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POSSIBLE APPLICATION OF THE POLYPYRROLE-ZINC SYSTEM AS A
SEA-WATER BATTERY

ABSTRACT

The polypyrrole is electrochemically synthetized from hydrochloric acid solution
and pyrole monomer. Using the cyclic voltammetry and UV-visible spectroscopy it is
shown that polypyrrole is in the polaron state with doping degree of 0.25 (one chloride
anion per four pyrrole monomer units).

An environmentally friendly cell using polypyrrole-air regenerative cathode and
zinc as anode is investigated in the 3% sodium chloride solution. The cell can operate in
different charge and discharge modes. Polypyrrole can be reoxidized (doped) with
chloride anions either by using dissolved oxygen or by an external power supply, e.g.,
small photovoltaic cell. In that way, after discharge, capacity retaining can be achieved
by using sea-water as the electrolyte. During low discharge rate, the delicate balance
between solid state diffusion-controlled dedoping and chemical oxidation of polypyrrole
produced by hydrogen peroxide is achieved, generating stable voltage plateau of ~1 V.
The cell is proposed to operate as a power supply for different devices used in a remote
sensor buoy system for monitoring shallow marine environments in two modes. In the
low discharge mode (10-20 mA g!), it can be used for data acquisition, and at the fast
discharge mode (up to 2 A g™!) for collected data transmission.

Keywords: Polypyrrole; Oxygen, Reduction, Hydrogen peroxide, Buoy system
Scientific field: Technological engineering

Specific scientific field: Chemical engineering



MOGUCNOST PRIMENE SISTEMA POLIPIROL-CINK KAO
AKUMULATORA U MORSKOJ VODI

REZIME

Polipirol je elektrohemijski sintetisan iz rastvora hlorovodoni¢ne kiseline i
monomera pilora. Koriste¢i cikli¢nu voltametriju i UV-vidljivu spektroskopiju, pokazano
je da je polipirrol u polaron stanju sa stepenom dopovanja od 0,25 (jedan hloridni anjon
na Cetiri monomera pirol).

Ekoloski prihvatljiva c¢elija sa regenerativnnom katodom od polipirola i cinka kao
anode ispitana je u 3% rastvoru natrijum hlorida. Ustanovljeno je da ¢elija moze da radi
u razli¢itim rezimima punjenja i praznjenja. Polipirol se moze reoksidiovati (dopovati) sa
hloridnim anionima bilo koris¢enjem rastvorenog kiseonika ili spoljnim napajanjem, na
primer, male fotonaponske ¢elije. Na taj nacin, nakon praznjenja, regeneracija kapaciteta
se moze posti¢i koris¢enjem morske vode kao elektrolita. Tokom praznjenja sa niskim
strujama postize se delikatna ravnoteza izmedu difuziono kontrolisanog dedopovanja i
hemijske oksidacije polipirrola proizvedenim vodonik-peroksidom, stvarajuéi stabilni
naponski plato od ~ 1 V. Predlozeno je da ¢elija moze raditi kao izvor napajanja za
razli¢ite uredaje autonomnih senzorskih plutaju¢ih bova, koje se koriste u sistemu
daljinskog pracenja kvaliteta plicih morskih voda. Pri rezimu blagog praznjenja (10-20
mA g1), moze se koristiti za prikupljanje podataka i pri brzom praznjenju (do 2 A g1) za
radio prenos prikupljeni podataka.

Kljuéne reci: Kiseonik, Redukcija, Vodonik-peroksid, Plutajuc¢a bova
Naucna oblast: Tehnolosko inZenjerstvo

UZa naucna oblast: Hemijsko inzenjerstvo
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1. INTRODUCTION

In recent years, monitoring of the marine environment became an area of the
considerable scientific interest [1]. Shallow marine ecosystems are especially vulnerable,
because of the different human actions in the area of the industrial, touristic and municipal
expansion. Consequently, pollution monitoring of these ecosystems became the main goal
for the scientists concerned in the behavior of the marine environment [1]. It is of great
importance to gather information using different sensor devices to ensure successful
monitoring of the marine ecosystems [2, 3, 4]. A remote sensor buoy systems, shown in
Fig. 1.1, for monitoring shallow marine environments include different electronics
components like: sensors devices, radio frequency transmissions module, a power supply
with corresponding controlling systems, a set of sensor interfaces, amplification modules,
A/D converters, memory for data storage, an electronic timer clock, and finally a
microcontrollers (CPU - central processing unit) to integrate the entire process and
realized predefined monitoring tasks [5]. Autonomy marine monitoring systems require
months of the constant power supply from a battery. In the remote buoy sensor system,
the CPU is the main consumer of the power [1]. CPU usually works in an on-off mode
with the most of the power, ~80%, consumed during the sleep period. Power consumption
depends on the operation mode and range from few microamperes, in a sleep mode, to
~150 mA during the data acquisition, storage and transmission [1]. A power sources
usually the Li-polymer battery connected to photovoltaic panel is considered [1, 6, 7].
However, such a power supply combination is very heavy, expensive and strongly
depends on weather conditions. Namely, Li-polymer battery in combination with
photovoltaic panel requires additional electronic components for overcharge and under-

discharge limitations, while effective charge with relatively small photocell can be



accomplished only during the sunny days. In the occasion of cloudy or foggy days,
photovoltaic panel should be oversized due small efficiency.

Figure 1.1. The YSI EMMG68 buoy containing water quality and meteorological

sensors, telemetry package, solar panels and batteries.

For long-lasting power supply, metal-air batteries [8,9,10], using dissolved
oxygen in the sea-water as the cathode reactant, should be also considered. The operating
voltage of such batteries depends on the metal anode e.g. Mg, Al or Zn, and range from
~1.8 to 1.4 for Mg and some Al alloys, to below 1 V for pure Al and Zn
[11,12,13,14,15,16].

Conducting polymers, like polyaniline and polypyrrole are used as cathode with
zinc anode as potentially promising electrochemical power sources in water based
electrolytes [17, 18]. In some papers it is shown that zinc-polypyrrole cell in water based
electrolytes possess cathode recharge characteristics (reoxidation) in the interaction with
dissolved molecular oxygen [19]. The recharge is associated with the oxygen reduction
reaction onto polypyrrole through two-electron, hydrogen peroxide path, accompanied by
polypyrrole reoxidation (doping) in the chemical reaction with formed hydrogen peroxide
[19].

Based on these findings, the aim of this thesis is to investigate the possibility of
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Zn|PPy cell application as an environmentally friendly battery using the oxygen dissolved
in sea-water as the electrolyte. Such cell is planned to work as a power supply for different
buoy system devices in two modes: -in the low discharge mode for data acquisition and
at fast discharge mode for transmission of the collected data. The processes of the
polypyrrole reoxidation will be examined as a possible recharge mechanism of the
Zn|PPy cell.



2. THEORETICAL PART

2.1. Seawater and metal-air batteries

Seawater batteries are of great importance for the long lasting, low-power supply
of different devices [20], for example signal lights, lifejackets, GPS, sensors for the
monitoring water temperatures and flow rate especially in measuring climate changes,
deep sea applications etc. [21]. In Fig. 2.1, as an example the battery for lifejacket signal
lights is shown.

Figure 2.1. Lifejacket light, using magnesium/cuprous chloride water-activated battery
(Electric Fuel Ltd.)

Currently, the usages of such, immersion, batteries are a hot topic and has been
recently emphasized in many countries [22]. Immersion batteries are designed to be
activated by dipping into the electrolyte. Among different types, magnesium-cuprous
chloride and magnesium-silver chloride are the front runners [23]. They have been

constructed in sizes to produce from 1.0 V to several hundred volts at currents up to 50 A
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[24]. Discharge times can vary from a few seconds to only several days depending on
external load, as can be seen in Fig. 2.2 [24]. The principal overall and current-producing

reactions for the water-activated magnesium batteries are as follows [24]:

1. Magnesinm/ silver chloride

Anode Mg — 2e — Mg?*

Cathode 2AgCl + 2e — 2Ag + 201~

Overall Mg + 2AgCl — MgCl, + 2Ag
2. Magnesiom/ cuprous chloride

Anode Mg — 2e — Mg?*

Cathode 2CuCl + 2¢ — 2Cu + 2C1-

Overall Mg + 2Cu(Cl — Mg(Cl, + 2Cu

A side reaction (corrosion) also occurs among the magnesium anode and the
aqueous electrolyte, resulting in the formation of magnesium hydroxide, hydrogen gas,

and heat:
Mg + 2H>0 — Mg(OH)2 + H> (2.1)

which is the main reasons for relatively fast discharge times.
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Figure 2.2. Magnesium/silver chloride seawater-activated cell discharged continuously

at 35°C in simulated ocean water, 3.6% salinity [24].



Hereafter, for long-lasting power supply, modified metal-air seawater batteries,
which could use dissolved oxygen as the cathode reactant and metal as anode should be
considered.

The principles of the classical metal-air batteries, which use oxygen from the air
as reactant are shown in Fig. 2.3 [25]. Due negative potentials, metal dissolves and

behaves as anode with reaction:

M — M™ + ne (2.2)

while at cathode, oxygen is reduced:

02 + 2H0 + 4de — 40H" (2.3)
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Figure 2.3. Typical structure and working principle of a metal-air battery [25].
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Typically, a highly porous high surfaces cathode for the metal-air battery is
constructed using high surface carbon with an expensive catalyst such as Pt. The catalyst
is required due very slow reduction kinetics of the oxygen reaction on the carbon
materials. The assembly of a typical air-gas diffusion cathode is composed of four layers:
a waterproof breathable layer, a gas diffusion layer, a catalyst layer, and a current
collector layer [25], as shown in Fig. 2.4. It should be mentioned that such system is

effective only in a three-phase environment: gas-solid-liquid.

Waterproof breathable layer ( ‘

Gas diffusion layer

Catalyst layer

Current collector
Electrolyte |

——

Figure 2.4. Structure of a typical air cathode with four layers [25].

2.1.1. Anodes for metal air batteries
Promising metals for that kind of applications are zinc, aluminum and magnesium

[26]. Their characteristic electrochemical properties are shown in table 2.1.

Table. 2.1. Comparisons of specific (s) and volumetric (V) capacities (q), potentials,
specific and volumetric energy (w) of aluminum, magnesium and zinc in 3.5% NacCl
solution [26].

Metal n M Yol Os Qv E Ws Wy
gmol* | gem?® | Ahg' | Ahem?® | V (SHE) | Whg? | Whcm?
Aluminum | +3| 26.98 | 2.70 | 2.98 8.05 -15 4.47 12.07
Magnesium | +2 | 24.3 1.74 2.2 2.83 -1.65 3.63 4.7
Zinc +2 | 65.38 | 7.14 | 0.82 5.82 -0.76 0.62 4.42




Theoretical specific capacity (per 1 g of active materials) is given as:

% =1 (2.4)

where F is Faraday constant (26.8 Ah g1), and M , g mol™, molar mass of the reacting

metal. Theoretical volumetric capacity (per 1 cm? of active materials) is given as:

F
G =t =50 25)

where p, g cm, is the density of the metal. On the other hand, specific and volumetric

energies (w) are given as:

nFE
w,, =0,,E= M (2.6)
and:
FE
Wv,t = qv,tE = pnT (27)

The operating voltage of such batteries, in combination with gas diffusion oxygen
cathode, depends on metal anode, for example: Mg, Al or Zn, and range from ~1.8 V for
pure Mg, 1.4-1.2 V for some Al alloys [27, 28, 29], to below 1 V for pure Al and Zn [26],
as can be seen in Fig. 2.4 [30].

Mg has a very negative potential that provoke very high corrosion rates, and time
limited applications. Among others, aluminum has the highest theoretical values of
specific capacities and energies, but due formation of passive layer onto surface, the real
values are significantly smaller. Zinc has the smallest specific capacities and energies,
but due good corrosion stability and uniform corrosion, it could be considered as an

optimal anode for sea-water based cells.
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Figure 2.4. The discharge behavior of metal-air battery with different anodes at current
densities of 20 mA cm?, and cathode is gas diffusion air electrode with MnO; catalyst
in 2 M NaCl [30].

Many efforts have been invested in development of magnesium alloys to improve
characteristics [31]. In Figure 2.5 the discharge behavior of Mg-air battery with different
anodes at several constant current densities of 0.5, 2.5, 5 and 10 mA cm2, is shown, using
the air gas diffusion cathode with sliver catalyst. The voltage-time curves are similar for
all the anodes. The operating voltage decreased rapidly in the early discharging stage,
which is caused by a film formed product during discharge on the anode surface, and then
reached to an approximate constant value. It should be noted that the operating voltage of
Mg-air battery with Mg-Li—Al-Ce is higher than those of Mg and AZ31-alloy
(magnesium alloy with roughly 3 weight percent of aluminum and 1 weight percent of
zinc) at various discharge current densities. In addition, as shown in Fig. 2.5(d), the
operating voltage of Mg-air battery with AZ31 decreases rapidly to 0 V after 800 min of
discharge, which means that the AZ31 anode is completely dissolved. For all the alloys,
the corrosion was very high so, the operation of the battery is limited to only few days,

before alloys is completely dissolved.
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Figure 2.5. The discharge behavior of Mg-air battery with different anodes in 3.5%
NaCl at currents (a) 0.5 mA cm2, (b) 2.5 mA cm 2, (¢) 5 mA cm 2, and (d) 10 mA cm™
[31].

On the other hand, aluminum is corrosion more stable than magnesium, but
corrosion products (Al203, and AI(OH)3) completely cover the electrode preventing them
for the further operation by so called passivation [32]. Pino et al [32] introduced now
method to improve characteristics of aluminum dissolution. They proposed treatment
based on carbon layer deposition onto aluminum alloys, the principles are shown in Fig.
2.6, in order to enhance the performance of Al-air primary batteries with neutral
electrolyte pH. Carbon treatment is consisted of the uniform covering of the aluminum
surface by carbon-based paste. The paste is prepared by mixing two parts of carbonaceous
material, one part of binder and seven parts of solvent (by weight). During discharge the
carbon covering decreases the jellification of aluminates at the anode surface, and exance
the battery characteristics.

10
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Figure 2.6. Schematic representation of aluminate accumulation in Al-air neutral pH

cell with and without carbon treatment [32].

Treated and untreated commercial Al alloys (Al1085 and Al7475) are tested as
anodes in the battery achieving specific capacities above 0.6 Ah g* vs 0.2 to 0.3 Ah g
without carbon covering, as can be seen in Fig. 2.7. However, still discharge voltage is

relatively low, below 0.7 V, and energy is far from the theoretical values.
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Figure 2.7. Discharge plot of All-air cell with and without carbon cover at constant
current density of: a) 6 mA cm2; b) 1 mA cm2. [32]
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Among these three metals, magnesium shows high corrosion rate, while aluminum
passivated due formation of low soluble aluminum oxy(hydroxides) owing low discharge
voltage. So, even the zinc possess lowest specific capacity, Table 2.1, due good
electrochemical characteristics and low price it should be considered as a good candidate
for metal-air batteries.

The corrosion potentials of the pure zinc in seawater is below —1 V (vs. SCE), and can be
discharged with relatively high current densities up to 25 mA cm, as can be seen in Fig.
2.8 [33].
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Figure 2.8. Variation of anode polarization curves for pure zinc sample in 3.5 wt.%

NaCl solution (potential is vs. reference saturated calomel electrode) [33].

2.1.2. Oxygen reduction reaction

Theoretical potential of the oxygen electrode can be given as:

E(O2|H20) = 1.23 - 23RT pH — 23RT log p(%) (2.8)
F 4F p
or approximately at room temperature:
E(O2|H20) = 1.23 — 0.06pH — 0.015log y(O,) (2.9)

12



Hence, at neutral pH~7, and oxygen from the air where 21% of oxygen is present,
y(02)~0.21, the potential will be ~0.82 V vs SHE. For the theoretical potentials of zinc
~-0.76 V vs SHE, the open circuit voltage of zinc-air battery will be 1.58 V.
Unfortunately, during the discharge this voltage is usually below 1 V. The main limiting
factor is the high overpotentials of the oxygen reaction reaction during discharge process.
These are mostly a result of insufficient catalysts used on the cathode for the oxygen
reduction reaction while discharging [34, 35]. In Fig. 2.9 can be seen that among other
electrolytes, in NaCl based electrolyte at 1 mA cm (10 A m) the potential of platinum
cathode is only 0.15 V (SHE) [36], which is for 0.67 VV more negative than theoretical

potential.

0.6
0.5

L
&
- 0.4
o
>
>
~

0 5 10 15 20 25
j/Am?
Figure 2.9. Polarization curves of the oxygen reduction reaction on platinum cathode in
different electrolytes at pH~7 [36].

In a near neutral electrolyte (pH~7), oxygen is reduced to OH- at the interface of
the gas—solid-liquid ternary phases of the air cathode. As the oxygen reduction reaction
(ORR) occurs in the three-phase interface, it involves complex physical and chemical
reactions. In general, the possible reaction pathways involved in the ORR in a neutral
solution can be expressed [37]:

as a direct four electron path (on active catalyst like Pt):

13



O3 + 2H20 + 4™ — 40H (2.10)

or via indirect two electron path (formation of hydrogen peroxide ions, on usually carbon

materials):
02+ H20 +2e” — HO2 + OH~ (2.11)
HOz_ + Hzo +2e — 30H- (212)

It should also be mentioned that high surface area cathode usually works in three
phases namely solid to liquid to gas environments. However, it is not the case with sea-
water whereby there is dissolved oxygen. Dissolved oxygen enters water through the air
or as a plant byproduct. As shown in Fig. 2.10, from the air, oxygen can slowly diffuse
across the water surface from the adjacent atmosphere, or can be mixed in quickly through
aeration, whether natural or man-made [38]. Wind (creating waves), rapids, waterfalls,
ground water discharge or other forms of running water can cause the aeration of water.
Dissolved oxygen is also produced as a waste product of photosynthesis from

phytoplankton, algae, seaweed and other aquatic plants.

DIFFUSION FROM
ATMOSPHERE .-

Figure 2.10. Schematic presentation of the sea-water acparuon [38].

14



Operating current density of the oxygen cathode in seawater is limited to ~0.1 mA

cm?, due to the limited solubility of oxygen [39], which ranges from 0.35 mM at 0°C to

~0.2 mM at 30°C as can be seen in Table 2.2.

Table 2.2. Solubility of the oxygen in sea-water (salinity ~ 35)

m/

oy pumoa/JI | mr/JI | ma/Jl
0 349 | 112 | 738
5 308 9.9 7
10 275 88 | 64
15 248 7.9 5.9
20 225 72 | 54
25 206 6.6 5
30 190 6.1 | 4.7
35 176 56 | 45
40 165 53 | 4.2
45 154 4.9 4
50 146 46 | 3.8

The oxygen content of sea-water over water depth is shown in Fig 2.11 [40]. Gas

content is high, around 6 mg dm, at the surface where mixing occurs. At depth, oxygen

Is used to oxidize organic matter and carbon dioxide is released. This produces an oxygen

minimum zone, between 500 to 1000 m. Gas content again increase with depth thereafter

due to deep ocean water masses. Consequently, from the Fig. 2.11 can be seen that among

0 and 500 m of depth, a reasonable concentration between 6 and 3 mg dm of dissolved

oXygen exists.

15



Oxygen (mi1/1)
0 = =]

300

1000

2000

Water Depth (meters)

3000

4000

Figure 2.11. The oxygen content in seawater over water depth [40]

2.2. Possible application of the conducting polymers in the batteries

Electrochemical properties of conducting polymers due to their low specific
weight when compared with classical inorganic compounds; high energy and power
density and ability to reversible exchange counter ions, have stimulated the interest in
their use as electrode materials of the electrochemical power sources [41]. According to
Rietschi, and elaborated by Beck and Ruetschi [42, 43], determining factors of the battery
system success are the ‘three E’ criteria: Energy (high energy content with respect to unit
weight and volume), Economics (low manufacturing costs, low maintenance during use,
long service life), Environment (free of toxic materials, safe, low energy consumption
during manufacture and use, long service life, high reliability, easy to recycle).

There are many different types of the conducting polymers [44], but the most
investigates are polyaniline (PANI), polypyrrole (PPy), polythiophene (PTh) and
poly(3,4-ethylenedioxythiophene) (PEDOT), which structures are shown in Fig. 2.12.
[45].

16
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Figure 2.12. Chemical structures of the most representative conducting polymers [45].

Some of the typical characteristics of common conducting polymers are given in
Table 2.3 [*9].

Table 2.3. Characteristics of most common conducting polymers [46]

CP’s | M (monomer) | Doping level
g mol? y
PANI 93 0.5
PPy 67 0.33
PTh 84 0.33
PEDOT 142 0.33

Conducting polymers has ability to be chemically or electrochemically reversible
reduced (dedoped) and oxidized (doped), through simultaneous deinsertation or insertion
of the anions. For example, polyaniline, which is consisted of 4 monomer in the polymer
units cloud undergo different changes depending on potentials or pH. Transition occurs
through leucoemeraldine — emeraldine — perningraniline with corresponding anion
insertion (dopind), as shown in Fig. 2.13 [47]. All the oxidation states could have certain

numbers of anions in the polymer units, which is called doping degree. For example, in
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emeraldine salt state, two anions are banded to four monomer units, so doping degree is
0.5.
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Figure 2.13. Electrochemical oxidation states of polyaniline. In the fully protonated
states (left), the polymer comprises only x units, but in most acids the chains are
mixtures of x and y units, the ratio depending on pH. During electrochemical oxidation
in aqueous electrolytes, the gain or loss of anions and protons, and thus the strain,
depends on solution pH. (Anion and proton counts are taken from the x units to the

emeraldine salt.) [47].

Electrochemical systems based on the conducting polymers, electronegative
metals (e.g. Zn, Mg, Al) and aqueous based electrolytes, have potentials to accomplish
most of the three £ criteria. Even, the variety of the conducting polymers are high, up to
now only few of them has been investigated and tested for the application in aqueous
based electrochemical power sources. Polyaniline combined electronegative metals
(mainly zinc) are the most extensively investigated systems [48, 49, 50, 51]. This type of
the electrochemical power sources has not been commercialized, even the
electrochemical characteristics are in principles very good. The main reasons for this are
degradation process of polyaniline electrode at potentials more positive than ~0.5 V [52,
53].
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Even the polypyrrole, together with the polyaniline, is one of the most investigated
conducting polymer, practically there in the past little attempt in his use as an electrode
material for aqueous based electrochemical power sources. Main investigations are
focused for applications in aprotonic electrolytes [41]. In recent years, batteries which
used polypyrrole (PPy) as cathode materials and aqueous electrolyte have gained
popularity due to their high discharge specific capacity of ~115 mAh g, environmental
stability, easy synthesis, electroactivity in different pH etc., especially for application in
a micro power devices, biocompatible power sources, or stretchable electronics [54, 55,
56, 57, 58, 59, 60, 61, 62, 63, 64, 65].

2.2.1. Oxygen reduction and reoxidation of the conducting polymers

Some of the conducting polymers can be oxidized or doped during interaction
with the molecular oxygen in the electrolyte. Kitani et al. [50] observed that Zn-
polyaniline battery possess recharge characteristic after complete discharge, and being
exposed to dissolved molecular oxygen in the electrolyte, Fig. 2.14. In contrast to nitrogen
contained solution, cell voltage of 1.1 V was completely regenerated in the electrolyte
contained oxygen during ~60 min. Authors did not explained seen phenomena. Authors
only concluded that “At the present stage of our knowledge, we have no evidence to
confirm the reaction mechanism. Further studies from various viewpoints are necessary

to solve this problem.” [50]
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Figure 2.14. Change of open-circuit voltage under nitrogen or oxygen atmosphere after
complete discharge of Zn/polyaniline battery [50].
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Barsukov et al. [66, 67, 68, 69] investigated the characteristics of mostly
polyaniline as the replacement of relatively expensive carbon based oxygen catalysts in
metal-air batteries and fuel cells. The Authors investigated the reduction of oxygen on
conducting polymers like polyaniline (PANI), polypyrrole (PPy), polythiophen (PTh),
and poly(3-methyl)thiophen (PMeT), poly(3,4-ethylenedioxythiophene) (PEDOT) [67],
as shown in Fig. 2.15. The electrochemical investigations of conducting polymer based
catalytic electrodes in oxygen-saturated electrolytes indicate the existence of
electrocatalytic activity toward oxygen reduction at different CPs with the exception of
PEDOT. Using the 0.5 M KI solution as an indicator, Authors qualitative proved that

H20. or HO.™ is formed in the solution after the oxygen reduction reaction.
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Figure 2.15. Cyclic voltamogramms (2 mV s1) of a conducting polymers electrode in

argon saturated (1) and oxygen-saturated (2) 1M HCI solution. (Adopted from reference

[67]).

The Authors also provided the discharge and reoxidation curves for the coin type
Zn/polyaniline cell [68], Fig 2.16. They explained the cell capacity of retaining charge
after eight hours, by the oxidative transformation of the polyaniline in the form of
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leucoemeraldine, which is chemically non-stable in the presence of oxygen, to emeraldine
form.

Figure 2.16. The galvanostatic discharge curves and self-charge curve
for Zn-Air coin battery with PANI/TEG gas-diffusion electrode [68].

Wu et al. [70] described a similar behavior, measuring the open circuit potentials,
Fig 2.17, and short circuit currents, Fig. 2.18, of the zinc—polyaniline and zinc-
polypyrrole systems after discharge in oxygen and nitrogen containing electrolyte. They
showed that the short-circuit current of these systems can be regenerated by oxygen after
discharge. It is worth to mention that zinc-polypyrrole systems shows better

characteristics than zinc-polyaniline.
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Figure 2.17. Effect of gas bubbling (O2 or N2) and no gas bubbling on the potential of
(a) reduced polyaniline and (b) reduced polypyrrole in 1.0 M ZnCl, + 0.5M NH4CI [70].

21



607 (a) 60 (by
Effect of Oxygen
s e
50 50 ,’_,_.r/'
- e
—_ ~
£ 3 < P
— -~
] Effect of Oxygen z J#
£ 301 @ 30 o~
=2 = //
o
4 20 20 //
2 G S Ffient af Nilrmgen
104 _ 10 e e
Effect of Nitrogen
0 - - - - 0
0 2 4 6 8 10 0 2 4 8 8 10
Time(minutes) Time(minutes)

Figure 2.18. Effect of gas (O2 or N2) on the short-circuit current in (a) Zn—polyaniline
and (b) Zn—polypyrrole battery in 1.0 M ZnCl, + 0.5M NH4CI [70].

The application of bare electroconductive polymers as oxygen reduction catalysts
in microbial fuel cells (MFCs), which used electrolytes with neutral pH is also reported
[71]. However, conducting polymers in MFC applications are usually combined with
other active electrocatalytic materials to improve performance. For example, with respect
to carbon black/PPy composite, the peak potential (-0.34 V) has a more positive value
than pure carbon black (-0.60 V), as shown in the cyclic voltammetry curves in Fig. 2.19
[72]. Also the onset potential for oxygen reduction is at —0.1 V for carbon black/PPy

composite, which is almost 0.5 V more positive than on carbon black.
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Figure 2.19. CV (A) and LSV (B) of various materials for the oxygen reduction in
phosphate buffer solution at pH =7 [72].
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Li et al. [59] investigated polypyrrole as cathode materials for Zn-polymer battery
with various biocompatible aqueous electrolytes. Figure 2.20a presents the discharge
curves of the Zn/aqueous electrolyte/PPy batteries, which showed very high capacities
calculated based on the mass of the polypyrrole. For example, in NaCl the discharge
capacity is 5000 mAh g* of PPy, but the PPy avaiable capacity is only 120 mAh g* of
PPy. In order to understand the reversibility of the Zn/PPy batteries, the cells with SBF
as electrolyte are charged and discharged at a current density of 160 uA mg! for another
cycle, Fig. 2.20b. It can be seen that the Zn/PPy batteries delivered a more than double of
the charged capacity, suggesting that some other reactions are responsible for high
discharge capacities.
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Figure 2.20. (a) Discharge curves of Zn/PPy batteries (40 pA mg ') with different
electrolytes: simulated body fluid (line 1), 0.1 M NaCl (line 2), PBS buffer solution
(line 3); (b) the 1st charge and the 2nd discharge curves of Zn/PPy batteries in SBF

electrolyte (160 pA mg ') [59].

Authors concluded that if the mechanism of the battery is simply explained as the

redox reactions between the Zn foil and the polypyrrole film, there is definitely not

enough polypyrrole to be reduced and thus maintain the long discharge plateaus. This
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means that the cathode reaction cannot be simply explained as the reduction of
polypyrrole. Authors also concluded “Not much evidence has ever been provided to

investigate the role of polypyrrole in batteries” [59]

Kong et al. [57] investigated AZ61 magnesium based alloy | PPy cell in different
biocompatible aqueous based electrolyte. They used PPy-DS (DS, dextran sulfate as

anion dopant) electrode which cyclic voltammograms in different electrolytes are shown
in Fig. 2.21.
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Figure 2.21. Cyclic voltammograms of PPy-DS (dextran sulfate) in different
electrolytes at a scan rate of 25 mV s, (a) 1.0 M MgCly; (b) saturated MgCls; (c) 1 M
NaCl; (d) PBS; (e) mixed electrolyte of 2.6 M Mg(NO3). and 2.6 M NaNO- [57].

In some of the investigated electrolytes, Fig. 2.22, Authors observed and
explained remarkably high discharge capacities of the system, with relatively small
discharge current density of 30 pA g!, by the reoxidation of polypyrrole with the
dissolved oxygen contained in the electrolyte, retaining its electroactivity. In addition, the
discharge voltage of ~1.4 V is observed in 1 M NaCl and PBS, but unfortunately Authors
did not explained the possible mechanism of the polypyrrole reoxidation [57].
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Figure 2.21. The discharge curves of the cell composed of a PPy—DS cathode and AZ61
anode in different electrolytes at the discharge current density of 30 pA g L. (a) 1 M
MgCly; (b) saturated MgClz; (c) 1 M NacCl; (d) PBS and (e) mixed electrolyte of
Mg(NOs3)2 (2.6 M) and NaNO- (3.6 M) [57].

Jia et al. [73] investigated biodegradable Mg—Air batteries composed of silk
fibroin (SF) — polypyrrole film in PBS based electrolyte. The cathode materials shows
activity toward oxygen reduction reaction as can be seen in Fig. 2.22a, and ability to be

reoxidated after discharge, Fig. 2.22b.
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Figure 2.22. a) CV of SF-PPy film in N2 - or Oz -saturated PBS electrolyte at a scan

rate of 5 mV s —1 . b) Potential response of reduced SF-PPy film in PBS electrolyte

with N2, Oz or no gas bubbling after the applied potential (—0.85 V vs Ag/AgCl) is
switched off [73].
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For the very small discharge current densities in the range of 5 to 50 pA cm, Fig.

2.23a-b, the authors observed plateau during discharge of the battery, above 1 V.
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Figure 2.23. a) Galvanostatically discharge curves, b) rate capabilities,
c) plateau voltage and the corresponding power density of Mg-air biobatteries
composed of SF-PPy film at various current densities in PBS

electrolyte at room temperature [73].
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Grgur [19] investigated discharge and recharge characteristics of the battery based
on the electrochemically synthesized polypyrrole cathode and aluminum, zinc and
magnesium anode in 2 M NH4ClI, which discharge curves are shown in Fig. 2.24. Author
showed that the capacity of the polypyrrole electrode could be regenerated after discharge
by the reoxidation with dissolved oxygen from the air. Such behavior is explained by the
complex interaction of polypyrrole and hydrogen peroxide produced during the oxygen
reduction reaction. Reoxidation, inset a in Fig 2.24, which occurred mainly above -0.3 V
(SCE) is described to be similar as in the corrosion processes by the oxygen reduction
occurred as a cathodic reaction, and polypyrrole doping with chloride anions occurred as
the anodic reaction. The discharge potentials of the PPy electrode above —0.5 V at current
density could not be explained simply by the oxygen reduction reaction, for which the

potential is —1 V at current density of 0.1 mA cm?, inset b) in Fig. 2.24.
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Figure 2.24. Galvanostatic charge—discharge curves (1), discharge curves after
reoxidation (2) of the PPy, and anodic curves of the aluminum, zinc, and magnesium
electrodes in the 2 M NH4Cl at current density of 1 mA cm™. Insets: a) Dependence of
the open-circuit potential of PPy electrode over time after discharge; b) Cathodic
polarization curves (v =1 mV s!) of graphite and platinum electrode in the same
solution [19].
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The cell voltages of the investigated systems, Fig. 2.25, after reoxidation of the

discharged polypyrrole, are above 1 V for the Mg|PPy and among 1.2 to 0.6 for Zn|PPy

and Al|PPy. The high corrosion rate of Mg anode is also observed. It is also shown that

all three investigated systems possess superior characteristics in comparisons with pure

graphite-zinc system [19].
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Figure 2.25. Discharge characteristics at a constant load of 1000 Q, of the metal |

polypyrrole recharged cells [19].

2.2.2. Spectroscopic evidence of the interactions of polypyrrole with oxygen

In contrast with other conducting polymers, pristine neutral polypyrrole can be

easily oxidized, due to its relatively low redox potential [74]. Oxygen is usual the most

common oxidizing agent, present in typical polypyrrole applications. Even though

oxidized polypyrrole is relatively stable, the neutral polymer is readily oxidized by

oxygen present either in the air or in aqueous electrolytes [75,76,77,78,79,80,81]. The

mechanism of the polypyrrole interactions with oxygen is rather complex, depending on
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time, oxygen pressure and presence of the water. In such a case polypyrrole properties
change, confirming transition from the typical states for neutral polymer to that of doped
polypyrrole, accompanied by doping and weight increase [77]. Some signs point to
multistep process; for example, the conductivity of the neutral pristine polypyrrole
quickly growths in the initial stages of oxidation, while optical changes are observed later
[77]. The open circuit potential, after discharge, increase for neutral polypyrrole in
aqueous solutions, Fig. 2.26., suggesting the polymer oxidation [79,82]. It is also
observed that thinner polypyrrole film (synthetized with 30 mC) undergoes faster
reoxidation than thicker one (synthetized with 150 mC).
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Figure. 2.26. The dependence of the polypyrrole open circuit potential over time after
prepolarization at —-0.8 V in 1 M KCI solution [82].

Some Authors observed changes in UV-vis, FTIR [80,83,84,85,86] and electron
spin resonance (ESR) spectra [77,87,88,89] during the interaction of oxygen with
polypyrrole. Figure 2.27 shows that in the UV-visible spectra of the neutral polypyrrole,
reduced at —-0.9 V, after short contact with aqueous solution containing oxygen,
absorption at 460 nm (connected to polarons) and at 800 nm (connected to bipolarons)
increases, while absorption at 420 nm (7 — 7 * transition), typical for the neutral polymer,
decreases [83]. Besides, for longer times, absorption at 560 nm starts to decrease,
indicating decreasing contents of polarons, and that at 800 nm increases as a result of

bipolaron presence.
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Figure 2.27. UV-visible spectra of the fully reduced PPy with

time in wet state without applied potential [83].

The obvious connections with UV-visible spectra changes, can be seen in
comparisons with open circuit potentials increase, Fig. 2.28 during the interaction of the

polypyrrole with oxygen [82,83]
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Figure 2.28. Changes of the open circuit potential (line) [82] and UV-visible absorption
peak at 420 nm [83] (points) of neutral polypyrrole in the presence of oxygen.
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The oxidation process of the polypyrrole can be also followed using FTIR
spectroscopy, as can be seen in Fig 2.29 [80,85]. In the presence of oxygen, the spectra
typical for neutral polymer gradually transforms to that characteristic of oxidized
polypyrrole, with increase of signal at 4000 cm™. Additionally bipolaron bands appear in

the range of 1000 cm™
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Figure 2.29. Left: FTIR spectra for a pristine polypyrrole film after various times of
exposure to 1 atm of O2. Exposure times: (a) 0's, (b) 15, (c) 30's, (d) 60 s, (e) 30 min
[80]. Right: FTIR absorbance at 4000 cm™ as a function of time
after admitting 1 atm of O to the cell [80].

2.2.3. Mechanism of the interactions of the polypyrrole with the oxygen

The possible mechanism of the polypyrrole interaction with oxygen is
investigated in a lower extent, even the evidence of reoxidation are clear.

Combination of different techniques gives opportunity to elucidate the mechanism
of oxygen—polypyrrole interactions. ESR (electron spin resonance) spectroscopy enabled
visualization of polaron formation and their decay upon transformation to bipolarons, as
shown by the signal increase and decrease, respectively. Kanemoto et al. [90] based on
ESR results, Fig. 2.30, suggested that the first step of polypyrrole — oxygen interaction is
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oxygen reversible adsorption both on the polymer surface and inside the film.
Accordingly, broadening of the ESR signal with time and rising oxygen pressure in air is
observed. After reaching the maximal value, after prolonged time, the ESR signal width

gradually decreases probably because of the oxygen replacement by other molecules, e.g.,

water if available.
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Figure 2.30. Left: Initial time variation of ESR line width when the PPy sample
under vacuum was open to the atmosphere (a152 Torr of oxygen). Right: Oxygen
pressure dependences of ESR line width (filled circles) and ESR intensity (open

square). ESR intensities are normalized at 152 Torr [90].

Based on FTIR and XPS analysis, Lei and Martin [80] postulated existence of two
forms of oxygen interacting with pristine polypyrrole. The first oxygen form are Oz
anions (present only in anhydrous media) because of charge transfer between the polymer

and oxygen molecule. The Oz anions play a role as a dopant [80]:
x02 + — (Py)n - — - [Pyn—x - G?y+02 )x] -

where Py represents the neutral (unoxidized) pyrrole unit in the polymer chain, Py* is the
oxidized unit. Nevertheless, the obtained doping degree is lower than for a fully doped
polymer as the conductivity is ca. 2 orders of magnitude lower than for a typicaly
electrochemical doped polypyrrole. The low doping degree is also confirmed by
significantly lower absorbance in the free-carrier region of the FTIR spectra. The second

form of oxygen, being in major excess compared to O, are molecular association
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complexes between O and polypyrrole. In a relatively short time scale (30 minutes),
exposure of polypyrrole to oxygen does not result in formation of carbonyl or hydroxyl
groups in the polymer, which are characteristic for irreversible degradation of the
material. However, after longer exposure (hours) the superoxide anions participate in
irreversible process of deprotonation of the pyrrole nitrogen atom, yielding an imine
derivative of polypyrrole [77,80]. On the other hand, the ring oxidation can result in
appearance of C-O and C=0 groups [91].

Khomenko et al. [69] based on the electrochemical and DFT (density functional
theory) calculations proposed the mechanism of the electrocatalytic oxygen reduction in
acidic media at the surface of PPy/C and PANI/C. The mechanism is explained by the

formation of a bridge-type adsorption complex, as shown in Fig. 2.31.
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Figure 2.31. Proposed mechanism of the oxygen reduction reaction of polypyrrole and

polyaniline via formation of a bridge-type adsorption complex [69].

In according to this scheme, the molecules of oxygen dissolved in the electrolyte
chemisorb on the surface of conducting polymers. After absorption, noticeable weakening
and extension of the bonds between oxygen atoms take place up to breaking of the double
bonds. The interaction between the oxygen activated in this way and hydroxonium ions
in acidic solution becomes easier and results in the formation of hydrogen peroxide. Thus,
the 2-electron mechanism of ORR on the films of PANI and PPy catalysts, which
proceeds via the formation of bridge-type adsorption complexes on the ECP surface, is

possible.
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Wu et al. [70], proposed that simultaneously with oxygen reduction in acidic
media, anion insertion (doping) into the polypyrrole chain occurred, as schematically
shown in Fig. 2.32. This scheme is similar to the corrosion processes where oxygen is

reduced and base material (polypyrrole) is oxidized.

+1/2y0, + 2yH + 2yA

+y Hy0

Figure 2.32. Schematic presentation of the simultaneous oxygen reduction and anion

insertion onto polypyrrole [70].

The question of polypyrrole active centers on the oxygen reduction reaction is
disputable. Among proposed bridge-type adsorption complexes mechanism proprosed by
Khomenko et al. [69], it is also possible that active centers could be quinone-like species,
which was always produced during electrochemical and chemical polypyrrole synthesis
[92] as proposed by Grgur [19]. Similarly like in the (anthra)quinone processes of the
hydrogen peroxide production [93, 94], quinone-like moieties could be involved in the
oxygen reduction reaction. In this mechanism Fig. 2.33, during discharge (dedoping) of
the polypyrrole simultaneously on the quinone-like moieties hydrogen peroxide is

formed, which is able to chemically oxidize dedoped parts of the polypyrrole chains.
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Peroxide formation Dedoping - Reoxidation

Figure 2.32. Schematic presentation of proposed polypyrrole discharge and reoxidation

charge mechanism [19].

2.3. Synthesis and characterization of the polypyrrole

2.3.1. Electrochemical synthesis of the polypyrrole

Besides polyaniline, polypyrrole is certainly one of the most extensively
investigated conducting polymer, which possess reoxidation characteristics. Both
electrical conductivity and chemical stability of polypyrrole originate from heteroatomic
and extended 7z conjugated backbone structure. This structure is not sufficient for
conductivity on its own. However, conductivity achieved by doping largely exceeds those
of other electroconducting polymers, which is a good prerequisite for practical application
[95]. Unlike polymerization of aniline, polymerization of pyrrole can be successfully
performed in neutral aqueous environment and variety of organic solvents [96].

Polypyrrole can be synthetized chemically using an oxidizing agents (for example
ammonium persulfate) or electrochemically [97,98]. Pyrrole, similarly to aniline, is easily
electrochemically polymerized in both aqueous and organic based electrolytes containing
pyrrole on inert anodes, including graphite, gold or platinum. Electrochemical synthesis
can be made potetiodynammially (using cyclic voltammetry, CV), galvanostatically
(under constant current, GS), and potentiostatically (at constant potential, PS) techniques,
as shown in Fig. 2.33 [99].
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Figure 2.33. Synthesis of polypyrrole thin films by different electrodeposition modes:
a) cyclic voltammetry (CV) mode by scanning between 0 and + 0.9 V for 12 cycles; b)
galvanostatic (GS) mode at 10 mA cm for 5 min; and c) potentiostatic (PS) mode at
0.8 V (vs Ag/AgCl) for 3 min. 0.1 mol dm of distilled pyrrole and 0.5 mol dm of
H2S04 [99].

Due simplicity and mass control, just by measuring the passed charge,
galvanosatatic method is preferable for polypyrrole synthesis. Figure 2.34 shows
galvanostatic polymerization of pyrrole from aqueous electrolyte together with cyclic
voltammogram obtained after galvanostatic synthesis in the same electrolyte in order to
show characteristic doping/dedoping processes, inset in Fig. 2.34) [97].
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Figure 2.34. Galvanostatic curve of the electrochemical polymerization of pyrrole at
graphite electrode (j = 2 mA cm2) from 0.1 mol dm= HCI and 0.2 mol dm= pyrrole.
Insert: Cyclic voltammogram (v = 20 mV s™) recorded after 1100 s of galvanostatic

synthesis of polypyrrole from the same electrolyte [97].
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From Fig. 2.34 can be seen that chronoamperometric curve is characterized, by
fast increase of the potential during which the electrode is covered with a layer of
polypyrrole. The succeeding plateau of the potential refers to further polymerization on
already formed polymer. It can be noticed that after galvanostatic synthesis polypyrrole
is almost completely in its doped state which is reflected in rapid increase of the potential
during cyclic voltammetry. The cathodic part of the voltammogram is characterized by
wide peak attributed to dedoping of ions from polypyrrole, after which anodic part of the

voltammogram refers to doping. [100].
2.3.2. The mechanism of the electrochemical polymerization of pyrrole

According to generally accepted mechanism of electrochemical polymerization of
pyrrole, the first step refers to formation of the primary radical cation as proposed by Diaz
[101], as shown in Fig. 2.35 [102].
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Figure 2.35. Proposed mechanism for pyrrole electropolymerization by Diaz et al.
[101].
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Unpaired electron and positive charge are delocalized and quantum mechanical
calculations reveals that electron spin density is the greatest at o — positions, therefore
they are the most reactive so radical coupling takes place in these positions [103]. By
coupling of two primary radical cations, positively charged dimer is formed. Because two
protons of the positively charged dimer distort the conjugation, rearomatization is likely
to occur through deprotonation leading to formation of energetically favorable neutral
dimer [104]. According to alternative, but not accepted mechanism, radical cation can
react with neutral pyrrole molecules leading to formation of a new radical cation [104].
Neutral dimer is, in further step, oxidized at anode giving new radical cation. As expected,
oxidation of the dimer is easier comparing to neutral pyrrole, therefore occurring at the
lower potential. In the forthcoming steps coupling of dimer radical cations (lately,
oligomer radical cations) and primary radical cations occur, followed by a release of
protons and rearomatization. Oxidation, coupling and rearomatization are repeated
leading to formation of polypyrrole. Although the electron spin density is the largest at o
— position, by development of the conjugation length, spin density is spreading over
conjugating system, so the radicals might be coupled in other positions, resulting in

disturbing of the linearity and branching [104]

2.3.3. Molecular structure of the polypyrrole

The molecular structures of protonated polypyrrole (polypyrrole salt) proposed in
the literature to a certain degree vary [105], but there is agreement about the structure of
the polypyrrole base (undoped state) obtained after deprotonation, which is composed of
both the oxidized and reduced pyrrole constitutional units, Fig. 2.36. The localization of
positive charges on polymer chain, as well as the presence of unpaired spins, polarons,
detected by electron paramagnetic resonance, is still open to discussion.

The rearrangement of electrons within polypyrrole chain that lead to the formation
of charge carriers was proposed by Stejskal et al. [105] (Fig. 2.37). The rearrangement of
the electrons in polypyrrole salt may generate bipolarons and finally polarons by
delocalization over the polymer chain, as shown in Fig. 2.37. Polarons act as charge

carriers.
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Figure 2.36. Conducting polypyrrole salt converts to non-conducting
polypyrrole base under alkaline conditions. HA is an arbitrary acid, A~ a corresponding

counter-ion [105].

Figure 2.37. The rearrangement of electrons in polypyrrole salt [105].

In the literature, there is no agreement about the structure of the polypyrrole in a
doped states. [105]. The anodic oxidation, which results in the formation of conducting
polymer, has the stoichiometry of (2+y)F per mole of monomer [96]. Of those, only 2F
mol is related to the polymerization, and extra charge yF is linked, to the oxidation
(doping) of the polymer film with chloride anions. In the literature y or doping degree,
vary between 0.2 to 0.6. Doping degree represents the number of inserted anions in the

39



polymer unit. Therefore, y equal to 0.2 means that one anions is inserted within five
monomer units, y equal to 0.25 means that one anions is inserted within four monomer
units and y equal to 0.33 means that one anions is inserted within three monomer units as
schematically presented in Fig. 2.38. In all three structure double bond conjugations,

responsible for the conductivity exists.
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Figure 2.38. Theoretical structures of the polypyrrole with different doping degrees, y.

2.3.3. Morphological structure of the polypyrrole
Usually, polypyrrole can be electrochemically obtained by galvanostatic,
potentiodinamic, and potentiostatic techniques. Liu and Oliviera [106], investigated

galvanostatic, Fig. 2.39 and the potentiodynamic, Fig. 2.40 electrodepozition of the
polypyrrole.
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Figure 2.39. Potential transients for electropolymerization of pyrrole on aluminum
electrode from 0.2 mol L tartaric acid + 0.5 mol L™ pyrrole, pH 1.7. The applied
current densities (MA cm2) were: (1) 10; (2) 5; (3) 2.5; (4) 1.0 and (5) 0.5 [106].
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Figure 2.40. Voltammetric profiles (first cycle), for the electrodeposition of PPy from
0.5 mol L* pyrrole aqueous solutions and tartaric acid concentrations of: (4) 0.8 mol L
1 (3)0.4 mol L%, (2) 0.2 mol Lt and (1) 0.1 mol L. Sweep rate 5 mV s [106].
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From SEM images, shown in Figs. 2.41a-c, it can be seen that films formed
potentiodynamicallycally are much less uniform than films formed galvanostatically.

Films formed galvanostatically are more homogeneous presenting a cauliflower-like

structure constituted by micro-spherical grains.

Figure 2.41. SEM of aluminum surfaces coated with PPy films electrodeposited from
solutions containing 0.2 mol L™ tartaric acid + 0.5 mol L pyrrole: (A)

potentiodynamically at 5 mV s*; galvanostatically at (B) 2.5 and (C) 10 mA cm. [106]

Because, the galvanostatic method is more favorable for the practical
applications, Liu et al. also investigated the influence of current density on
electrodeposition of polypyrrole films on aluminum surfaces from a p-toluene sulfonic
acid medium [107], and the results are shown in Fig. 2.42. With increased current density,

the electrodeposition potentials increased as well.
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Figure 2.42. Potential-time curves for PPy electrodeposition from 0.2 mol.L* p-toluene
sulfonic acid + 0.5 mol L™ pyrrole. The applied current densities (mA cm2) were: 1)
10.0; 2) 5.0; 3) 2.5 and 4) 0.5 mA.cm~2 [107].
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The morphology of electrodepozited polypyrrole, shown in Fig. 2.43, present a
cauliflower-like structure which is open and suitable for the interaction with dissolved

molecular oxygen, in the possible applications as cathode battery in the sea water.

(b)

Figure 2.43. SEM of the aluminum surfaces coated with PPy films galvanostatically
deposited at a) 5.0 and b) 10.0 mA.cm~2 [107]
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3. EXPERIMENTAL

3.1. Synthesis and characterization of thin film electrode

Thin polypyrrole film electrode is obtained from hydrochloric acid solution (0.1
M) with addition of 0.2 M of pyrrole monomer (p.a. Merck, distilled in argon
atmosphere), at constant current densities of 2 mA cm on graphite electrode. Electrolytes
were prepared from p.a. grade chemicals (Merck) and bidistiled water. After
polymerization, electrode is washed with bidistiled water and transferred in the three-
compartment electrochemical cell, shown in Fig. 3.1, with 0.1 M HCI electrolyte for

further investigations.

i working electrode

reference electrode

Figure 3.1. Three compartment electrochemical cell used for polypyrrole synthesis.

After transfer, electrode is conditioned at potential of —0.8 V for 600 s to be

completely discharged. The working electrode, cylindrically shaped graphite inserted in
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Teflon holder (S=0.64 cm?) is mechanically polished with fine emery papers (2/0, 3/0 and
4/0, respectively) and then with polishing alumina of 1 um (Banner Scientific Ltd.) on
the polishing cloths (Buehler Ltd.). After mechanical polishing the traces of polishing
alumina are removed from the electrode surface in an ultra-sonic bath in ethanol during
5 min. For characterization experiments three compartment electrochemical cell, with
platinum foil (S=2 cm?) is used as counter, and saturated calomel electrode as a reference,
as shown in Fig. 3.2. Experiments are performed using Gamry PC3
potentiostat/galvanostat.

The oxidation states of polypyrrole are investigated in N-methylpyrrolidone with
an UV-vis LLG uniSPEC 2 spectrometer.

Figure 3.2. Three compartment electrochemical cell used

for polypyrrole characterization.
3.2. Polypyrole-zinc cell
Polypyrrole is synthesized galvanostatically with current density of 2 mA cm
from electrolyte contained 0.1 M pyrrole (Aldrich p.a., previously distilled under reduced

pressure), and 1 M HCI (p.a., Merck) onto the plane 1.5 cm x 4 cm, A = 6 cm?, graphite
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electrode with polymerization charges of 3.6 mAh and 12 mAh. Electrode is on one side
protected by the epoxy. Before the experiments are conducted, the electrode is
mechanically polished with fine emery papers (2/0, 3/0 and 4/0, respectively) and
degreased in ethanol in an ultrasonic bath. Pure (>99.9%) zinc, (Alfa Aesar GmbH & Co
KG, Germany) of 1.5 cm x 4 cm, A = 6 cm? from the one side protected by epoxy, is used
as the anode.

All experiments are conducted in 0.5 M (~3%) NaCl (p.a. Merck) as electrolyte
using saturated calomel electrode as the reference, and in some cases Pt-mesh as a counter
electrode. One compartment electrochemical cell is made of Plexiglas, with a volume of
250 cm?®, equipped with an external reference electrode compartment via Luggin
capillary. The plane-parallel electrode in a vertical position with an inter distance of 20
mm is used. The oxygen is supplied from the air by natural convections or by the air pump
with the flow rate of 5 ml s, with an oxygen equilibrium concentration of ~0.2 mM at
room temperature. For the pulsed charge-discharge experiments combinations of the
homemade programmable electronic on-off timer- switcher (1 s to 24 h), and R-
substitution box (MA 2200, Iskar, Slovenia), are used. For the charge with Si-
photovoltaic cell, the 1.5 V toy-photovoltaic cell (1 cm x 2 cm) is used. The light source
is a polychromatic 300 W Osram Ultra-Vitalux light bulb that has a sun-like spectral
distribution between 280 nm to 780 nm, and an IR region. Experiments are performed
using Gamry PC3 potentiostat/galvanostat, and cell voltage is acquired with digital
voltmeter ISO-Tech IDM 73, interfaced to a PC via RS-232.

3.3. High area carbon felt-polypyrrole cell

Polypyrrole is synthesized galvanostatically using the current of 48 mA (2 mA
cm~2) from electrolyte contained 0.15 M pyrrole (Aldrich p.a., previously distilled under
reduced pressure), and 1 M HCI (p.a., Merck) onto both sides of the 3.18 mm thick carbon
felt (Alfa Aesar, No: 43199) electrode, with the active area of 24 cm?, which construction
is shown in Fig. 3.3. The polymerization charge was 30 mAh. During

electropolymerization, using saturated calomel electrode as the reference, and two plane-
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parallel stainless steel plane, 5 cm x 6 cm, as the counter electrodes, electrolyte is mixed
with magnetic stirrer at 400 rpm. Two identical pure (>99.9%) zinc plane 4 cm x 6 cm,
from the one side isolated by epoxy, are used as the anode.

All experiments are conducted in 3.5% NaCl (p.a. Merck) as the electrolyte. One
compartment electrochemical cell made of Plexiglas, with a volume of 500 cm? is used.
The cathode was inserted between two plane-parallel zinc electrode in a vertical position
with an inter distance of 20 mm. Oxygen was supplied from the air using the glass-frit
tube as a bubbler, and the air pump with the flow rate of 2 ml s, with an oxygen
equilibrium concentration of ~0.2 mM at room temperature. For the pulsed charge-
discharge experiments combinations of the homemade programmable electronic on-off
timer- switcher (1 s to 24 h), and R-substitution box (MA 2200, Iskar, Slovenia), are used.
Experiments are carried out using Gamry PC3 potentiostat/galvanostat, while the cell
voltage was collected with digital voltmeter ISO-Tech IDM 73, interfaced to a PC via
RS-232.

Graphite
plane
Zn anode 7zn CF-PPy 7.

il

Electrolyte, 3.5% NaCl

Carbon
felt-PPy

PVC
mask

Figure 3.3. Left: image of the high area graphite felt-polypyrrole electrode, middle:
zinc anode, right: scheme of the cell configuration.
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4. RESULTS AND DISCUSSION

4.1. Synthesis and characterization of the polypyrrole thin film electrode

Figure 4.1 shows the galvanostatic curve for the polymerization of pyrrole on
graphite from solution containing 0.10 M HCI and 0.20 M monomer on graphite electrode
at the current density of 2 mA cm with polymerization charge, gpol, of 0.6 mAh cm™

(1080 ).
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Figure 4.1. Galvanostatic curve for pyrrole polymerization from 0.1 M HCl and 0.2 M
monomere at 2 mA cm2 on graphite electrode. Inset: cyclic voltammograms of the PPy

electrode in pure 0.1 M HCI for the anodic potential limits of 0.7 and 0.5 V

Polypyrrole polymerization proceeds according to equation:
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n(Py) + nyCl- — [PPy'" (CI')y]n +nye 4.1)

in the potential range between 0.55 and 0.6 V.

In the inset of Fig. 4.1 cyclic voltammograms (CV) of the PPy electrode in pure
0.1 M HCI for the anodic potential limits of 0.7 and 0.5 V are shown. Full line represents
experimental data, while dot line represents peak deconvolution. As it can be seen from
insert of Fig. 4.1, doping of the PPy electrode starts from the potentials region between ~
—-0.4 and 0.55 V (A), with maximum peak potentials at ~ 0.15 V. In the same potential
range some other reaction take place, probably overoxidation of the PPy (B). According
to the cyclic voltammograms it seems that optimum anodic potential lies near to 0.55 V.
Discharging of the PPy electrode starts at potentials of ~ 0.5 V, thought one broad peak
in the potential range between 0.5 and —0.8 V, with maximum peak potentials at ~ —0.22
V. After synthesis, PPy electrode are further characterized in 0.1 M HCI.

Figure 4.2 shows the cyclic voltammogram response of PPy for the different
sweep rate in the solution of 0.1 M HCI for the anodic potential limit of 0.55 V, while
insert of Fig. 4.2 shows magnification of CV response for the sweep rate of 2, 3, 7 and 10

mV s,
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Figure 4.2. Cyclic voltammograms of PPy electrode for the different sweep rate in the
solution of 0.1 M HCI.
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Figure 4.3 shows dependence of the anodic and cathodic peak current density as

a function of the scan rate square root, determined from Fig. 4.2.
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Figure 4.3. Dependence of the anodic and cathodic peak current density as a function of
the scan rate square root in 0.1 M HCI. Inset: Dependence of the peak potentials on the

sweep rate.

Linear dependence of the peak current density as a function of the scan rate square
root below ~10 mV s indicates the reversible charge transfer reaction controlled by
diffusion of counter (chloride) ions. Above ~10 mV s reaction could be considered as
irreversible. The dependence of the peak potentials on the sweep rate (for reversible case)
are shown as insert of Fig. 4.3. Symbols represents measured peak potentials, while full
line represents peak potentials corrected for the Ohmic drop determined by the impedance
measurements of the graphite electrode in solution of 0.1 M HCI at the same conditions.
The dependence of the peak potentials for relatively low sweep rate is practically

independent on sweep rate (> 10 mV s), suggesting reversible doping/dedoping reaction
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of the PPy film in the investigated potential region. Since, the difference between anodic
and cathodic peak potential (for the reversible couple) of ~0.22 V is equal to:

RT
E,. ~Epo =AE, =2.303_— =022V (4.2)

Equation 4.2 could be used to determine the total numbers of exchanged electrons which

is equal to the doping degree, y:

n=y =208 026 (49
AE,F

To obtain maximum available electrode capacity of PPy films the following
procedure is used. Integrating the anodic and cathodic parts of the CV for the anodic
potential limit of 0.55 V, the dependence of capacity for different sweep rate is calculated
and shown on Fig 4.4. The capacity of the electrode is affected by the sweep rate, and
decrease by increasing the sweep rate, which could be attributed to the difficulties for
counter-chloride ions exchange along the pores present in the PPy film. If the diffusion
of counter (chloride) ions is rate controlling, it has been found that the reciprocal values
of the voltammetric charge vary linearly on square root of sweep rate [108], as shown on
insert of Fig. 4.4. Intercept at v—0, gives the total available charge in steady state
conditions of the PPy film of ~0.1 mA h cm™.

The total polymerization charge, Qp, of the polypyrrole electropolymerization

reaction, Eq. 1, can be given as [19]:

Qp = Ip tp = (2+y)neF (44)

On the other hand, for the p-doping/dedoping reaction with chloride anions theoretically

available doping/dedoping capacity is given as:

Q=It=nyeF (4.5
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Combining equation. (4.4) and (4.5), available capacity is connected with polymerization

charge with the following equation:

=Y o-
Q= 2+yQp

Y 1t

2+y PP

from which the doping degree can be estimated as:
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Figure 4.4. The dependence of the PPy electrode capacity for different sweep rate in 0.1

M HCI. Insert: Reciprocal values of the voltammetric charge of PPy electrode on square

root of sweep rate in 0.1 M HCI.
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Hence, for the polymerization charge of 0.6 mAh cm™ and available charge of
0.07 mAh cm™, it could be estimated that doping degree is ~0.26, which is in excellent

agreement with value obtained from cyclic voltammetry experiments.

In Fig. 4.5 the charge/discharge curve at current density of 0.2 mA c¢cm for the
anodic potential limits of 0.55 and 0.75 V in 0.1 M HCI are shown. Charging of the
electrode starts at potential of ~ —0.5 V, and linearly increase relatively fast up to the
potentials of ~0.45 V. After that potential, increase of the potential is much smaller.
Discharging of the electrode starts at the potential of 0.45 V, in the potential range of 0.45
to —0.6 V, without pronounced potential plateau. Below potentials of —0.6 V, it seems that
some other reaction take place. This reaction could be attributed to the hydrogen evolution
reaction. Obtained discharge capacity was ~0.09 and 0.11 mA h cm for the charging
potential limits of 0.55 and 0.75 V, respectively. Taking in to account that charging time
for the anodic potential limits of 0.75 V was more than two and the half time higher than
for the potential limits of 0.55 V, it seems that optimal potential limit for the charging of
the PPy electrode is near to 0.55 V.
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Figure 4.5. Charge/discharge curve for current density of 0.2 mA cm for the anodic
potential limits of 0.55 and 0.75 V in 0.1 M HCI
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To obtain information about the polypyrrole structure, the as synthesized PPy is
dissolved in N-methylpyrrolidone. Figure 4.6. shows UV-vis spectra of as synthetized
product in N-methylpyrrolidone. In as synthetized PPy, one well-defined band is present
at 445 nm. which can be connected to polarons [83]. Because absorption at 345 which
corresponds to bipolaron formation [109] is not present it is logical to conclude that
polypyrrole is in polaronic states. Intense, broad absorptions are also occurred above 550
nm [110]. This broad absorption is attributed to electron transitions from the polypyrrole
valence band to a second bipolarons band in the band gap. So, as synthetized PPy has the
well-defined features of a polaron formation with existence of some bipolaronic states,
showing the film to be in a doped state [109, 110].
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Figure 4.6. UV-vis spectra of as synthetized polypyrrole in N-methylpyrrolidone.
Based on the obtained doping degree of 0.25, one chloride anion per four pyrrole

units, and on presence of polaronic states, the structure of the polypyrrole chain shown in

the Fig. 4.7 could be suggested.
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Figure 4.7. The proposed structure of the polypyrrole chain

for doping degree of 0.25 in polaronic states.
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4.2. Polypyrrole-zinc cell

4.2.1. Synthesis and characterization of the polypyrrole

Galvanostatic synthesis of the polypyrrole for the two different charges, 3.6 mAh
and 12 mAh, are shown in the inset of Fig. 4.8. Electropolymerization of the pyrrole
occurred in the potential range of 0.65 to 0.6 V via following reaction, as described above
[19]:

nPy + nyCl" = [PPyY*(CI)y]n + 2nH* + (2 + y)ne 4.1)

whereby y is the degree of doping. The anodic oxidation, which results in the formation
of conducting polymer, has the stoichiometry of (2+y)F per mole of monomer [96]. Of
those, only 2F mol is related to the polymerization, and extra charge yF is linked, to the
oxidation (doping) of the polymer film with chloride anions. The yield in charge terms is
close to 100%; providing a possibility of controlling the mass and thickness of the film
[111].
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Figure 4.8. Cyclic voltammograms and galvanostatic synthesis (inset) of PPy electrode
deposited with polymerization charges of 3.6 mAh (1) and 12 mAh (2) and
corresponding anodic doping degree. Doted lines in cyclic voltammograms:

deconvolution using Gaussian peak fit.
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In Fig. 4.8, cyclic voltammograms of the investigated materials are also shown.
Polypyrrole electrode has pceudocapacitive behavior accompanying with the doping-
dedoping reaction in the broad range of studied potential. In anodic direction, doping
(charge) with chloride anions started at -0.8 V to —-0.7 V, and increased up to the
potentials of ~0.4 V. Dedoping (discharge) occurred in the potential range of 0.3 to —0.7
V. The, broad peak, especially at the electrode polymerized with 12 mAh at the potentials
more negative than —0.4 V could be associated with the oxygen reduction reaction [73]
accompanied by cation insertion (n-doping) [112].The dependence of the doping degree
with potential, can be estimated by partial integration of deconvoluted anodic part of the
cyclic voltammograms, and calculated by rearranging equation Eq. 4.7, according to:

_ 4.7

y 0,-Q (4.7)
1

Q== [IdE (4.8)
Ve(i=0)

where v, is the sweep rate in V h, Q, is the polymerization charge in mAh, and I in mA.
In the sample with a polymerization charge of 12 mAh, cation (Na*) deinsertion
overlapped with chloride doping and due to possible degradation at higher potentials
[113], anodic part of the voltammogram is deconvoluted using Gaussian peak fit function,
and results are shown in Fig. 4.9 and 4.10.
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Figure 4.9. Cyclic voltammogram deconvolution using Gaussian peak for the

polymerization charge of 12 mAh.

57



15 —— 1 T T T T T T T T T T

jImA
o

00000
o,
o

o,
o, 0O
0, o
00000000007

08 -06 -04 -02 00 02 04 06
E/V (SCE)

Figure 4.10. Cyclic voltammogram deconvolution using Gaussian peak for the

polymerization charge of 3.6 mAh.

The maximum doping degree, for the given conditions are estimated to be 0.26
for PPy polymerized with 3.6 mAh, and 0.125 for PPy polymerized with 12 mAh. This
can be explained by the slow solid-state diffusion limitations during doping. The outer
PPy layer is practically fully charged, and due to the slow chloride solid-state diffusion,
D(CI)ppy ~ 2 — 4x10"* m? st [114] the PPy inner layer cannot be sufficiently fast charged,
and some other reaction for example overoxidation, can be started at the charged outer
PPy layer.

Using the Eq. 4.6, for the polymerization charge of 3.6 mAh and 12 mAh, and for
the doping degrees of 0.25 and 0.125 (estimated from Fig. 4.8), available dedoping charge
can be estimated estimated to 0.4 mAh and 0.71 mAh respectively. For further
calculations of the specific capacity based on PPy as a limiting electrode material in the
investigated system, it is necessary to calculate the mass of polypyrrole. The mass of the
electropolymerized polypyrrole is associated with the total polymerization charge (Qp),
and can be represented by the following equation [115]:

I,t,IMy —2M(H") + yM ,]p
(2/n+y)(p-DF

p

m(PPy) = (4.9)
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where, 7 is the polymerization current efficiency, p is the degree of polymerization, F is
the Faraday constant, Mm and Ma the molar masses of the monomer, pyrrple, unit and the
chloride anion, respectively. Taking that » ~ 1, and a large value for p, the mass of the
electropolymerized PPy for y = 0.25 was estimated at 4.35 mg for Qp = 3.6 mAh, and 14.6
mg for Qp = 12 mAh for y = 0.125. Using the value of the doped PPy density of ~1.5 g
cm [115] corresponding thickens of the PPy layers are estimated to 5 um and 17 pm.
From Egs. 4.5 and 4.8, it is possible to recalculate specific capacity of the fully dopped
doped PPy (y = 0.33) in the range of 115 mAh g?. Available specific charge for the
electrode synthetized with 3.6 mAh will be 92 mAh g (PPy), while for the electrode
synthetized with 12 mAh will be 49 mAh g* (PPy)

4.2.2. Polypyrrole reoxidation charging mode

To investigate potential reoxidation characteristics, PPy electrodes are
galvanostatically charged to 0.4 V (lines 1 and 2) with a current of 3 mA, fully discharged
to -1 V (lines 1’ and 2’), Fig. 4.11a. The discharge capacity for electrode synthesized
with 3.6 mAh is 0.56 mAh, and for electrode synthesized with 12 mAh is 1.26 mAh,
which is 109% and 75% of the theoretical value respectively. After the electrodes are
completely discharged, the open-circuit potentials are recorded over time in the naturally
aerated solution, as illustrated in the inset of Fig. 4.11. From the inset, it can be seen that
a stable open circuit potential of ~0.13 V is reached after approximately twelve hours for
electrode polymerized with 3.6 mAh, while for the electrode polymerized with 12 mAh
the stable open circuit potential is not reached even after 24 hours. After twenty-four
hours, the electrodes are discharged with the same current density of 3 mA. Reoxidized
electrode (3.6 mAh) has a practically identical discharge capacity as galvanostatically
charged, but the discharge potential is ~100 mV lower. On the contrary, electrode (12
mADh) has 75% smaller discharge capacity, and ~0.3 V lower discharge potential. As for
converting time of the charge-discharge curves from Fig. 4.11a to the specific capacity,
Fig. 4.11b, it can be seen that thinner electrode (3.6 mAh) after 24 hours reoxidation
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charging has practically theoretical specific discharge capacity (=115 mAh g* of PPy),
while thicker electrode has only 65% of the theoretical value.

2)Q,,=12mAh |
1)Q,, =36 mAh

E /V (SCE)

0 20 40 60 80 100
q/mAh g'l(PPy)

Figure 4.11. a) Galvanostatic charge-discharge (lines), 3 mA, of the electrode
polymerized with 3.6 mA (1-1°) and 12 mAh (2-2’) in comparison with discharge
curves after 24 h of the reoxidation charging shown in the inset, (Qp, ©-3.6 mAh, o-12
mAh). b) The dependence of the potential on the specific PPy capacity during

galvanostatic discharge.

Reactions, which are likely to occur during PPy, discharge and reoxidation charge
can be anticipated by the following reaction scheme [19]. During discharge at higher

potentials, partial dedoping of PPy is the main reaction:
[PPY"*(CI')y]n = [PPY"*(CI)y](r-my~[PPY’]m + myCI" + mye (4.10)

accompanied by oxygen reduction to the hydrogen peroxide as a side reaction, on the

quinone-like PPy moieties [19], via followed simplified scheme:

60



[PPY*(CI')y]n—Py=0 + H20 + e = [PPy*(CI")y]»~Py-OH + OH" (4.11)

[PPY*(CI)y]n-Py-OH + Oz = [PPy*(CI"),]n-Py=0 + HO2~ (4.12)

The produced hydrogen peroxide ion (HO2") is able to chemically reoxidize partially
dedoped PPy:

[PPyy+(CIi)y](n-m)'[PPyO]m + myCl’ + my HO; + myHZO —
— [PPy**(CI)y]n + 3myOH- (4.13)

The potential of the PPy electrode is determined mainly by the proportion of the
oxidized and reduced forms of PPy, and by the potential difference on the PPy/electrolyte
solution interface. In the case of PPy doped with mobile anions, potential is given by the
simplified equation [116]:

N N RT | a(PPy*) | RT .
E (PPy' |PPY°) ~ E,(PPy" |PPY’) + —In ——Ina’(Cl 4.14
(PPy" |PPY") ~ E((PPy" | PPY") JF L(PPy"J = (Cr) (4.14)
which can be rearranged to:
E,(PPy" | PPy°) ~ E, (PPy"| PPy°) + 2'3:::'- Iog( y j— 2.3RT loga(Cl") (4.15)
y max

where: ymax IS @ maximum doping degree, y is actual doping degree at any potential, and
E«(PPy*|PPy®) is the formal electrode potentials. Er of ~0 V can be estimated from Fig.
4.8 for electrode polymerized with 3.6 mAh at conditions y = 0.5ymax. Therefore, by
increasing y, the first logarithmic term increases as well, provoking an increase of the PPy

electrode potential.
Figure 4.12a shows the dependence of the cell voltage over discharge time at a

constant load of 2 kQ, after 24 hours of the reoxidation charge, shown in the inset. In the

same figure, the discharge curve of the pure graphite-zinc cell is also shown. The voltage
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characteristics of this system are rather poor. Electrode (12 mAh) has slightly higher
discharge voltage than electrode (3.6 mAh), Fig. 3a. However, by converting the
discharge time to the specific discharge capacity, electrode (3.6 mAh) has much better

characteristics, as can be seen in Fig. 4.12b.

u/v

u/v

0 50 100

q/mAh g'l(PPy)

Figure 4.12. a) The dependence of the cell voltage over discharge time at constant load
of 2 kQ, after 24 h of the reoxidation charge, shown in the inset (Qp, 1-3.6 mAh, 2-12
mAnh). b) The dependence of the cell voltage on specific PPy capacity.

Figure 4.13 shows polarization curves after 24 hours of the reoxidation charge of
the investigated systems, applying the different constant loads for 60 s per point. For
example, the discharge voltage of 1 V is reached for the current of 1.8 mA for the
electrode synthesized with 3.6 mAh, and 3 mA for the electrode synthesized with 12 mAh,
which corresponds to the specific currents of 400 and 200 mA g* of the PPy, respectively,
as can be seen at top axis of the Fig. 4.13.
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Figure 4.13. Polarization curves of the 24 h charged PPy electrodes in the reoxidation
mod, filled symbols-dependence of the voltage on current, open symbols- dependence
of the voltage on specific current.

In order to investigate the characteristic of the impulse discharge and reoxidation
charge, electrodes are charged 24 h in the reoxidation mode, and continuously discharged
20 s under 2 kQ load, and 120 s charged in the reoxidation mod, and results are shown in
Fig. 4.14. During initial five hours of discharge, both electrodes show similar behavior,
but following that, a decrease in the voltage in the electrode (12 mAh), indicating that
there is an imbalance in the rate of doping and oxygen reduction has occurred. On the
contrary, discharge of the electrode (3.6 mAh) has a relatively stable plateau with the
voltage of approximately 0.95 V, Fig. 4.14a, with corresponding current of ~0.5 mA or
110 mA g* of PPy. After 48 h, the zinc anode is replaced with new, freshly polished one,
because an accumulation of zinc hydroxide could deteriorate characteristic of the cell.
Only a small increase in the voltage is observed, suggesting that zinc anode does not limit
the cell characteristics, in higher contributions. After 68 hours, the external load is
increased to 5 kQ provoking an increase in the voltage for ~90 mV. Further increase of

the external load to 10 kQ contributed to an increase of the cell voltage to ~1.04 V, Fig.
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4.14a. Under these conditions, electrode is discharged for additional 100 hours, with a
stable voltage plateau of ~ 1 V, Fig. 4.14b. The same figure shows a comparison of the
polarization curve for pure graphite electrode in the same solution. The oxygen reduction
current which corresponds to the voltage of ~1 V is ~6 pA, while current of the electrode
is ~100 YA (=20 mA g of PPy). Hence, the steady state current and voltage is probably
accompanied by two reactions: during discharge under external load, the main reaction is
dedoping of PPy, and during the reoxidation charge without load, by oxygen reduction to
peroxide, which chemically oxidized PPy. Consequently, the balance between dedoping
and chemical oxidation of PPy by produced hydrogen peroxide is achieved, generating
stable voltage plateau. The balance can only be achieved with thinner, 5 um, electrode
that suggested the importance of the solid-state diffusion of the counter ions. For that
reason, in the following experiments only electrode synthesized with a charge of 3.6 mAh

are investigated.

12 _ o
2 kO new 10 kQ
1.0 anode 5 kQ\ \
Q,,=3.6 mAh
0.8} t; 20s,1:120s
Q,,=12mAh g5 M NaCl
2 0.6 i 1.05 _nmn,‘,‘,‘,‘ v 1.2 (:'OOD' LA B LR R LLLL B R AL
> ' *10 kQ 1.0 ¢
04| >100F 5 08f
S ko 3 06 ]
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Figure. 4.14. The dependence of voltage over time during impulse discharge (20 s) -
reoxidation charge (120 s). a) Magnification of the curves marked with asterisk (*)
under external load of 2 kQ and 10 kQ. b) The dependence of voltage over time during
impulse discharge (20 s) - reoxidation charge (120 s) under external load of 10 kQ in
comparison with polarization curve of the oxygen reduction from air on pure graphite
electrode.
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Figure 4.15 shows continues discharge of the electrode (3.6 mAh) after 10 hours
of reoxidation charge for different external loads. It can be seen that with increase the
value of the external load, discharge time increase, and the voltage plateau appears. For
example, with the load of 15 kQ the voltage plateau is near 1 V. The discharge current

over time can be calculated using the Ohm law:

1) = 2 Das (%cwa' (4.16)

By decrease of the external load value, the discharge current increase from ~70 pA for
load of 15 kQ; to ~1.5 mA load of 1 kQ, as can be seen in the inset of fig. 4.15. Obtained
discharge capacity for the load of 15 k€ is in the range of 1 mAh, which twice overcomes

capacity connected with dedoping reaction (0.51 mAh).

0.2 F 3 . . -

0.0 U . I . I . I . I . L thh . I

t/h

Figure 4.15. Continues discharge of the electrode (3.6 mAh) after 10 hours of
reoxidation charge for different external loads. Inset: calculated discharge currents over

time for different external loads.
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By recalculating the voltage to current and current to specific capacity of the

polypyrrole electrode by:

| xt

— U (t)actual xt

- m(PPy) B R xm(PPy)

(4.17)

the dependence of the cell voltage on specific discharge capacity can be obtained, as

shown in Fig. 4.16.
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Figure 4.16. Discharge curves for different external load (marked in figure) for

d(PPy), ,, = 70 mAh g

g, = 200 mAh g™ (PPy)
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electrode-3.6 mANh. Inset: The dependence of the specific currents on specific discharge

capacity.
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The established open circuit cell voltage of 1.2 V, corresponded to the PPy
electrode potential of ~0.15 V. From Fig. 4.8, it can be estimated that doping degree, v,
for that potential is 0.2, which from Eq 4.8 yields discharge dedoping capacity in the
range of 70 mAh g of PPy. For the external load of 1 kQ discharge capacity is in that
range, but increasing the value of the external load, the discharge capacity will exceed
available capacity which leads from the dedoping reaction. For example, under external
load of 15 kQ discharge capacity is 200 mAh g* of PPy, with discharge voltage above
0.9 V. Corresponding specific currents given in inset Fig. 4.16, varies between 15 mA g
1 of PPy for load of 15 kQ, to 250 mA g of PPy for load of 1 kQ. Hereafter, for the high
discharge rate, the electrode discharge capacity is limited mainly to the rate of dedoping
reaction. For low discharge rate the obtained capacity suggested that among dedoping
reaction, oxygen reduction reaction occurred, producing hydrogen peroxide which
simultaneously chemically oxidized PPy. In that manner, stable discharge voltage plateau
can be obtained for low discharge rates for example. 10-20 mA g of PPy, achieving high

discharge capacity.
Specific energy, wsp, of the system can be estimated using following equation:

|Xt _Uz(t)actual><t
m(PPy) Rxm(PPy)

Wy, =quU(t) = (4.18)

The dependence of the specific energy over time is given in Fig. 4.17. For the
lower value of external load e.g. 1 kQ, the maximum energy of 32 mWh g* of PPy is
generated. By increasing the external load values, the generated specific energy increase
as well, and reached 180 mWh g of PPy after 15 h of discharge, which is more than six
times higher than classical lead acid battery which is in the range of 20 to 30 mWh g, It
is worth to mentioned that investigated cell, even it works at minimum oxygen
concentration in the electrolyte, possess comparable value of energy density as most
advanced Li-polymer cells (100-250 mWh g%) [117]. In that way the long lasting energy
supply of the zinc polypyrrole cell, is demonstrated. In the prolonged discharge, the

specific energy will linearly increase.
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Figure 4.17. The dependence of the discharge specific energy over time for the Zn|PPy
system.

The specific power is very important parameter of the electrochemical power
sources. Specific power, Psp, of the system can be obtained by dividing the specific energy

by discharge time:

P= & — Ul — U 2(t)actual (419)
t  m(PPy) Rxm(PPy)

The dependence of the specific energy on power is shown in Fig. 4.18 in the form
of Ragone plot. For the low value of external load, e.g. 1 kQ, the very high value of
specific power in the range of 200 to 300 mW g of PPy is reached, but the values of
specific energy is relatively low from ~1 to 30 mWh g of PPy. Specific power at low
and medium discharging rates are around 10 to 30 mW g of PPy, with much higher
specific energy up to ~200 mWh g of PPy. From this results it can be concluded that
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low power high energy discharge is suitable for constant works, for example during the
sensors data acquisition mode, and high power low energy during the data transition mod.
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Figure 4.17. The dependence of the discharge specific energy over time for the Zn|PPy

system, in the form of Ragone plot.

4.2.3. The influence of the oxygen transport on the

zinc-polypyrrole system characteristics

All previous experiments are conducted in naturally aerated solution. To
investigate the influence of the oxygen transport (for example, under windy conditions
with waves), the following experiments are done. The PPy electrode is charged 24 hours
in the reoxidation mod, and the cell is discharged under an external load of 1 kQ to the
voltage of 0.7 V, as shown in Fig. 4.18. After that, the air is introduced into the cell by
bubbling. The cell voltage is increased to ~0.9 V, as well as the PPy potential to ~-0.25
V. After 25 minutes of discharge, the external load is switched off, provoking, a fast
increase of the cell voltage, and PPy potential. Switching the oxygen supply off and
external load on, relatively fast discharge is again obtained. Hence, an additional gain of
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0.15 V can only be obtained with constant oxygen supply. In the same figure, the
characteristic of the Zn/graphite cell is also shown for comparison, which shows a
significantly poorer characteristic. During the discharge of the cell under constant air
supply and with the external load of 2 kQ, the stable voltage plateau of ~0.92 V was
obtained over two hours. It is important to note that the fluctuation of the cell voltage and
PPy potential is not observed by changing the air supply on and off. This indicates that
chemical step in the oxygen reduction reaction mechanism, is the rate determining, which
is not sensitive to the hydrodynamic conditions. The only chemical step, given in the
mechanism above, is the adsorption of the molecular oxygen from the electrolyte to —OH
group in the pyrrole ring, given by Eq. 4.12.
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Figure 4.18. The dependence of the cell voltage and PPy potential, during discharge

under external load, and different oxygen supply conditions.

Figure 4.19 shows continuous discharge of the cell under an external load of 1 kQ
and constant air supply during one hour discharge and one hour reoxidation charge,
without external load. The stable discharge voltage plateau of ~0.85 V with discharge
current of 0.85 mA (190 mA g* of PPy), Fig. 4.19a, is obtained over 27 hours, producing
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almost 2.5 Ah g of PPy. The specific energy during the discharge of 2.1 Wh g of PPy
can be calculated by Eqg. 4.19, which is an extraordinary value. Some small decrease in
the voltage can be observed over time and this can be connected with zinc electrode,
which shows increase of the corrosion potentials for ~20 mV during 20 hours of exposure
to the electrolyte, as shown in Fig. 4.19b. This increase of the potential can be explained

by the formation of insoluble zinc hydroxide species onto the surfaces:

Zn — Zn** +2e (4.19)
n?* + ~—7Zn 2 :
Zn?* + 20H - Zn(OH) (4.20)

1 2 I ! I ! I ! I ! I ! I

q=115mAh=25Ahg, "

wi g -

0.8

-1.04 -
2 0.6 - ) |
= O
9 -1.06 |
0.4 F 2 ]
S -1.08
L g
(O SVY: 1) S S S— v
13 14 15 a0l oo
5 10 15
OO 1 L 1 L | L 1 L 1 L 1
0 5 10 15 20 25
t/h

Figure 4.19. Continuous discharge of the cell under external load of 1 kQ and constant
air supply, during one-hour discharge and one-hour reoxidation charge. a)
Magpnification of the marked charge-discharge cycle. b) Dependence of the zinc

corrosion potential over time.
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4.2.4. The effect of the storage and external power charge

The Zn/PPy cell is considered to work as an immersion system. In order to
evaluate the influence of the storage time on the system characteristics the following
experiments are performed. Consequently, the previously used PPy electrode is charged
24 hours under the reoxidation mode, removed from the solution, washed with distiled
water, and stored at ambient conditions for one month. After that, the cell is again
assembled, and filed with the electrolyte. The established open circuit voltage is 1.22 V
(Figure 4.20) and has discharge capacity of 0.6 mAh and discharge voltage above 0.7 V
under external load of 2 kQ (1), in Fig. 4.20a.
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Figure 4.20. Discharge of the cell under external load of 2 kQ after one month of
storage (1), after reoxidation charge for 4.5 h (2), and charged with Si-photovoltaic cell,

with voltage-current characteristics given in b); in naturally aerated solution.
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From Fig. 4.20, it can be also seen that reoxidation characteristics have been
retained. After 4.5 hours of being charged in reoxidation mode, slightly weaker
characteristics are obtained (2) in Fig. 4.20a. After four discharge and reoxidation charge
cycles cell is attached to a small Si-photovoltaic cell of which the voltage-current
characteristics under polychromatic light with the intensity of ~ 40 mwW cm2 is shown in
Fig. 4.20b. Electrode is practically fully charged within 20 minutes, with similar
discharge characteristics as obtained after 4.5 hours of reoxidation charge (3) in Fig.

4.20a. Hence, this method can be used for fast charging of the cell, during the day.

The same electrode is tested again in the mode of six-hour reoxidation charge and
20 minutes discharge at external load of 1 kQ, and results are shown in Fig. 4.21. Under
this extended discharge, system practically retained discharge characteristics, inset in Fig.
4.20 over 50 hour.
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Figure 4.21. Extended six-hour reoxidation charge and 20 minutes discharge at

external load of 1 kQ in naturally aerated solution.
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The structure of the cell potential on applied current during charge and discharge
with external power supply, are as shown in Fig. 4.22. To avoid overoxidation, the PPy
electrode is charged to the anodic potential limits of 0.4 V (SCE). The potential of PPy
electrode during charge occurs practically linearly in the range of -0.4 to 0.4 V, while
discharge occurs linearly in the potential range of ~0.3 to —0.8 V, followed by a sharp
decrease of the potential due to diffusion limitations of ClI" ions. Corrosion potential of
the zinc electrode is —1.1 V. Anodic dissolution of the zinc occurs with relatively small
overpotentials of 50-100 mV, depending on applied current, Fig. 4.22a, while cathodic
overpotentials are much higher between 100-250 mV.
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Figure. 4.22. The structure of the cell potentials of the polypyrrole and zinc electrode

during charge and discharge with external power supply.
Simultaneously with the potential measurement, the voltage of the cell is also

recorded, and results are shown in Fig. 4.23, in the form of cell voltage dependence on

the polypyrrole areal electrode capacity. The charge cell voltage increase from 0.5-0.8 V
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to around 1.7 V, which is for a 1 V lower values than in classical zinc-air rechargeable
cell [118], which is a great improvement. The discharge of the cell linearly occurred in
the voltage range between 1.5 V to ~0.2 V. Obtained discharge specific capacity of 0.4 to
0.5 mAnh for the higher currents are in agreement with estimated doping degree (0.4 mAh
for y = 0.26). For the moderate current of 1.5 mA or current density of 0.25 mA cm?,
specific capacity of 0.8 mAh is obtained, again suggesting that oxygen reduction reaction

is involved during the discharge process.
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Figure 4.23. The dependence of the cell voltage on the areal polypyrrole electrode

capacities during charge and discharge.

In Fig. 4.24, the diagram shown in Fig. 4.23 is recalculated based on the
polypyrrole mass giving the specific capacities. It can be seen that for the applied currents
in the range of 1.5 to 9 mA or ~300 to 2000 mA g* of PPy, the specific charge to the cut-
of voltage of ~0.7 V are 90 to 45 mAh g of PPy. It should be noted that those specific
currents are very high, and can be used for high power applications of the systems, for
example during the short data transmission periods. The corresponding specific energy is
estimated between 45 mWh g to 80 mwh g,
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Relatively low voltage of the cell during discharge could be increased by serial
connection of two or three cells with proper elimination of the current leaking, or by
simple electronic miniature micro-power synchronous step-up DC/DC converters like
LT3525-3 V; LTC3525-3.3 V; LTC3525-5 V (see below).
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Figure. 4.24. The dependence of the cell voltages on specific polypyrrole electrode

capacities during charge and discharge.

Interestingly from Figs 4.23 and 4.24, it can be seen that the charge voltage has
the shape of S-curve, which cannot be connected with PPy charge, Fig. 4.22. For that
reason, the galvanostatic curve for pure zinc is recorded as shown in Fig. 4.25. It can be
seen that hydrogen evolution on the zinc (reaction during charging) has an S-shape.
Generally, the limiting current-like behavior of the polarization curves for the hydrogen
evolution reaction on Zn can be explained by a mechanism in which the surface oxide

plays an active role according to [119]:

Zn-OH + H20 + e = Zn-OH, + OH" (4.21)
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Zn-OHz + e =Zn-H + OH" (4.22)

Zn-H + H20 = Zn-OH + H, (4.23)
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Figure. 4.25. The galvanostatic charge discharge curves for pure zinc in 3% NaCl

solution.

One of the important characteristics of the investigated Zn|PPy system is corrosion
current of zinc, which leads to lose of the anode active mass. In order to detemine the
corrosion current density, the polarization curve of the pure zinc is recorded and shown
in Fig. 4.26. Anodic Tafel slope has a value of 38 mV dec, which is the main reasons
for low polarization of the zinc electrode during Zn|PPy cell discharge. Cathodic branch
of the polarization curve is more complex with existence of the limiting like current in
the potential range of —1.1to —1.3 V (SCE). The nature of the limiting current is explained
above. Below ~-1. V (SCE), the hydrogen evolution reaction (so-called gassing) from

water occurred:
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2H,0 + 2e — H,T + 20H" (4.24)

The gassing reaction of the hydrogen is important, because under these conditions
the oxide zinc covered surfaces can be regenerated to metallic zinc.

From the intercept of the anodic Tafel line to corrosion potential, Ecor = -1.1 V
(SCE), the corrosion current density of 30 uA cm2 is obtained. Using this value the mass

loss of the zinc due corrosion in term of g day™* can be calculated from the Faraday law:

xtx M (Zn)

Am(Zn) = Jeor < F

(4.25)

where Am, g, is a mass loss, t is 24 h, M(Zn) = 65.4 g mol™, and F = 26.8 Ah mol. The
estimated mass loss is around 0.8 mg cm™ per day, or in a yearly base only 0.3 g cm™ of
the electrode area, which is practically negligible value. Knowing the zinc density of
7.140 g cm 3, the thickness loss of only 0.4 mm per year can be estimated. It should be

mentioned that thickness of zinc electrode could be in the order of few centimeters.
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Figure 4.26. Polarization curve of the pure zinc in 3% NaCl.
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In order to test the ability for fast charge and discharge, cyclization of the cell is
performed during fifteen successive fast charge-discharge cycles with current of 9 mA (2
A g* of PPy) to the potential of 0.5 V (SCE), at which overoxidation could occur, Fig.
4.27. As it can be seen, practically no deterioration of the characteristics is observed,
which can be characterized by the maximum charge cell increase, inset in Fig. 4.27. It is
interesting to note that charge-discharge curves are supercapacitors-like [120, 121, 122].

These conditions of charge-discharge can be meet using the small external photocell.
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Figure 4.27. Dependence of the PPy potential, and cell voltage (inset) during fifteen
successive fast charge-discharge cycles with current of 9 mA (2 A g* of PPy).

The anodic potential can influence the characteristics of the polypyrrole by the
means of the overoxidatio, which could lead to lose of the conjugation and conductivity.
The maximum charging potential is estimated from the cyclic voltammetry experiment,
shown in Fig. 4.28. Increae of the anodic potential limit from 0.3 V to 0.5 V, the only
small increase of the cathodic charge is observed. At higher potentials, thermodynamic

conditions for oxygen evolution reaction occurred. The potentials of E/(O2|H20) = 0.57
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V(SCE) is the theoretical potential for oxygen evolution, marked in Fig. 4.28. Increase of
the current above potential of 0.5 V, indicate that oxygen evolution reaction is possible,
accompanied with the polypyrrole overoxidation. The current is extremely high, ~60 mA,
at potentials higher than 0.8 V, inset in Fig. 4.28, but the shape of the voltamogram did
not change dramaticall, except for the potentials above 1 V. Hence, from this experiment
it could be concluded that PPy electrode can be occasionally charged at higher potentials

without significant degradation.
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Figure 4.28. Cyclic voltammograms of the PPy electrode with increased anodic
potential limits.

The overoxidation is an irreversible degradation process that results in the
shortening of the polymer chain length and formation of defects and pores along the PPy
chain [123]. Figure 4.29 shows the sequence of reactions that occur during the
overoxidation [124]. At potentials higher than 0.6 V (SCE) an additional anion is doped
in the polymer chain, simultaneously with oxygen evolution in a small rate. Molecular
oxygen in a next step attack pyrrole ring producing the quinone like species, and stop the

conjugation along the polymer chain, and prevent further doping of that chain part.
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Figure 4.29. Possible reactions during overoxidation of polypyrrole at potentials higher

than 0.6 V (SCE) [124].

4.3. High area carbon-polypyrrole zinc cell

In order to simulate the real characteristics of the sea-water zinc -polypyrrole cell,
the polypyrrole is electropolymerized on the carbon felt electrode and investigated in a
3.5% of sodium chloride solution.

Figure 1 shows galvanostatic electropolymerization of pyrrole onto carbon felt
(CF) electrode, which construction is also shown as an image in Fig. 4.30.
Electropolymerization with a current of 48 mA (j = 2 mA cm) occurred at potential
around 0.6 V. Discharge capacity (Q) can be connected with electropolymerization charge
(Qp) according to Eq. 4.6:

Q= 2i’yszryylptp (4.6)

where y is doping degree. Theoretically for y = 0.33, one chloride anion pre three pyrrole
monomer units. Hence, for the electropolymerization charge of 30 mAh, the
corresponding maximum available discharge capacity will be 4.25 mAh. More applicable

value of 3.3 mAh can be obtained using the previously determined value for y = 0.25. The
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mass of the electropolymerized polypyrrole (PPy) is related with the
electropolymerization charge, and is represented Eq. 4.9 [19]:

Qp[MM _ZM(H+)+ yMA]

m(PPy) = 2+ y)F

(4.9)

where, Mm and Ma the molar masses of the monomer unit (M = 67.1 g mol™) and the
chloride anion (M = 35.5 g mol™). For the available doping degree of y = 0.25 the mass
of the electropolymerized PPy is estimated to ~37 mg.
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Figure 4.30. Galvanostatic electropolymerization of the pyrrole with current of 48 mA

(j = 2 mA cm) onto carbon felt electrode, shown in the figure.

The discharge characteristics of the cells with the zinc anode and CF or CF-PPy
cathode for different external loads are shown in Fig. 4.31. It is obvious that CF-PPy
electrode possess much better discharge characteristics than pure CF, because dedoping
of the chloride ions and oxygen reduction reactions occurred simultaneously. For
example, at 500 Q the voltage of the Zn|CF cell was 0.6 V (I = 1.2 mA), while for the
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Zn|CF-PPy cell the voltage was ~1.1 V (I = 2.2 mA). After recording the discharge curves,
the external load was switched off and the open circuit voltages over time were recorded,
shown in the inset in Fig. 4.31. The Zn|CF cell recovered initial voltage of 1.1 V within
30 min. On the other hand, for Zn|CF-PPy much longer time of ~6 h is required for
recovery of the open circuit voltage. This can be connected with two reactions occurred
at the CF-PPy electrode, similar as in the case of corrosion reaction. First is the oxygen
reduction to the peroxide ions as cathodic reaction, and the second is the doping
(reoxidation) of the dedoped polypyrrole units in the polymer chain as anodic reaction,
partially assisted with chemical oxidation with released hydrogen peroxide ions.
Henceforth, in the interaction with molecular oxygen, PPy can recover its initial charge.
It should be mentioned that small degree of PPy reoxidation by hydrogen peroxide ions

can occur also during discharge.
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Figure 4.31. The discharge characteristics of the cells with zinc anode and CF or CF-
PPy cathode for different external load (marked in the figure) in the non-mixed air
saturated 3.5% NacCl. Inset: Dependence of the cell open circuit voltages after discharge

over time.
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Figure 4.32, shows polarization curves of the cells extrapolated from Fig. 4.31, as
well as dependence of power on applied current. Discharge characteristics of the Zn|CF
cell are limited by the low molecular oxygen concentration in the sea-water, ranging from
0.35 mM at 0°C to ~0.2 mM at 30°C, and the slow reaction kinetics [125]. Voltage above
0.6 V is obtained only at the low current density below ~0.05 mA cm, inset in Fig. 4.32.
Mixing of the electrolyte practically did not affect reaction rate, suggesting chemical rate
determining step. According to Hossain et al. [126] oxygen reduction can be described

by following reaction scheme:

GF-Q + ¢ — GF-Q (4.26)
GF-Q + 0, = GF-Q-0z (4.27)
GF-Q-O; + H,0 + e = GF-Q + HO; + OH- (4.28)

where Q in GF-Q, represents quinone-like surface active centers. The rate determining
step was probably chemisorption of molecular oxygen, Eq. 4.27, as the only chemical

step in the mechanism.
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Figure 4.32. Polarization curves of the cells extrapolated from Fig. 4.31, and
dependence of power on applied current (open symbols Zn|CF, full symbols Zn|CF-PPy

cell). Inset: polarization curves with respect on the current density.
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Much higher discharge voltage, 0.75 V, for the Zn|CF-PPy cell is obtained even
with the current density of ~0.3 mA cm, due simultaneous dedoping-doping and oxygen
reduction reaction, inset in Fig. 4.31. At the lower current densities e.g. <0.15 mA, voltage

is above 1 V.

Obtained maximum power was ~1.5 mW for Zn|CF cell at current of ~4 mA and
corresponding voltage of only 0.35 V, and ~5 mW for Zn|CF-PPy cell at current of ~8
mA and corresponding voltage of 0.7 V.

Reactions which are likely to occur during PPy discharge and reoxidation charge
can be anticipated by the following simplified reaction scheme as explained above, Egs.
4.10-4.13 in more details. During discharge at higher voltages, partial dedoping of
[PPyY*(CI")y]n is the main reaction, accompanied with hydrogen peroxide ion production
on the —Py=0 moieties:

[PPY*(CI)yln — [PPY*(CI)yJ-m)-[PPY°Im + myCI~ + mye

and:

[PPY"*(CI")y]n—Py=0 + H20 + ¢ — [PPy**(CI")y]--Py-OH + OH"

[PPYY*(CI")y]-—Py-OH + O2 — [PPy'*(CI")y]+-Py=0 + HO,

The produced hydrogen peroxide ion (HO;) is able to chemically reoxidize

partially dedoped PPy, (-[PPy?)), in the polymer chain:

[PPY*(CI)y](n-m)-[PPY°]m + myCIl~ + my HO, + myH,O — [PPy'*(CI")y]n + 3myOH"

producing better discharge characteristics. At lower voltages and higher currents, the
main reaction is dedoping of the PPy, via reaction given by the first reaction in the
reaction scheme, which gone through diffusion limitations of the counter ions. For the

better visualization, all the reaction steps are schematically shown in Fig. 4.33.
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discharge.

The advantage of the Zn|CF-PPy cell can be further used for impulse discharge-
reoxidation charge for long lasting cell operation. In order to investigate the potentiality
of the cell, the following experiments are conducted, which results are shown in Fig. 4.34.
During constant load (250 Q) discharge, the cell voltage gradually decreases to 0.6 V over
45 min with average current of 3.2 mA and capacity of ~2.4 mAh. Discharge is conducted
in air saturated, but not mixed conditions to simulate different oxygen transport, which
can occur in shallow sea-water. After voltage recovery, the discharge is conducted with
2 min under the load (250 Q), and 2 min without the load (reoxidation charge). Practically
the same discharge capacity is obtained, as in continuous discharge. Increasing the
reoxidation charge time to 5 min, the stabilization of the average discharge voltage to
~0.65 V is observed. Introducing the air in the solution (simulating mixing of the sea-
water under mild, windy conditions), an increase of the cell voltage to ~1 V is observed.
This can be explained by different oxygen reduction mechanisms: at low voltages which

corresponds67 to low PPy potentials in air saturated solutions, to mainly hydroxyl ions
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via bridge-type oxygen-carbon adsorption complexes [66,67] as explained in the
theoretical part, and mainly to the hydrogen peroxide mechanism under constant oxygen
over-pressure and higher potentials [19]. Changing the values of the external load to 100
Q or 500 Q under air mixing conditions, the stable average discharge currents of ~9 mA

and ~2.5 mA respectively, are obtained, with the average cell voltage above 0.8 V.
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Figure 4.34. Characteristics of the Zn|CF-PPy cell under continuous and pulsed
discharge. a) Constant load (100 Q) pulsed discharge under air mixing conditions with 2
min. discharge, 5 min recharge period, over time. b) Continuous discharge under air

mixing conditions with external load of 1 k Q over time.

For the pulsed discharge (2 min.) and reoxidation charge (5 min.) under constant
load of 100 Q electrode is discharged over 18 h. with the voltage above 0.8 V, Fig. 4.34a.
The corresponding average discharge current was 9 mA or ~240 mAh g* of PPy (taking
into account that PPy is the main limiting factor of the cell characteristics). The obtained

discharge capacity of the cell is 45 mAh (~1.25 Ah g of PPy) which fourteen times
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exceed available PPy dedoping capacity of 3.3 mAh estimated using the previously
determined value for y = 0.25. On the other hand, during the continuous discharge under
1 kQ load, the cell voltage was above 1 V over 50 h., Fig. 4.34b with corresponding
constant current of 1.1 mA (~30 mAh g* of PPy) and a capacity of 55 mAh (~1.5 Ah g*
of PPy).

According to the results shown in Fig. 4.34, pulsed discharge-recharge under

constant loads and two different on-off conditions are shown in Fig. 4.35.
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Figure 4.35. Pulsed discharge-recharge of Zn|CF-PPy cell for external loads of 100 Q
(discharge 2 min, recharge 10 min) and 20 Q (discharge 10 s, recharge 60 s) in air

mixed electrolyte over time.

For the conditions of 10 s discharge under the load of 20 Q, which corresponds to
high discharge rare during collected data transmission, and reoxidation charge for 60 s,
the voltage gradually decreased from 1 V to ~0.8 V over 42 h, while the average current
is ~40 mA (~1.1 A gt of PPy). The delivered capacity is in the range of 4.4 Ah g* of PPy.
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Accordingly, to the average discharge potentials of 0.8 V, right inset in Fig. 4.34, the
specific energy can be estimated to 3.5 Wh g of PPy. The estimated specific power is in
the range of 0.8 W g* of PPy.

For the conditions of 2 min. discharge under the load of 100 Q, data collecting
and storage mode, and reoxidation charge for 10 min., the average voltage of 0.9 V did
not change significantly over 60 h. The average current was ~9 mA (~240 mA g of PPy),
and the delivered capacity is in the range of 2.6 Ah g of PPy. The average discharge
potentials is ~0.9 V, left inset in Fig. 4.34, so the specific energy can be estimated to 2.3
Wh g of PPy, and specific power to ~0.23 W g* of PPy.

In both modes, estimated power and energy during the prolonged discharge and
reoxidation charge can significantly excide all the existing electrochemical power

Sources.
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4.4. Possible construction of the battery and reqired accessories

The investigated high area CF-PPy cell shows extraordinary characteristic of
specific capacity, energy and power. The cell is proposed to operate as a long lasting
power supply for different devices used in a remote sensor buoy system for monitoring
shallow marine environments in two modes. In the low discharge mode (10-20 mA g!),
it can be used for data acquisition, and at the fast discharge mode (up to 2 A g!) for
collected data transmission.

Unfortunately, the discharge voltage of the single cell, which is lower than 1V, is
insufficient to be applied as autonomy power source in the buoy systems. The required
voltages for the most electronic components and devices are from 3.3V to5V.

One possible ways is to attach four cells by serial connections, with proper
elimination of plastic leaking currents eliminators, in a single cell which schematic

presentation is shown in Fig. 4.36.
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Figure 4.36. Serial connections of four identical Zn|CF-PPy cells.
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In that way, the open circuit voltage of ~4.8 V, and discharge voltage of ~3 V can be
obtained. However, the average discharge voltage could significantly vary, depending on
the load conditions. To avoid this voltage fluctuation, the simple DC/DC converter
electronic circuit can be applied, for example LTC3225 by Linear Technology
Corporation [127].

The LT3525-3; LTC3525-3.3 and LTC3525-5 are high efficiency synchronous
step-up DC/DC converters with output disconnect that can start up with an input as low
as 1V. They offer a compact, high efficiency alternative to “charge pumps” in single cell
or dual cell alkaline or Li-ion applications. Only three small external components are
required as shown in Fig 4.37.

)

Figure 4.37. Electronic scheme for the LTC3525-3.3 (Linear Technology Corporation).

The LTC3525 is offered in fixed output voltages of 3V, 3.3V or 5V. The device
includes a 0.5 n-channel MOSFET switch and a 0.8 p-channel synchronous rectifier. Peak
switch current ranges from 150 mA to 400 mA, depending on load, providing enhanced
efficiency. Quiescent current is an ultralow 7 pA, maximizing battery life in portable
applications. Other features include <1A shutdown current, antiringing control and
thermal shutdown. The LTC3525 is available in a tiny 6-pin SC70 package. To further
save space, it requires only three external components (two small ceramic capacitors and
a small inductor). The LTC3525-3.3 and LTC3525-5 are both packaged in the 2mm x
2mm x 1mm SC70 package, and operate over an input voltage range of 0.8 Vto 4.5 V.

This flexibility makes them suitable for compact applications powered by 1 to 3
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alkaline/NiMH cells, or a single Li- ion battery. The 3.3V version can even maintain
regulation with input volt- ages exceeding the output voltage.
Hence, this circuit can be applied for DC/DC conversion of the two serially

connected Zn|CF-PPy cells.
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4. CONCLUSIONS

The electrochemically formed thin film polypyrole-air regenerative electrode in
combination with zinc anode has been tested as a potential material in the seawater based
batteries. Due to reversible doping and dedoping reaction of the polypyrrole, and the
possibility of polypyrrole reoxidation after discharge with the oxygen contained in the
electrolyte, the battery can renew its capacity. The findings also show that during short
impulse discharge-reoxidation charge with low currents e.g. ~20-100 mA g battery can
operate few days with voltage above 0.9 V. For the fast discharge, very high value of
specific power in the range of 200 to 300 mW g of PPy is reached, but the values of
specific energy is relatively low from ~1 to 30 mWh g of PPy. Specific power at low
and medium discharging rates are around 10 to 30 mW g of PPy, with much higher
specific energy up to ~200 mWh g of PPy. From this results it can be concluded that
low power high energy discharge is suitable for constant works, for example during the
sensors data acquisition mode, and high power low energy during the data transition mod.

The battery can be also be charged with an external power supply, such as Si-
photovoltaic cell, and discharged with specific discharge currents of 300 to 2000 mA g,
Based on these findings, it is proposed that Zn|PPy-air regenerative cell could be applied
as an environmentally friendly battery, in the seawater as the electrolyte. Such cell could
work as a long-term power supply for different sensor devices in two modes: In the low
discharge mode for data acquisition and at fast discharge mode for the collection of data
transmission.

The carbon felt electrode modified with polypyrrole possess improved discharge
characteristics as a cathode, in comparison with pure carbon felt, in the Zn sea water based
cell. Such behavior was explained with ability that polypyrrole can be reoxidized in the
interaction with dissolved molecular oxygen. Under the conditions of mild air mixing the
cell can operate with constant discharge current of ~30 mA g* of PPy over at least 50 h,

with the voltage above 1 V. Under pulsed discharged-reoxidation charge conditions, the
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cell can deliver specific currents in the ranges of 0.1 to 1 A g of PPy with average
discharge voltage above 0.8 V, over significant period of time. Specific discharge
capacity obtained in this work for investigated times were in the rages of few Ah g* of
PPy, suggesting that such cell with proper mass of zinc anode could be potentially
considered as at least secondary power sources, in combination with smaller Li-polymer
battery and photovoltaic panel, in the remote sensor buoy system for monitoring shallow
marine environments, for example to power microcontrollers during sleep period. Also it
should be pointed out that, proposed cell is an environmentally friendly devices which
does not contain toxic organic solvents, or highly reactive lithium compounds. Relatively
low average discharge voltage, can be increased by serial connections of three cell (2.5-
3 V) with proper elimination of leaking currents, or by using simple miniature micro-
power synchronous step-up DC/DC converters like LT3525-3 V; LTC3525-3.3 V;
LTC3525-5 V.
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M3jaBrbyjem fa je wramnaHa Beps3vja MOr LOKTOPCKOr pada MCTOBETHA EfEKTPOHCKO)
BEp3ju Kojy cam npefao/na 3a objaBrbuBawe Ha noptany OurutanHor
penosutopujyma YHuBep3uTteta y Beorpany.

[o3sorbaBam Aa ce objaBe Moju NMMYHK Nogaum Be3aHun 3a Aobujarbe akageMCcKor 3Bama
AOKTOpa Hayka, Kao LITO Cy MMe 1 NpesumMe, roguHa u Mecto pohera un gatym ogbpaHe
paga.

OBM nuyHM nogaun Mory ce o06jaBUTM Ha MpPEXHUM CTpaHuuama gurutanHe
BGubnmoTeke, y eNeKkTPOHCKOM KaTanory n 'y nybnukauvjama YumsepsauteTa y beorpaay.

MoTtnuc pokropaHaa

Y Beorpaay, 07.11.2017.
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Mpwunor 3.

UsjaBa o kopuwhemwy

Osnawhyjem YHuBepauTeTcky 6ubnuoteky ,Ceetoszap Mapkosuh® ga y OurutanHu
peno3uTopujym YHuBepsuTeTa y beorpagy yHece MoOjy OOKTOPCKY AucepTauujy nopg
HacrnoBom:

Possible application of the polypyrrole-zinc system as a sea-water battery

Koja je Moje ayTopcKo aerno.

IuncepTaumjy ca cBuM npunosmma npegao/na cam y enekTpoHckoM dopmMarty norogHom
3a TpajHO apxuBmMpa-e.

Mojy OOKTOpCKY AncepTtaumjy noxpaweHy y durntanHm penosamtopmjym YHusepauTteTta y
Beorpagy mory na kopucte CBM KOjU NowTyjy oapeabe cagpxaHe y ogabpaHom Tuny
nuueHue KpeatmeHe 3ajegHuue (Creative Commons) 3a kojy cam ce ogny4ymo/na.

1. AyTOopCTBO

2. AyTOpCTBO - HEKOMEpLUKjanHo

AyTOpCcTBO — HEKOMEpUMjanHo — 6e3 npepage

4. AyTOpCTBO — HEKOMEPLMjarHO — AeNUTN NO4 UCTMM yCrioBuma
5. AytopcTtBo — 6€e3 npepage

6. AyTOopCTBO — O€enuTu nog UCTUM ycrioBumMa

(Monumo ga 3aoKpyuTe camo jedHy O LWeCT MOHyheHuX nuueHuu, kpaTtak onuc
nuvueHUmM 4ar je Ha nonefuHu nucta).

MoTnuc pokropaHaa

Y Beorpaay, 07.11.2017.
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1. AyTtopcTBo - [lo3BOrbaBaTe YMHOXaBake, UCTPUBYLIMjY 1 jaBHO caonLluTaBake gena,
N npepage, ako ce HaBege MMe ayTopa Ha HauvH ogpeheH of cTpaHe aytopa unm
AaBaoua nuueHue, Yak n y komepuumjanHe cepxe. OBO je HajcnobogHuja of CBUX
NULEHUMN.

2. AyTopcTBO — HEekomepumjanHo. [lo3BorbaBaTte yMHOXaBake, ANCTPUOYLNjy 1 jaBHO
caonwTaBawe gena, v npepage, ako ce HaBede MMme aytopa Ha HauuH ogpeheH of
CTpaHe aytopa wunu gasaoua nuueHue. OBa nvueHUa He [03BOSfbaBa KomepuwujanHy
ynotpeby gena.

AyTopcTBO - HekomepumjanHo — 6e3 npepage. [o3BorbaBate YyMHOXaBawe,
anctpubyumnjy M jaBHO caonwiTaBakwe gena, 6e3 npomeHa, npeobrnvkoBawa Wnm
ynotpebe aena y CBOM Aeny, ako ce HaBefe MMe aytopa Ha HauuH ogpeheH of cTpaHe
aytopa unuv gasaoua nuueHue. OBa nuueHua He Jo3BOMbaBa KoMepuujanHy ynotpeby
Aena. Y ogHocy Ha cBe ocTarne nuueHLe, OBOM NMLUEHLIOM ce orpaHuyasa Hajsehu obrum
npaBa kopuwhewa gena.

4. AyTOpCTBO - HekoMepuujanHo — AenuTu NoAd WUcTuMm ycrnoBuma. [lo3BorbaBaTe
yMHOXaBak-€e, AUCTpMnbyLMjy 1 jaBHO caonwiTaBawe Aena, U npepage, ako ce HaBede
MMe ayTopa Ha HauuH ogpeheH oA cTpaHe ayTopa unv AaBaoua NULEHLE U ako ce
npepaga AMCTpuOyupa nog WCTOM MMM CNMYHOM nuueHuom. OBa nuueHua He
[103BOSbaBa komepuujanHy ynoTpeby aena u npepaga.

5. AyTtopctBo — 6e3 npepage. [Jo3BorbaBate yMHOXaBawe, OUCTPUByLMjy M jaBHO
caonwTaBake gerna, 6e3 npomeHa, npeobrnkoBawa Unn ynotpebe gena y cBom geny,
ako ce HaBede MMe ayTopa Ha HauyuH ogpeheH of CcTpaHe ayTtopa wnu gasaoua
nuueHue. OBa nuueHua 4o3BorbaBa KoMepuujanHy ynotpeby agena.

6. AyTopcTBO - JenutMm nog WCTUM YycroBuMa. [Jo3BorbaBate yMHOXaBahe,
AncTpmnbyumjy 1 jaBHO caonwiTaBake Aena, u npepage, ako ce HaBege nume aytopa Ha
HauuH oapefeH of cTpaHe ayTopa WM JaBaoua nuueHue W ako ce npepaga
anctpmbympa nog UCTOM WAM  CriMMHOM  nnvdeHuom. OBa nuueHua [03BOSbaBa
komepuujanHy ynotpeby gena v npepaga. CnuyHa je codTBEepckuM nuueHuama,
OLHOCHO Nu1LeHuama OTBOPEHOr Koaa.
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