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Abstract: The electrochemical characteristics of zinc—polyaniline (PANI) sec-
ondary cell in the electrolyte containing 0.8 M Na citrate, 0.3 M NH4Cl and
0.3 M ZnCl, is investigated. Based on the measurements of potentials and
voltage of the cell during charge/discharge for the currents in the range of 18 to
45 mA, the specific electrode capacity of 85 to 55 mA h g’!, the specific energy
of 6040 mW h g'! and the specific power of 150-350 mW g, is determined.
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INTRODUCTION

Polyaniline (PANI) as a conducting polymer, which due to the practically
reversible doping—dedoping reaction with anions from the electrolyte represent
the class of organic semiconductors, could be used as an electrode material for
the secondary electrochemical power source, as a pseudocapacitive like material.
The idea that polyaniline could be used as an electrode material in electroche-
mical power sources is suggested by Nobel laureate MacDiarmid et al.! Polyanil-
ine has some potential advantages considering some other classical systems, like
small mass, inexpensive synthesis, ecological acceptability, fast redox behaviour,
etc.? In recent years, polyaniline is investigated as a supercapacitive material.3 It
is also concluded that a cell based on polyaniline and some classical battery elec-
trode materials behaves as a “supercapattery” (supercapacitor+battery) system.*>
Batteries have high specific energy ~100 Wh kg~! but low specific power ~50 W
kg1, while supercapacitors (SCs) have high specific power, in the range of 0.1 to
10 kW kg~! but low specific energy, 1 to 10 Wh kg~1.6 Combining the pseudo-
capacitive and battery type electrode in a supercapattery can bridge the gap
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1 262 GRGUR et al.

between the battery and SCs, as well as offer means of achieving both high
energy and high power density for long cycles.”

In our previous study8, investigating the half-cell electrode reactions, the
optimum electrolyte composition of 0.8 M sodium citrate, 0.3 M ammonium
chloride, and 0.3 M zinc chloride is suggested for the Zn|PANI secondary elec-
trochemical cell. Such electrochemical system is based on the following half-cell
reactions:

charge
[PANI], + nyCl > [PANI" (CI),], +nye (positive electrode) (1)
discharge

where y is doping degree (number of anions per polymer units), and:

charge
ZnCit +2e. Zn + Cit> (negative electrode) 2)
discharge

The reactions during charge/discharge of the complete cell will be as follows:

charge
2[PANI], + 2nyCI” + nyZnCit . 2[PANFP" (CI'),], + nyZn + mCit> (3)
discharge

Based on these results, the aim of this work is the investigation of the real
Zn|PANI secondary cell characteristics in the suggested electrolyte.

EXPERIMENTAL

The electrodes, 1 mm pure zinc plate (3.6 cmx5 cm, S = 18cm?) and 3-mm thick graphite
(3.6 cmx5 cm, S = 18 cm?) plate, were used in all experiments. Back sides of the electrodes
were isolated using glued tin (0.5 mm) Plexiglas cover. Before each experiment, the elec-
trodes were mechanically polished with fine emery papers (2/0, 3/0 and 4/0, respectively).
After mechanical polishing, the traces of impurities were removed from the electrode surface
in an ultrasonic bath filled with ethanol for 5 min.

Polyaniline electrode was electrochemically polymerized on graphite electrode from 1 M
hydrochloric acid solution with the addition of 0.25 M aniline monomer (p.a. Merck, previ-
ously distilled under argon atmosphere), at a constant current of 36 mA (2 mA cm?2) during
5000 s. After polymerization, the electrode was washed with bi-distilled water and transferred
into the second electrochemical cell for further investigations. One sample was only washed a
few times with bi-distilled water after polymerization, then dried in the oven (90 °C) during
the night, and PANI mass is determined as a mass difference.

The electrolyte containing 0.8 M sodium citrate, 0.3 M ammonium chloride, and 0.3 M
zinc chloride was prepared from p.a. grade chemicals (Merck) and bi-distilled water. pH of
the electrolyte, ~5, is adjusted by 2 M sodium hydroxide and 1 M citric acid. The pH was
chosen to be in agreement with the zinc corrosion rate and PANI activity that decreased at
higher pH.

For all experiments, only one compartment prismatic Plexiglas cell, with dimension 10
cmx3.6 cmx3 cm, with an electrode gap of 10 mm is used. The saturated calomel electrode
(SCE), E,= 0.244 V vs. SHE, placed between PANI and the zinc electrode, was used as a ref-
erence electrode. All potentials are referred to SCE scale. The electrochemical measurements
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CITRATE-BASED ZINC-POLYANILINE SECONDARY CELL 1 263

were carried out using Gamry PC3 potentiostat/galvanostat controlled by computer via an
interface. The voltage of the cell was measured and collected using ISO-TECH IDM 73 multi-
meter connected to the computer via RS 232 interface.

RESULTS AND DISCUSSION
Synthesis and characterization of the PANI and zinc electrode

Fig. 1 shows the galvanostatic curve of the aniline polymerization from the
solution containing 1 M HCI and 0.25 M aniline monomer on the graphite elec-
trode at the current of 36 mA (2 mA cm2) during 5000 s with the polymerization
charge (Qp) of 50 mA h. The polymerization starts at the potential of ~0.7 V and
proceeds in the potential range between 0.65 and 0.55 V. After the polymer-
ization, the electrode is washed with bi-distilled water and transferred into the
electrochemical cell with chloride/citrate electrolyte for further investigations.
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Fig. 1. Cyclic voltammogram of PANI electrode in the electrolyte containing 0.8 M sodium
citrate, 0.3 M ammonium chloride and 0.3 M zinc chloride. Inset: galvanostatic curve for
aniline polymerization in the solution containing 1 M HCl and 0.25 M aniline on a graphite
electrode.

In Fig. 1 the cyclic voltammogram of the PANI electrode in the chloride/cit-
rate based electrolyte is also shown. Doping of the PANI occurred in the pot-
ential range of —0.1 to 0.35 V, while dedoping in the potential range of 0.25 to
—0.3 V. The maximum peak for doping is positioned at 0.26 V, and for dedoping
—0.02 V. The citrates are not considered as a doping anion of PANI electrode,
because it is suggested that at the less positive potentials doping proceeds with
chloride and at the more positive potentials (>0.35 V) with citrates, where faster
degradation occur.89

After the cyclic voltammetry experiments, the electrode is conditioned at the
potential of —0.6 V for 180 s to be completely dedoped, and two initial cycles of
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charge/discharge are applied with the current density of 36 mA to obtain repro-
ducibility. Fig. 2 shows the dependence of the PANI electrode potential during
doping/dedoping (charge/discharge) at different currents. The potentials are lim-
ited to 0.35 V for charge and to —0.4 V for discharge. Charge of the discharged
PANI electrode starts at the potential of ~—0.17 V. Depending on the applied
current, the charge potential increases nonlinearly up to ~0.35 V. The discharge
of the electrode occurs in the potential range between ~0.15 to —0.25 V with an
average discharge potential of ~—0.05 V, followed by the sharp decrease of the
potential due to the diffusion limitations and the decreased conductivity.
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Fig. 2. Charge/discharge curves of PANI electrode for the different currents. Insets:

a) Determined capacities of the charge/discharge at different currents, b) Coulombic
efficiency.

Determined capacities of charge/discharge at different currents are shown in
Fig. 2a. The charge/discharge capacity decreases from ~8 to 5 mA h with the inc-
rease of applied current. The calculated charge/discharge Coulombic efficiency,
shown in Fig. 2b, is in the range of 92 to 88 %, depending on applied current.

In the separate experiment after polymerization, one PANI sample is washed
only few times with bi-distilled water, dried in the oven (90 °C) during the night,
and therefore PANI mass of 0.103 g was determined. The corresponding thickens
of PANI electrode, assuming the density of chloride doped PANI of 1.38 g cm3
is estimated to be ~41 um.!0 For the determined PANI mass, and the specific
charge/discharge capacity in the range of 78 to 48 mAh g1, are estimated.

The polarization curve of a solid zinc electrode in the electrolyte containing
0.8 M Na citrate, 0.3 M NH4ClI and 0.3 M ZnCl; is shown in Fig. 3.
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Anodic part of the polarization curve is characterized with the single Tafel
slope of ~60 mV dec™!, up to the current densities of 30 mA ¢cm2. The cathodic
part has few not well-defined waves, marked with a)—c), which could be con-
nected with the limiting currents. Hence, the value of the cathodic Tafel line in
this electrolyte cannot be determined. At pH ~5 in the presence of citrate in sol-
ution, zinc ion forms different types of complexes, with suggested main species!!:

Zn2* + HCit?~ = ZnHCit (pKs = 3.0) 4)
Zn2* + Cit3~ = ZnCit~ (pKs = 4.8) (5)
ZnCit+ Cit3~ = ZnCity* (pKs = 1.7) (6)

Due to the values of the stability constants, it could be suggested that the
main species in the solution is ZnCit—, the concentration of ZnHCit is consider-
ably smaller, while the concentrations of ZnCit;*~ and free zinc ions are rather
low. Therefore, the few waves in the cathodic part of the polarization curve (Fig.
3) could be assigned to the reduction of different species from the solution.

Characteristics of theZn|PANI cell

During charge/discharge, simultaneously with PANI electrode potentials at
different currents shown in Fig. 2, the voltage of the cell is measured and results
are shown in Fig. 4. Depending on the applied currents, the charge of the cell
occurred in the voltage range of 0.9 and 1.9 V. As can be seen, the charging
voltage limit (U ¢) increase by increasing the applied current. Because, the char-
ging potential limit for PANI electrodes is set constant (0.35 V), the nonlinear
increase of the charging voltage could be mainly connected to the zinc deposition
reaction and by the influence of the electrolyte ohmic drops. After the charge, the
open circuit voltage (Up) of ~1.35 V is determined. The discharge of the cell,
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depending on current, occurred in the voltage range between 1.2-1 V to ~0.5 V.
The average useful voltage is ~0.9 V.

204

1.2 1
=
S 084

L] a‘
044 45mA 36 mA 27 mA 18 mA
001 : : : ‘ Fig. 4. The voltage of the PANI|Zn cell for
0 500 1000 1500 2000  different currents. U;, — limiting charging
t/s voltage, U, — open circuit voltage.

According to the results presented in Fig. 4, it is possible to calculate the
specific discharge capacity (gg), energy (wg) and power (Pg) based on the elec-
trode mass. Because the mass of the as-synthesized PANI is known (~0.103 g)
from the times for discharge at specific currents (Fig. 4), it is possible to calculate
the mass of the zinc involved in the discharge (d) reaction using Faraday law:

M (Zn)

— Zn 6
2><26.8771’d( ) (6)
where /4 represents the current, 74 is the time, M(Zn) is the atomic mass of the
zine, 26.8 is Faraday constant, and 71 4(Zn) is the determined current efficiency
for zinc deposition.8 The calculated values are summarized and given in Table 1.
Knowing the involved mass of the zinc during the discharge, the specific current:

[=— 1 )
m(PANI) + m(Zn)

my(Zn) = 14ty

can be also estimated in the range of ~160 to 400 mA g-! based on the active
mass.

TABLE I. The calculated values for zinc mass during discharge and the values of the specific
currents (m(PANI) =0.103 g)

I/ mA Q4/mA h my(Zn) / mg I,/ mA g!
18 8.0 9.8 160
27 6.6 8.0 243
36 5.6 6.8 350
45 4.8 5.9 413
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The specific capacity of the cell for discharge (for /5 in mA and #q in s) can
be calculated using:
14ty _ Y
3600[mq(Zn) +m(PAND)]  3600my

qs = ®)

the specific energy during discharge, using:

1y

W,
- 3600mg ¢

j Uydi ©)

and the specific power during discharge from:

wa _ 133600 ¢

At myAt !). Uads (10)

) =

The calculated values are shown in Fig. 5. An average specific capacity,
based on the active mass in the cell is in the range of 75 to 50 mA h g1, the
discharge specific energy is in the range of 67 to 37 mW h g1, while the dis-
charge specific power is in the range of 155 to 350 mW g!, depending on the
applied current. Therefore, such a system has a reasonable specific energy in the
range of classical battery systems and an increased specific power. It should be
mentioned that the similar characteristics are obtained for the zinc—polypyrrole
system in the ammonium chloride electrolyte, which shows the specific power of
325 mW g ! at the current of 380 mA g1.12
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The characteristics of the cell during cyclization are investigated applying

the current density of 36 mA during 25 cycles, and the results are shown in Fig.
6. Practically no deterioration of the characteristics is observed.
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The self-discharge rate is determined for the system charged/discharged with
a current of 18 mA before and after 120 h, as shown in Fig 7. During the time,
the open circuit voltage of the charged cell decrease from the initial value of ~1.4
V to ~1.33 V, as shown in the inset of Fig. 7.

Fig. 7. Determination of self-discharge rate

e SIS B A B ]
020 40 60 80 100 120

1/h of Zn|PANI cell. First charge/discharge (—)
00-————7———7 77— and discharge after 120 h (O). Inset: Dep-
0 20 40 60 80 L
endence of the open circuit voltage of the
¢ /mAhg" charged cell over time.

The discharge capacity of the cell was ~10 % smaller than the initial one,
giving an average self-discharge rate of 2 % per day. Because, the anode is the
solid zinc with the relatively stable open circuit potential, the self-discharge
could be connected with the behaviour of PANI electrode. As elaborated by Rah-
manifar et al.!3, hydroquinone is one of the main degradation products in the
solid PANI film, which further interacts with the oxidized PANI form, and pro-
ducing the self dedoping or the self-discharge of the cell.
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CONCLUSION

Based on the presented results, the following conclusions of the investigated
systems could be drawn. Zn|PANI secondary cell can be successfully charged in
the voltage range of 1.2 to 1.9 V, with a specific current of 160 to ~450 mA g1.
Under these conditions, the specific electrode capacity of 85 to 55 mA h g1, the
specific energy of 60-40 mW h g1 and the specific power of 150-350 mW g!
were determined. Due to the increased specific power in comparison with clas-
sical battery systems, such cell could be classified as a supercappatery.

Acknowledgement. The research is supported by the Ministry of Education, Science and
Technological Development of the Republic of Serbia, under the research project
“Electrochemical synthesis and characterization of nanostructured functional materials for
applications in new technologies” No. ON172046.

U3BOJ
KAPAKTEPUCTHUKE HUHK-TIOJTMAHWJINH CEKYHIAPHE REJIUJE HA BA3U
LIUTPATHUX PACTBOPA CA CYIIEPKAITABATEPUJCKUM ITOHAIITAILEM

BPAHHMMMP H. TPTYP', MAJIMLIA M. TBO3JIEHOBUR', BPAHUMUP 3. JYTOBUR” 1 TOMUCJIAB Jb. TPUILIOBUR?

’Texnonowxo—Mewanypwxu paxyniteii, Ynusep3utiieil y Beoipagy, Kapneiujesa 4, Beoipag u u HCTUTLY T
wexnuukux nayxka, Cpiicke akagemuje Hayxa u ymewminociiu, Knes Muxaunosa 35, 11000 Beoipag

HcnuTaHe cy enekTpoXxeMHjcke KapaKTepUuCTHKe ceKyHIapHe henuje HHHK-TI0MTHaHWIHH
(PANI) y enexrponuty koju cappxu 0,8 M Na-nurpara, 0,3 M NH4Cl u 0,3 M ZnCl.. Ha
OCHOBY Mepema MoTeHlMjala U HaloHa henuje 3a Bpeme Nywewa/IpaKibenha Y OICery cTpyja
on 18 mo 45 mA, onpehenu cy cnenuduyHy kananutety on 85 mo 55 mA h g’1, cnenuduyHa
eHepruja 60-40 mW h g’1 ¥ cnenuduyHa cHara of 150-350 mW gﬁi.

(ITpummeno 9. jyna, npuxsaheno 19. jyna 2019)
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