
(GS) was used as a working electrode and a platinum plate as a counter electrode, respectively.
All potentials given here were referred to an Ag/AgCl. After this time no more polymer could
adhere to the electrode, and the solution started to become Emeraldine Salt (ES) with the green
color that indicating the growth of non-adhered polymer in solution (Figure 1).

In general, the polymerization of PAni mechanism takes place in several stages, namely (i)
initiation, (ii) dimerization and (iii) polymerization [17, 20]. The first step, the use of acidic
media in polymerization not only to help increase the solubility of aniline but also to form
anilinium species which known to be easier to oxidize compared with neutral aniline building a
dication radical anilinium by releasing one electron, which balanced with aniline cation radical
(Figure 2). Like the initiation stage, the dimerization stage (ii) was also a crucial stage because
to obtain PAni; it was expected that each head-to-tail polymerized monomer was expected.
Therefore, two mechanisms are most likely to occur because the polymerization carried out in
this research was at low pH [10]. The first mechanism can occur between aniline cation radical
species due to a low pH condition, and this species would be the most dominant. It is also
possible that there was a neutral aniline; the dimerization could occur between aniline cation
radicals and neutral aniline. The next step is the polymerization stage (propagation), which the
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dimer form will react with the existing monomers to form the polyaniline chain. Species from
this dimer will dominate the distribution of the polymer, then PAni is produced in the form of
emeraldine salt with dark green color [19].
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Figure 1. The PAni film was coated on GS with the area dimension 2 cm x 2 cm.
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Figure 2. The route of synthesis of PAni and its protonation process in 1 M HCl solution.
Characterization of PAni product

The typical redox profile of PAni was recorded by using cyclic voltammetry (CV) with sweep
rate at 50 mV /s in 1 M HCl aqueous solution (Figure 3.a). The two pairs of anodic and cathodic
current peaks that appear on the voltammogram was indicated as the two kinds of redox activity
on PAni. The curve between 0 and 0.25 V was associated with the change reaction of
leucoemeraldine to the emeraldine, then the peaks occurring between 0.6 and 0.8 V pertains to
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the conversion of emeraldine to pernigraniline. However, the anodic peak at 0.8 V not appeared;
it was possible the occurrence of redox competitive with the oxidation of water [3].

20 |
16 |
12
~ 8t
< [
E 4r
s 0r
g [
E -4+
=} L
O -8
12k
-16 L 1 1 1 1 1 1
-0.2 0.0 0.2 0.4 0.6 0.8
Voltage (V vs Ag/AgCl)
S
[
Q
g
=
2]
5
H

4000 3500 3000 2500 2000 150(1) 1000 500
Wave number (cm ™)

Figure 3. A characterization of PAni synthesized used (a) voltammetry (upper) and (b) FT-IR
(lower).

Furthermore, the FT-IR spectrum was used to monitoring the typical vibration of PAni
synthesis (Figure 3b). The stretching mode of C=C on quinonoid (Q) and benzenoid (B) ring
was respectively observed on the band at the 1560 and 1480 cm™' regions. The peak intensity at
1480 cm™ was seen slightly higher than at 1560 cm™. This indicated the PAni product has a
higher number of benzenoid rings than the quinoid rings. The absorption band at 1302 cm’
corresponded to the stretching vibration of C—N at secondary aromatic amine which was
reinforced by the N-H vibration at 3500 cm™'. The vibration appeared at 1248 cm™ assigned as a
C-N'+ on the polaron lattice, this band indicated the characteristic of PAni in the protonated
form [18]. The strong and broadband on PANI synthesis at 1140 cm™ was associated with the
vibrations of Q=NH'-B or Q-NH"-B [17]. So, we can conclude that the PAni synthesis
presented in emeraldine form.
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Effect of various drying temperature on battery performance

When the battery was charged, the oxidized form of PAni occurs together with increasing
voltage values. Because the degradation results in an electrochemical form that is inactive when
oxidation is complete, the filling process must end with a cut-off voltage (COV) reaching 1.57
V. This problem was related to overcharge which causes an irreversible reaction (a form of
electrochemical inactivity) in the chemical composition of the polymer [11, 14]. When the
battery runs out at a constant current, the voltage drops slowly, then the oxidized form
(emeraldine salt) of PAni changes entirely into a reduced form (leucoemeraldine). This process
is limited to a voltage of 0.70 V to prevent overcharge as well as when charging [10, 12].

Based on the use of the battery (Figure 4), the PAni|Zn battery shows the highest specific
capacity on PAni heating at 80 °C which is 207.6 mAh g in the first cycle and drops sharply in
the second cycle to 119.81 mAh g to decrease regularly in the next cycle. Then, PAni|Zn also
shows a high capacity on heating PAni 180 °C which is 191.70 mAh g for the first cycle, but
that capacity decreases very drastically along with the many filling-emptying cycles. On the
other hand, for heating PAni which is not heated (temperature 25 °C), shows a discharge
capacity of 179.72 mAh g with a decrease in capacity which can be said to be close to the
balance in the next cycle. In comparison, capacity measurements were also made using EB PAni
as an electrode on PAni|Zn batteries. From the measurement results, the capacity is around 17
mAh g for each cycle. From this result, the performance of PAni|Zn batteries is significantly
not only affected by the cycle process, but also Zn's redox kinetics is faster than PAni's
electrochemical degradation. Heating with high temperatures causes PAni to be in a form that
has slow degradation [10, 11, 13].

Therefore, PAni, which is heated at 80 °C and not heated (temperature 25 °C) shows a fair
balance of capacity up to the 100th cycle. In this case, the temperature of 25 °C is better than the
others. Even the time used for the battery discharge process at PAni 25 °C looks more extended
than the others (Figure 4). This battery will be perfect to use and more durable because it saves
power for longer. Capacity loss up to cycle 60 is 8.96%. In the 60" cycle, PAni's coulombic
efficiency (temperature 25 °C) remains at 95.7%, and the increase is 2.42% compared to cycle 1.
This means that the battery has a pretty good recharging performance [15].

Effect various drying temperature on PAni chemical structure

To find out the chemical bond character of the electrode on PAni, Raman spectrum
measurements have been carried out to PAni with variations in the heating temperature. The
results found showed considerable changes in contrast to the loss of even the emergence of new
peaks in each treatment. The most exciting thing was seen in the band at 1620 cm™ which is a
stretching of v(C-H) from the semi quinonoid ring. This vibration mode is present in the
presence of doping as a result of internal redox in PAni chain to form bipolaron and polaron.
Then, it undergoes rearrangement to build a structure with more stable polaron (in the form of
semi quinonoid) [16]. On the other hand, this allows PAni to be conductive. In Figure 5, it can
be seen that the phenomenon of a decrease peak intensity with increasing heating temperature.
This shown the less form of semi quinonoid found in PAni at high temperatures.
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Figure 4. Discharge capacity and discharge time profiles of PANI/Zn battery at various drying
temperature.

Furthermore, a decrease in peak intensity was also observed at 1192 cm™. This vibration
mode illustrated the stretching of v(C-C) that found in the semi quinonoid ring (Figure 5). This
vibration undergoes simultaneous perturbation during heating; this event showed PAni
experiencing doping loss. The coupling changed the conformation of the chain structure to
polysemiquinoid form, which the structure is similar to the PAni on leucoemeraldine form [18,
19, 21]. Then, the band around 1100-1190 cm™', shown the peak intensity, which slightly rises at
1167 cm™ when the increases temperature. This wavenumber is similar to the stretching v(C-H)
of PAni in Pernigraniline form [16]. This confirms that in the PAni after heating 80, 120, and
180 °C, there is a quinoid ring as is the case with Pernigraniline form, whereas for PAni at 25
°C, stretching v(C-H) was strong appeared at 1620 cm’ which had a similar structure with
leucoemeraldine form. This information is quite reliable with the loss of the exposure of PAni
ES to EB. Besides, the change on the quinonoid ring to form a semi quinonoid ring is also
characterized by the appearance of a vibrational peak at a 771 cm™ shift when the temperature is
getting higher. This vibrational mode is the inner deformation in the quinonoid ring field, this no
longer observed at 25 °C. Furthermore, PAni at 25 °C showed high intensity in the spectrum at
817 cm™ compared to when it was bathed. This vibration assigned to the semi quinonoid ring
wagging that is affected by the vibration at 1192 and 1620 cm™ [20].
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Figure 5. Raman spectra profile of PANI electrode at various drying temperature.

—_
e

\5/3-5 T T VO i VOENC), 0
s - - O - V(C_C)semiquinoid/ V(C_N_C)torsion

S 30t

=

z

25}

s ©

=}

=

220t

R7

<

3]

=

S15F

) [ R | I —— p—

20 40 60 80 100 120 140 160 180 200

Temperature ("C)

Figure 6. The ratio of DIF of semi quinonoid vibration at 1192 and 1620 cm™' compare to torque
(C-N-O).
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Stretching v(C-N) both from the secondary amine group, imine, protonated amine and amine
with the polar lattice are observed in the 1200-1495 cm™ area. The most exciting thing is the rise
of the peak at 1495 cm’' when heated at temperatures of 80, 120, and 180 °C. This vibrational
mode appears as stretching of v(C=N) on the quinoid ring. Also, stretching v(C=N) appears with
reasonably high intensity in the form of pernigraniline. Therefore, this information is sufficient
to confirm that the warming of PAni causes loss of protonation [16].

The band at 416 cm™ was assigned a torque change of v(C-N-C) which directly regulated the
conformational changes of the quinonoid ring to form a semi quinonoid ring. Therefore,
assuming that this torque intensity affects the vibrations strongly at 1192 and 1620 cm™, so
through comparison of intensities, the decreasing intensity factor (DIF) from the semi quinonoid
peak is shown in Figure 6. Based on these data, the higher temperature would make a decrease
in peak intensity so more significant.

CONCLUSION

In this work, PAni with 25°C and 80°C of annealing condition shows a fair balance of capacity
up to the 100™ cycle. This battery will be excellent to use and more durable because it saves
power for longer. Capacity loss up to cycle 60 is 8.96%. In the 60" cycle, PAni's coulombic
efficiency (temperature 25 °C) remains at 95.7%, and the increase is 2.42% compared to cycle 1.
Then, Raman analysis displayed the decreasing of intensity at 1620 cm™ due to losing of semi
quinonoid ring vibrational from the stretching of v(C-H). Furthermore, a decrease in peak
intensity was also observed at 1192 cm’. This vibration mode assigned the stretching of v(C-C)
on the semi quinonoid ring. This information was quite strong with the loss of the exposure of
PAni ES to EB.
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