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Abstract

Electrochemical supercapacitors (ES) have become an attractive research interest
in advanced power systems and found many applications as an energy storage device in
number of areas. The fabrication of advanced electrodes with novel materials and new
techniques plays a key part in determining the properties of ES. Conducting polymer
polypyrrole (PPY) has been found to be a promising electrode material for ES due to its

high pseudo-capacitance and good electrical conductivity.

Polypyrrole (PPY) films were successfully obtained on stainless steel substrates by
anodic electropolymerization. Anionic dopants such as 2,6-naphthalenedisulfonic acid
disodium salt (NSA), chromotropic acid disodium salt (CHR) and gallic acid were used
for the synthesis of PPY. The roles of additives in the electrodeposition process have been
discussed. The deposition was performed galvanostatically or potentiodynamically and
the electrochemical properties of PPY have been investigated and compared by using

different characterization techniques.

The comparison of the experimental data for NSA, CHR and gallic acid showed
the influence of aromatic ring and OH groups on the capacitive behaviour of PPY films.
Adherent PPY films were obtained from pyrrole solutions containing CHR as dopant. The
specific capacitance (SC) increased with increasing pyrrole and dopant concentration in
the solutions used for deposition. The PPY films prepared on stainless steel substrates by

electropolymerization are promising electrode materials for ES.
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1 Introduction

Energy consumption is one of the major challenges that our society faces in recent
days. An ideal energy storage device should provide high energy in short time i.e. high
power density and also store and deliver large amount of energy i.e. high energy density.
Among all other energy storage devices, electrochemical supercapacitors (ES) exhibit
higher power density than batteries and solar cells and higher energy density than

conventional capacitors because of unique charge storage mechanisms.

On the basis of charge storage mechanisms, ES can be categorized into two types,
(i) electrochemical double-layer capacitors in which the capacitance evolves from the
charge separation at the electrode and electrolyte interface and (ii) pseudocapacitors
which utilize the charge transfer pseudo-capacitance arising from reversible Faradaic
reaction occurring at the electrode surface. Hence the electrode material is an important
aspect in the capacitive behaviour of ES. The common electrode materials which gained
interest recently are high surface area carbon, transition metal oxides and conducting

polymers.

Conducting polymers attracted much attention as electrode materials because of
their high electrical conductivity which reduces the internal resistance and high pseudo-
capacitance. Polypyrrole (PPY) is a promising conducting polymer for electrochemical
energy storage because of its high capacitance and good chemical stability. High

flexibility and ease fabrication are important advantages of PPY films.
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In this research, electrochemical polymerization method has been developed for
the fabrication of PPY films on stainless steel substrates. The new approach is based on
the use of new anionic additives, which prevented the substrate dissolution during
electropolymerization, reduced the electropolymerization potential and provided charge
compensation during electropolymerization. It is an attractive method because the
polymerization of pyrrole and deposition of a film on a metal substrate happens in a
single step, which restricts the dissolution of metal during the process. PPY films were
deposited on the metal stainless steel substrates in an easy way from the solution
containing pyrrole and anionic additives. Anionic additives play a vital role in the
fabrication of PPY films with desired microstructure, morphology, physical and
electrochemical properties. Gallic acid and chromotropic acid disodium salt dihydrate
(CHR) were chosen as the anionic additives to deposit PPY films on stainless steel
substrates. The influence of OH groups of these additives on their adsorption on stainless
steel and electrochemical behaviour was observed. Uniform PPY films were obtained on
the low cost stainless steel substrates. The film showed good capacitive behaviour which
was investigated by several electrochemical techniques. The PPY films deposited on
stainless steel substrates are promising materials for application in ES using low cost

stainless steel current collectors.
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2 Literature Review

2.1 Energy storage requirement

As the depletion of fossil fuels increased, the consumption of fossil fuels caused
harmful effects on environment. The attention of researchers is focused on the use of
renewable and clean energy sources which can be an alternative for fossil fuels [1].
Various devices are under development for storing energy, such as batteries, conventional

capacitors, fuel cells etc. ES have gained more interest in recent days.

2.2 Advantages of supercapacitors compared to other energy storage devices

Energy storage devices such as conventional capacitors, batteries, fuel cells, ES
have their unique energy storage mechanisms. The charge/discharge behaviour and
performance are determined by the way they store energy. In conventional capacitors,
energy is stored electrostatically as positive and negative charges on the plates [2]. In
batteries, the storage comes as a result of net chemical reaction between electrode and
electrolyte [3]. In fuel cells, the storage is based on the oxidation reaction that occurs at
the catalytic electrodes [4]. In case of ES, storage is achieved as the result of Faradic

electrosorption or redox reaction at the electrodes [2].

The performance of an energy storage device is determined by two key
parameters, (i) energy density, which is the amount of energy stored per unit mass and

can be expressed by the equation:
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2 (2-1)

where, C is the specific capacitance. V is the voltage. (ii) Power density which is the

amount of energy delivered per unit mass and can be expressed by the equation:

Prax = ﬁ Vi2
° (2-2)

Where R is the equivalent series resistance (ESR) and V; is the initial voltage. Based on
the power and energy density, the performance of the energy storage devices can be

expressed by Ragone plot as shown in Figure 2-1.

It can be noted that the batteries and fuel cells can provide very high energy
density, but with very low power density. Meanwhile, the conventional capacitors
although possess high power density, couldn’t offer high energy density to meet

requirement for long duration applications.

Due to the large surface area of the electrodes in ES compared to conventional
capacitors, ES exhibit higher energy density than that of conventional capacitors. ES
exhibits high power density compared to batteries and fuel cells. Since the electrode of
ES doesn’t undergo any chemical phase and composition change during the charge/
discharge process, ES shows high cyclic stability and reversibility when compared to
batteries and fuel cells. Also ES can be used in temperature range of -30° C to + 60° C

but the batteries can be operated in narrow temperature range [6].



M.A.Sc Thesis D.K. Ariyanayagam
McMaster University Materials Science and Engineering

10,000,000

1,000,000

=
= 100,000
%
§ 10.000
o
£
3 1,000
o
o
@ 100
Batteries
10
: | |
0.01 0.1 1 10 100 1,000 10,000
Specific Energy Whikg

Figure 2-1 Ragone plot of various energy storage devices [5].

----- Capacitor

Figure 2-2 Discharge characteristics of battery, electrostatic capacitor and ES [15].
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Figure 2-2 shows the comparison of constant current discharge curves of battery,
electrostatic capacitor and ES. For battery, the voltage keeps in constant and hence
exhibits a discharge plateau in the curve. Linear decrease of voltage with discharge time
was observed for capacitor and ES. However, conventional capacitors exhibit better
charge-discharge behaviour than that of ES. At constant current, there is a linear
relationship between voltage and time of discharge for the ES [15].

The key factor that restricts the ES to be used in the market is relatively high
capital cost. The need for high energy density is another limitation. Therefore, there is a
high demand in fabricating high power and energy density ES using economically

reasonable methods [7].

2.3 Applications

The applications of ES can be categorized into three types, such as energy back
up, main and alternating power sources [8]. In case of energy back up applications, ES are
connected parallel with a main power source such as battery. So despite of power outages
due to turn-off of main power source, voltage drop, contact problems, shock etc., the
supercapacitors can still provide energy to the system. This is where the largest part of
supercapacitors is used in commercial market to act as back-up sources for memories,

microcomputers, system boards and clocks.

As a result of significant increase in energy and power densities due to recent
research, supercapacitors can also be used as main power source in various applications

such as small portable electronics, transportation and industrial equipment. In case of
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electric vehicles, supercapacitors serve as an ideal power source as they can provide high
energy efficiency, high power density and ability to recover the energy loss during
braking [9,10]. Although batteries and fuel cells serve as energy storage devices for these
electric vehicles, they lag in providing power in short time for acceleration and hill
climbing. Since supercapacitors have the ability of fast charge/discharge and provide
regenerative braking which reduces 15% of fuel consumption [11], they are combined

with batteries or fuel cells to meet the above requirement.
2.4  Energy storage mechanisms
2.4.1 Electrochemical double layer capacitors

An electrochemical double layer capacitor (EDLC) has two electrodes immersed
in an electrolyte with a separator between the electrodes. Electric charge is accumulated
electrostatically on either side of the electrode/electrolyte interface which leads to the

formation of electrical double layer [2,3,12].
The capacitance of EDLC can be calculated by the equation:

C = €,6A
dl d (2-3)

where g, is the relative dielectric constant in the double layer, € is the permittivity of free

space, A is the surface area of the electrode and d is the thickness of the double layer.



M.A.Sc Thesis

D.K. Ariyanayagam
McMaster University Materials Science and Engineering

Collector Polarizing Electrodes

=

S ©® |
30 1 o

(=) Electrolyte l/Seperator

. 1 —

Collector

Figure 2-3 Schematic diagram of Electrochemical Double Layer Capacitor [49].

The thickness of the double layer which is in angstrom scale is relatively smaller
than the distance of separation between the plates in conventional capacitors which is
usually in micrometer scale. When high surface area materials are used as electrodes, the
capacitance value of EDLC can be increased by several orders of magnitude, compared to
conventional capacitors [2,13]. Since there is no charge transfer occurs across the
interface during the charge storage process (non-Faradaic), there is no chemical or
compositional change takes place in the system. Therefore a very high degree of

reversibility in repetitive charge/discharge process and long cycle life can be attained in

EDLC [3].
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2.4.2 Pseudo-capacitors

In pseudo-capacitors energy storage is mainly because of the fast and reversible
reactions occurring on the electrode surface [2]. The important processes that are
responsible for the pseudo-capacitance are: (i) surface adsorption of ions from the
electrolyte, (ii) redox reactions involving ions from the electrolyte and (iii) doping and
undoping of active conducting polymers in the electrode [12]. The surface area of the
electrode plays a vital role in the first two of above processes, whereas the third process
which involves conducting polymer is less dependent on surface area as it is a bulk
process. However, high surface area with micro-pores promotes the ion access to the

electrode material [12]. The pseudo-capacitance can be expressed by the equation:

C _ Qtot
Vtot (2-4)

Where Q. Is the total charge and Vi is the voltage change for a charge or discharge of

the electrode.

In a supercapacitor system, both the storage mechanism of EDLC and pseudo-
capacitor are observed simultaneously even though one of them dominates over the other
[14]. The capacitance of the pseudo-capacitors is 10-100 times higher than that of a
carbon double layer capacitor [13]. The comparison of EDLC and pseudo-capacitor is

shown in the table [15].



M.A.Sc Thesis D.K. Ariyanayagam
McMaster University Materials Science and Engineering

Table 2-1 EDLC and pseudo-capacitance compared [15].

Double-layer capacitance Pseudo-capacitance
1 | Non Faradaic Involves Faradaic process
2000 pF cm™ for single-state process; 200—
2 | 20-50 UF cm 500 F cm? for multi-state, overlapping

processes

C fairly constant with potential,
3 | except through the point of zero
charge (p.z.c.)

C fairly constant with potential for RuO,; for
single-state  process,  exhibits  marked
maximum

Quite reversible but has intrinsic electrode-
kinetic rate limitation determined by potential-
dependent faradaic leakage resistance (Ry).

4 | Highly reversible
charging/discharging

Has restricted voltage range (in

> | contrast to non-electrochemical | Has restricted voltage range
electrostatic capacitor)
6 | Exhibits mirror-image

Exhibits mirror-image voltammograms
voltammograms

2.4.3 Hybrid systems

Hybrid capacitors combine Faradaic and non-Faradaic process to store charge.
They improve the merits and minimize the demerits that exist in EDLCs and pseudo-
capacitors. Therefore, high energy and power densities than those for EDLCs can be
attained with better cyclic stability and affordability than those of pseudo-capacitors [16].
The combined utilization of double layer electrode along with pseudocapacitance
electrode which are charged in two different modes is the principle behind the hybrid

system. The higher maximum operating voltage and the lower equivalent series

10
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resistance are additional beneficial factors which significantly improve the performance

of supercapacitors.

2.5 Electrode Materials

On the basis of electrode materials used, ES can be classified into three types, (i)

high specific area materials which utilise double layer capacitance, (ii) redox pseudo-

capacitive materials and (iii) composite materials. Figure 2-4 shows various electrode

materials used under each category.

Electrode materials for supercapacitors

Materials utilise double- Materials utilise Composites that comhine double-layer
laver capacitance psuedocapacitance and pseudocapacitance
Various carbon Various carhon
Carbon| | Carbon | [Activated| | Carbon Metal| [Conducting materials & materials &
fibres | [aerogels| | carbons | [nanotubes| foxides| | polvmers metal oxides conducting polymers

Figure 2-4 Taxonomy of the supercapacitor materials [24].

11
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2.5.1 High Specific Surface Area Materials

Carbon materials in different forms such as carbon fibres, carbon aerogels,
activated carbons and carbon nanotubes are most commonly used high specific area
electrode materials for ES. These materials exhibit various attractive physical and
chemical properties such as high conductivity, high surface area, high temperature
stability, good corrosion resistance, high porosity, easy processability and good

compatibility in composite materials and relatively low cost [3].
2.5.1.1 Carbon blacks

Carbon blacks are commonly used as the filling materials in electrodes of battery
and supercapacitors [102]. Carbon blacks particles are spherical of colloidal size. Carbon
blacks are prepared by partial combustion or thermal decomposition of hydrocarbons in
the gas phase [103,104]. Carbon blacks have comparatively more accessible surface than
other forms of high surface area carbons. High conductivity, high porosity, small particle
size and chemically clean surface are attractive properties of carbon blacks. Optimum
loading of carbon blacks in EDLC, increases conductivity and surface area which
improves the performance of EDLC [3]. The specific capacitance of carbon blacks EDLC
is about 250 Fg™? [105]. Cyclic voltammogram of EDLC containing carbon blacks is

shown in Figure 2-5.

Carbon blacks have low compact density. For the fabrication of stable electrode,

high concentration of binder is required which increases the electrical resistance.
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Figure 2-5 CV window of carbon blacks as electrode material for EDLC at potential

range (1) from -0.5V to +0.5V and (2) from -0.3V to +0.7V [107].

2.5.1.2 Carbon fibres

Activated carbon fibres are attractive electrode materials for EDLCs since
adsorption capacities and adsorption rates of high magnitude can be achieved. The
manufacturing process and precursor determine the quality of carbon fibres. The carbon
fibres are produced from thermosetting organic materials such as cellulose, phenolic
resins, polyacrylonitrile and pitch-based materials. The carbon fibres are prepared by the
extrusion process of precursor material through a die or spinnerets and then drawing of

the extrudant into thin fibres, which are activated in an oxidising environment. The
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diameter of these activated carbon fibres will be in the range of 10 um. Good accessibility
to active sites is provided by the pores that are largely situated at the surface of the fibre.
High adsorption capacities and adsorption rates are exhibited by activated carbon fibres.
Carbon fibres are woven into carbon clothes and used as electrode materials [106]. Cyclic
voltammogram of activated carbon fibres is shown in Figure 2-6, demonstrates excellent

capacitive behaviour.
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Figure 2-6 CV curves for activated carbon fibres in 1M NaNO3 at (1) 5 mVs™, (2) 15
mVs?, (3) 25 mVs™, (4) 40 mVs™and (5) 50 mVs™ [106].
Since carbon clothes possess high surface area, high capacitance has been

observed. The contact resistance between the individual fibres is high and the cost of
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activated carbon fibres is relatively high compared to the other carbon powder products

[17].
2.5.1.3 Activated carbons

Activated carbons are produced by thermal or chemical treatment of carbonaceous
materials in order to increase their surface area. The porous structure of the activated
carbon consists of micropores (diameter < 2 nm), mesopores (diameter from 2 — 50 nm)
and macropores (diameter > 50 nm) as represented in the Figure 2-7. Empirical evidence
suggests that not all of the high surface area contributes to the capacitance although it is
directly proportional to surface area. Smaller micropores cannot support the diffusion of
electrolyte ions into them, hence preventing the contribution of some pores for charge
storage [3]. Activated carbon is widely used in EDLCs as it is less expensive than other

carbon based materials.

Mesopores

(2-50nm)

Macrospores

/ (>50nm)

Microspores

(<2nm)

Figure 2-7 Schematic diagram of the pore size network of an activated carbon [25].
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2.5.1.4 Carbon aerogels

Carbon aerogels are produced by the pyrolysis of organic aerogels and
synthesized by the poly-condensation of resorcinol and formaldehyde and subsequent
pyrolysis [17]. Carbon aerogels exhibit good electrical conductivity, high surface area,
high density and uniformity in pore size between 2 — 50 nm. They can also be produced
as monoliths, composites, thin films, powders or micro-spheres. By means of different
activation methods such as thermal activation, electrochemical activation and chemical
vapour impregnation, the surface area of aerogels can be increased [3, 17, 18]. Carbon
aerogels produced by polycondensation of resorcinol with formaldehyde and sodium

carbonate as catalyst, provided specific capacitance of 110 F g™ [108].
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Figure 2-8 Cyclic voltammogram of carbon aerogel electrodes with different

resorcinol(R)/catalyst(C) ratio [108].
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2.5.1.5 Carbon nanotubes

Carbon nanotubes (CNTs) are produced by catalytic decomposition of
hydrocarbons. Based on the nanoscale tubular morphology, CNTSs are categorized into (i)
single-walled CNTs (SWNTs) and (ii) multi-walled CNTs (MWNTs) [19, 20]. The
surface area of CNTs is relatively smaller than that of activated carbons, the specific
capacitance was found to be from 15 to 80 Fg™. CNT shows ideal capacitive behaviour in
cyclic voltammetry as shown in the Figure 2-10 [109]. The surface texture of CNTs can
be altered and additional functionality can be included by means of oxidative treatment,
the specific capacitance can be increased to 130 F g [21,22]. On further chemical

activation with potassium hydroxide, the capacitance can be increased twice than that of

regular CNTs [23].

Figure 2-9 Schematic diagrams of (A) SWCNT and (B) MWCNT [26].
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Figure 2-10 Voltammetry characteristics of a capacitor built from carbon nanotubes
obtained by decomposition of acetylene at 700° C on Co/SiO, 6M KOH, 1 mV/s
[109].

Since CNTSs possess unique pore structure characteristics like high strength, good
electrical conductivity, electrolyte accessibility, chemical and thermal stability, they are

considered as promising electrode materials for ES.
2.5.2 Pseudocapacitive materials

Fast reversible redox reactions occurring at the surface make the pseudocapacitive
materials such as transition metal oxides and conducting polymers as promising electrode
materials for ES. Specific capacitance of these materials is significantly larger than that of

the carbon materials.
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2.5.2.1 Transition metal oxides

Metal oxides such as RuO;, NiO, Co304, MO, etc. have been widely investigated
for electrode materials for ES because they possess high specific capacitance at low
resistance. Capacitive behaviour of some metal oxide materials is discussed in the

following sections.
2.5.2.1.1 Ruthenium oxide

Using the fast and reversible electron transfer accompanied by an electro-
adsorption of proton on the surface, ruthenium oxide achieves a high capacitance in acidic
environment. The redox reaction occurring at the surface of the material can be expressed

as [27]:
RuO, + xH* + xe™ & Ru0,_,(OH), (2-5)

High energy and power densities are achieved when RuO; is used as an electrode
material because of its low equivalent series resistance (ESR). RuO, provides high
conductivity, long cycle life and good electrochemical reversibility [28-33]. Cyclic
voltammogram of RuO, exhibits mirror-image (Fig 2-11) [34], indicating ideal capacitive
behaviour. The specific capacitance of hydrous RuO, in sulphuric acid was 750 Fg*

which is much higher than that for anhydrous RuO; [27]. Besides these advantages, the

utilisation of RuO; as electrode material is limited due to its high cost.
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Figure 2-11 Cyclic voltammogram of ruthenium oxide [34].

2.5.2.1.2 Cobalt oxide

Cobalt oxide is considered as a promising electrode material for ES. The charge

storage mechanism can be expressed as [35]:
Co3;04 + H,0 + OH™ < 3CoOO0H + e~ (2-6)

The above mechanism varies with the heat treatment temperature of cobalt oxide as it
undergoes phase changes [36]. Cobalt oxide electrodes possess a capacitance value of 164
F g*. Since cobalt oxide materials show capacitive behaviour in negative voltage range
[36,37], they can be coupled with other oxide materials as positive electrode in devices

with asymmetric electrode design.
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Figure 2-12 Cyclic voltammogram of cobalt oxide [37].

2.5.2.1.3 Nickel oxide

Nickel oxides films are produced by sol-gel techniques for electrode materials for
ES [38]. Specific capacitance of about 256 F g™ is obtained. Electrochemical precipitation
techniques were developed to prepare nickel oxide films. They are relatively cheaper and
more controllable than sol-gel techniques [39]. Charge storage mechanism of nickel oxide

can be expressed as [40]:
NiO + OH™ & NiOOH + e~ (2-7)

The major disadvantages of nickel oxide films are (i) they exhibit low
capacitance, (ii) voltage window is small and (iii) cyclic voltammogram shows that the
current-potential response is potential dependent (Figure 2-13) [40] which is in converse

to the behaviour of ideal capacitor.
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Figure 2-13 Cyclic voltammogram of nickel oxide [40].

2.5.2.1.4 Manganese oxide

Manganese oxides are attractive electrode materials for ES because they are

inexpensive, possess excellent electrochemical properties and hence they are
environmentally friendly compared to other transition metal oxides. Manganese oxide
electrodes can be prepared by electrochemical deposition [42], precipitation method [43]
or sol-gel route [44]. The charge storage mechanism of manganese dioxide can be

expressed as [41]:
MnO, + xC* +yH" + (x + y)e~™ & MnOOC,H, (2-8)

Surface adsorption of cations C* in the electrolyte and incorporation of proton
forms the basis of storage mechanism. Manganese oxides exhibit ideal capacitive

behaviour in cyclic voltammetry as shown in the Fig 2-14 [48].
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Figure 2-14 Cyclic voltammogram of manganese oxide [48].

2.5.2.2 Conducting polymers (CP)

Conducting polymers such as Polypyrrole (PPY), Polyaniline (PAn), Poly (3,4-
ethyelenedioxythiophene) (PEDOT), Polythiophene (PTh), and Poly (p-phenylene
vinylene) (PPV) are considered as promising electrode materials for ES applications. The
presence of overlapping m-conjugated polymer chains in the backbone increases the
electrical conductivity. They possess high capacitance as the charging takes place over
the whole bulk volume, low equivalent series resistance and higher conductivity than
carbon-based electrode materials. They are relatively inexpensive and more
environmentally friendly than transition metal oxide materials. The charging mechanism
of conducting polymer is expressed in Figure 2-15 [45]. The electronic charge is injected
into the polymer chain and the ionic charge transfer into the polymer matrix provides the

charge neutrality [46]. There are two types of charging process, (i) p-doping and (ii) n-
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doping. P-dopable polymers gained much attention because of their cycling stability
compared to cycling degradation of n-dopable polymers [47]. The nature of dopant ions
greatly influences the electrochemical and mechanical properties of the conducting
polymer film. Other factors such as nature of monomers, electrolyte, pH of solution, the
substrate, the deposition condition also plays significant role in determining the

capacitance value of the conducting polymer film [48].
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Figure 2-15 Charge storage mechanism of conducting polymer electrodes, (a) p-type

and (b) n-type [45].

Besides various attractive properties, utilisation of conducting polymers as

electrode materials was limited due to their lower cyclic stability compared to other
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electrode materials. Due to the degradation caused by over-oxidation, the working

potential range of the conducting polymer electrode is limited.

2.5.2.2.1 Properties of Conducting Polymers

Figure 2-16 shows the chemical structures of some of the common conducting
polymers [93]. Based on the chemical structures, conducting polymers exists in different

forms, which are aromatic, heterocyclic, benzenoid, or nonbenzenoid.

Electrical conductivity of organic polymer film at the electrode surface is due to
the oxidation or reduction of these molecules. Three groups of polymers have been
studied at present. They are (i) Polyacetylene (PA) which is a linear type polymer with
simple structure, (ii) PPY and PTh which are polyheterocyclic polymers and (iii) Poly(p-
phenylene) (PPP) and Poly (p-phenylene vinylene) (PPV) which are polyaromatic

conducting polymers.

Conducting polymers are electrically conductive due to their extensively =-
conjugated backbone. The degree of conductivity is influenced by the density and
mobility of electrons. The nature of charge carriers such as solitons, polarons and
bipolarons and the conjugation length also contributes the conductivity of conducting
polymers [94]. Solitons, polarons and bipolarons are considered to be the main source of
the charge carriers in conjugated polymers. However, electronic conduction mechanisms

and the charge carriers generation are still under research.
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Figure 2-16 Chemical structure of common conducting polymers [93].

Based on quantum chemical theory and polymer science, various theoretical
models have been proposed [93, 96-98]. The movement of charge carriers between
localized sites or between solitons, polaron or bipolaron states are considered as the main
mechanism. Conductivity is due to the charge transfer along the chain or between the
different conjugated segments (domains) in the same chain. The electron hopping
between different chains also results in the conductivity of the polymer. It was stated that
the structural defects in the polymer backbone causes alternating change in single and
double bonds. The degeneracy in PA or non-degeneracy in PPY and other conducting
polymers of the ground state attributes to the structural defects. The possible structure of
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PPy in non-degenerate configuration ((a) aromatic and (b) quinoid) and charge carrier

defects ((c) polaron and (d) bipolaron), as shown in Figure 2-17 [96].
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Figure 2-17 Non-degenerate ground state configurations and charge carrier defects
of PPY [98].

The conjugated polymers in their undoped, pristine state are semiconductors or
insulators. Undoped conjugated polymers, such as, polyacetylenes have a low electrical
conductivity. But heavily iodine-doped polyacetylene exhibit a high conductivity value
[99]. The conductivity of doped polymer depends on the nature of dopants or oxidants as

well the doping temperature and the doping procedure [99-101].

Generally, there are two distinct types of stability of conducting polymers, (i)
extrinsic stability and (ii) intrinsic stability. Extrinsic stability is related to vulnerability to
external environmental agents such as oxygen, water which can attack the charged sites of

polymers by the nature of nucleophilicity and electrophilicity. In ambient atmosphere, for
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example, polyheterocyclic polymers, such as PPY and PTh exhibit much higher stability
than does PA when exposed to the oxygen while PTh is more sensitive to water than is
PPY [102]. Intrinsic stability of CPs is thermodynamic in origin. The degradation of CPs
is likely due to the irreversible chemical reaction with main chain dopants or counter ions,
leading to a break of conjugation and the loss of conductivity. The nature of dopants or
counter-ions with respect to different polymers is the key factor affecting the conduction
stability [103], under systematically controlled environmental and thermal conditions.
The conduction stability of PPY was found to be significantly better than that of the
poly(3-alkylthiophenes). PPY doped with arylsulfonates were found to exhibit excellent
stability in inert atmospheres but were slightly less stable in the presence of dry or humid
air. PPY samples doped with the tosylate anion were found to be the most stable, while
PPY doped with longer side chain substituted benzenesulfonates exhibited poorer

stability.

The conjugated polymer backbone in the doped form attributes to the electrical
conductivity of polymers. But the resulting conducting polymers are insoluble, infusible
and intractable. Processing of conducting polymers are difficult. Processing problems can
be solved by modifying the structure of the polymer by attaching long flexible side
groups to some separated monomers along the conjugated back bone. An example is co-
polymer poly(3-octythiophene-co-3-methylthephene) (POTMT) [104]. Another approach
is to deposit the polymer in desired shape and form. For example, PAn/poly (sulfonated
styrene) (PSS) nanofiber composites were prepared by the interfacial method [105]. PANI

nanofibers in the presence of sulfonated polystyrene allows for the growth of PANI 2-D
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nanostructures embedded in the polymerized sulfonated host. Some alignment of the
aniline monomer onto the anionic dopant is suggested to be involved in the growth

mechanism.

The reversible redox reaction which switches between an insulating state and
conductive state is the unique electroactive behaviour of conducting polymer films. The
process involves electron transitions and mass transport of ions and solvents unlike other
redox system. For example, the oxidation of pyrrole yields a charged polymer film with
incorporated anions; the pyrrole units are positively charged and compensated by
incorporated anions. When negative potential is applied, the anions are expelled and the
film obtains electrons to reduce to its neutral state. Conversely, when positive potential is
applied, the anions are inserted into the film and the pyrrole units lose electrons and

transform to an oxidized state.

The dopant anion of small size can be exchanged with electrolyte anions during
potential sweeping. During the reduction of the polymer, the immobilized polymeric
dopants or large surfactant anions are not released. Therefore, the charge balance in the
film is maintained. The electrolyte cations are incoprporated into the PPy matrix. Hence,

the cation transport is involved in the electrochemistry of PPy/polyanions film [107,108].

2.5.2.3 Composite materials

The objective of the development of composite material electrodes is to combine

the attractive properties of the individual materials into a single electrode. Composite
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materials comprise two or more materials that are discussed earlier. When high surface
area carbon based materials combined with redox pseudocapacitive materials, the overall
capacitance is significantly larger because of the combination of double layer capacitance

and pseudocapacitance.

2.5.2.3.1 CNT-CP Composites

In the study of Sahoo [49] et al., CNT and polymer composites showed high
mechanical strength and reduced degradation of the film after repeated cycles. The CNT-
PPY composite exhibited improved electrochemical performance. The electrochemical
capacitance of CNT-PPY composite was 6 times higher than that of pure PPY in organic
electrolyte [50]. The cyclic voltammograms (Figure 2-18) showed improved capacitive
behaviour of CNT-PPY composites compared to the pure PPY. It was also reported that
CNT reinforcement of PPY reduced the swelling and shrinkage of PPY during charge-

discharge process.
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Figure 2-18 Cyclic voltammograms of pure PPY and PPY-CNT composite at scan

rate of 20 mV/s [50].

2.5.2.3.2 Metal oxide — CP composites

In the study of Zhang [51] et al., synthesis of PPY-MnO, composite was carried
out by delamination/reassembling process. The results showed that PPY-MnO, composite
showed much higher conductivity (about 4-5 orders of magnitude) than that of pristine
manganese oxide at room temperature. The improved capacitive behaviour of the
composite can be clearly seen from the cyclic voltammograms presented in the Figure 2-
19. The combined effect of high conductivity of composite and high specific capacitance
of PPY resulted in the improved specific capacitance of PPY-MnO, composite than that

of pristine manganese oxide.
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Figure 2-19 Cyclic voltammograms of PPY, MnO, and PPY-MnO; at a scan rate of

5 mV/s [51].

2.6 Electrolytes

The properties of electrolytes play a vital role in the electrochemical behaviour of
ES. The power density of ES is controlled by the resistance of the electrolyte. The energy
density of ES is governed by the operating voltage which is restricted by the breakdown
potential of the electrolyte. There are three different types of electrolytes used in ES: (i)

aqueous, (i) organic and (iii) ionic.
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Table 2-2 Comparison of aqueous electrolyte and organic electrolyte [56].

Aqueous Electrolytes

Organic Electrolytes

Unit cell voltage is limited to typically 1V

which reduces the energy density.

Unit cell voltage is above 2V which results

in comparatively high energy density.

Low specific resistance and hence high

power density can be achieved.

Specific resistance higher than that of
aqueous electrolyte by a factor of at least

20 resulting in low power density.

Purification and drying process are less

stringent comparatively.

Requires very stringent purification and
drying process during production otherwise
formation of H, and O, occurs on charging
and subsequent recombination reactions

leads to self-discharge.

Less expensive.

Relatively more expensive.

2.6.1 Aqueous Electrolytes

The most commonly used aqueous electrolytes for ES are acid and alkaline

electrolytes. High conductivity and mechanism of proton transport of acid and alkaline

electrolytes are the attractive properties for application of ES. In aqueous electrolyte, the

proton with high mobility and small size chemisorbs to a single oxide ion. High
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concentration of electrolytes enables to reduce the ESR and improve the conductivity.
Concentrated sulphuric acid is used as electrolytes for RuO; electrodes which avoids
electrolyte depletion problems during charging [34,52]. The use of concentrated acids
results in harmful effects to environment and increases the corrosiveness of the electrode.
Also the unit cell voltage is limited to 1V which results in low energy density. Mild
potassium chloride aqueous electrolyte is also used for MnO; electrodes for ES [53].

Sodium chloride is another most widely used aqueous electrolyte for ES [54,55].

2.6.2 Organic Electrolytes

Organic electrolytes are mostly based on acetonitrile or propylene carbonates
which allow operating ES in the voltage range of 2 — 2.5V. Therefore, higher energy
density can be achieved than that of when aqueous electrolyte is used. The solubility of
salts in organic solvents is relatively low. Organic electrolytes possess higher resistivity
than concentrated aqueous electrolytes. Because of large size of the organic molecules,
the requirement of the pore size of the electrode is greater [12]. Hence the power density
of ES is greatly reduced. Tetraethyl ammonium salts have been considered as suitable

electrolyte because of their good solubility and conductivity in organic solvents [56].
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2.6.3 lonic electrolytes

lonic electrolytes are composed of bulky organic cations and different anions.
They enable to increase the voltage range of ES. lonic liquid has no solvent molecules
like other electrolytes which dissolves salts in molecular solvents. At room temperature,
they are generally liquid with high thermal and electrochemical stability. They possess

negligible vapour pressure.

ES with ionic electrolytes exhibits high energy and power density since the
operating voltage is increased to 3.4V [56]. The commercial usage of ionic electrolytes in

ES is limited because of high cost.

2.7 Fabrication of CP Electrodes

Depending on the type of doping (n-type or p-type), CPs are classified as cationic
or anionic salts of highly conjugated polymers. Cationic polymers are most commonly
used for ES applications. They can be synthesised by simultaneous oxidation and
polymerization from their respective monomers. Chemical polymerization and
electrochemical polymerization are most commonly used methods for synthesis of CPs

[57,58].

2.7.1 Chemical Polymerization

Chemical synthesis is the appropriate method for mass production of CPs. In this
method, CPs is obtained in the form of powdery bulk materials in fast and simple process.
Chemical oxidants are used for synthesis of PPY. The properties of final product are
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determined by various factors such as nature of oxidants, concentration ratio of oxidant to
monomer, temperature of reaction, nature and concentration of solution components.
Chemical polymerization of PPY is carried out using various oxidants such as cerium(1V)
sulphate [60]. High conducting PPY films are synthesised when pyrrole reacted with
copper(Il) perchlorate in acetonitrile solution [61]. Iron(ll1) chloride is most commonly
used to synthesis PPY in its oxidized form. In this method, oxidization of pyrrole takes
place resulting in the formation of cation radicals. The formed cation radicals react with
monomers forming dimers. This chain continues and ends with the formation of final

product PPY polymer.

2.7.2 Electrochemical Polymerization

Diaz’s mechanism [62] is most commonly used to explain electropolymerization.
The mechanism of electrochemical polymerization is similar to that of chemical
synthesis. The chemical oxidants are not used in electrochemical polymerization. The
reaction mechanism is described as electron transfer, which is followed by successive

chemical reactions. The mechanism is explained in Figure 2-20.

Electropolymerization does not give neutral non-conducting PPY but its oxidized
(doped) form. Anion and electron transport are essential for PPY film formation. In the
Figure 2-20, A’ is the counter anion incorporated during polymerization to maintain the
charge balance in the polymer backbone. Depending on the type and the charge of the
dopant ion, the value n was determined to be 2.2-2.4. The doping level is usually between

0.2-0.3 for PPY, corresponding to one charge compensated by 3-4 pyrrole units to
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achieve electro neutrality [63]. Obtained PPY film consists of 65% polymer and 35%

anion by weight.

Electrochemical polymerization is a facile way for synthesis of polymer films.
Properties of the films are controlled by polymerization parameters such as potential,

current density, electrolyte, concentration of monomer, nature of substrate, solvent, etc.
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H H H H
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Trimer,Oligomers

IieN

Figure 2-20 Mechanism of electropolymerization of PPY [62].
Various advantages and disadvantages of chemical and electrochemical

polymerization are expressed in Table 2-3 [59].
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Table 2-3 Comparison of chemical and electrochemical polymerization [59].

Polymerization

polymerization

modification of bulk CP
possible.

More options to modify
CP backbone covalently.

Advantages Disadvantages
approach
e Large-sale  production
possible.
Chemical e Post-covalent Synthesis more

complicated.
Can not make thin films.

Electrochemical
polymerization

Thin  film  synthesis
possible.
Ease and better control of
synthesis.

Entrapment of molecules
in CP.

Simutaneous
polymerization and film
formation.

Post-covalent modification
of bulk of CP is difficult.

2.7.3 Effect of solvent

Solvents have significant influence on the morphology and conductivity of the

film. They must be chemically inert to monomers and electrodes. Nucleophilic properties

of the solvent determine the conductivity which was represented by donor number (DN).

The conductivity of PPY films is inversely proportional to the DN value of the solvents

[65]. Therefore, aprotic solvents which have poor nucleophilic character, such as

acetonitrile, are used in common. Dimethy sulfoxide which is a nucleophilic solvent,

prevents the formation of polymer. Although PPY can be synthesised from organic and

aqueous solutions, the conductivity is found to be higher in aqueous solutions than in
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acetonitrile solution [66]. PPY is one of the few heterocycles that can be prepared in
aqueous solutions. Compared to other heterocyclic monomers, the oxidation of pyrrole
can be achieved at relatively low potential (0.8V vs. SCE), which is also lower than the

decomposition potential of water.

2.7.4 Effect of dopant ions

The inorganic and organic anions incorporated into the polymer affect the redox
behaviour, morphology and electric conductivity of the PPY film during synthesis. The
behaviours of different anions like CI', Br, NOs, CIO, indicated that the size and
mobility of the anion greatly affects the redox activity of PPY film [67]. The effect of
dopants on the kinetic formation and the electrochemical behaviour of PPY film have
been studied, the results showed that the dopants had a strong influence on the

electropolymerization process of polymer films [68].

2.7.5 Effect of pH

The pH has influence on reactivity, stability, conductivity and electrochemical
activity of PPY. At low pH, electropolymerization is greatly favoured but the films
showed low conductivity [69]. The adhesive strength of PPY film on steel substrate was
poor at high pH , the film exhibited high adhesion when the pH of the solutions was

below 4.1 [70].
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2.7.6 Effect of temperature

Processing temperature plays a role in the quality and morphology as well as
conductivity and redox activity of PPY films. The effect of temperature on
electropolymerization of pyrrole in oxalic acid solution on a mild steel substrate has been
studied [71]. In acidic medium, lower temperatures favoured the overall process. At
higher temperature and lower current densities, oscillations in electrode potential were
observed due to the occurrence of iron dissolution before oxidation of pyrrole. In alkaline

medium, higher temperatures favoured the process and better quality films were obtained.

In the study of Li [72], PPY thin films have been synthesised on glass by several
methods like cyclic voltammetry, potentiostatic and galvanostatic deposition methods. In
a cyclic voltammetry experiments, the higher the redox peaks, the activity of
electrochemical reaction is higher. The results showed that galvanostatic deposition of
PPY film could produce higher electrochemical reactivity than in the cyclic voltammetry
and potentiostatic deposition methods. Hence, the constant current method is widely
adopted in the preparation of PPY. Optimization of various parameters is difficult due to
the complexity of the electrochemical polymerization process for the preparation of PPY
film. Several research works have been done focusing on the optimization of process

parameters.
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3 Objectives

The objective of this work is to develop advanced electrode materials for ES

based on following considerations.

e Materials: Synthesis of novel electrode materials using nanostructured conducting

polymer PPY for ES.

e Processing techniques: The development of anodic electropolymerization process
for fabricating conducting polymer PPY coatings on stainless steel substrates

using novel additives.

e Characterisation: Investigate the kinetics of deposition and deposition mechanism.
Optimize the bath composition and deposition parameters. Investigate the
microstructure and electrochemical properties of PPY films such as capacitance,

impedance, cyclic stability and corrosion protection.

e Design factors: Development of advanced electrode material using novel plating

additives.
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4  Approach and methodology

4.1 Approach

Anodic polymerization has been adopted to deposit PPY films on stainless steel
substrates. Deposition was carried out at galvanostatic conditions from aqueous solution

containing pyrrole and selected additives.

4.2 Methodology

4.2.1 Dissolution of substrate

The major problem of electropolymerization of PPY on active metal substrate is
the dissolution of metal substrate, which takes place before polymerization. Since the
oxidation potential of active metals such as stainless steel is much lower than the
polymerization potential of pyrrole, the dissolution of metal prevents the oxidation of
pyrrole and hence restricts the PPY film formation on metal substrate. S. Wencheng [64]
et al., reported that the PPY films were successfully deposited on steel substrate from
aqueous oxalate solution. During the process, the oxalate ions form a passive layer on
steel. On further oxidation, the decomposition of passive layer takes place followed by
the electropolymerization of pyrrole when the polymerization potential was reached. But
the passivation occurs after a long induction time as shown in the chronopotentiometry

curve in Figure 4-1 [64]. Resulting film showed poor adhesion strength at high pH.
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PotentiaV vs. SCE)
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Time(ks)
Figure 4-1 Chronopotentiometry curve for formation of PPY coating on steel in the

solution of pH 1.4 at current density of 0.56 mA cm™ [64].
4.2.2 Role of anionic additives

Considering the complications involved in electropolymerization of PPY on active
substrates, new anionic additives are implemented in the process. The additives are
expected to perform anionic doping of CP during electropolymerization, reduce the
dissolution of metal substrate due to complexation with metal ions, act as electron transfer

mediator and improve the adhesion of the polymer film.

The approach is based on recent fundamental studies of the chemical mechanism
of strong mussel adhesion to inorganic surfaces in water. The adhesion mechanism of
mussel to metal and metal oxide surfaces in underwater environment was studied in the

literature [73]. It was reported that the adhesion is due to the strong bond formation of
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dopamine with metal and metal oxides because of the formation of interfacial
chemisorption complexes. This bio-inspired approach created interest in the study of
adhesion mechanism of organic compounds on oxide surfaces [74-79]. It was also
reported that the deprotonation of OH groups of catechol and their ability to form
mononuclear or binuclear chelates is responsible for the adsorption mechanism [80]. The
study of K. Wu [81] et al., showed that the presence of adjacent OH group bonded to
aromatic ring in dopamine and gallic acid enhances the adsorption of molecules on the
oxide particles. Chromotropic acid (CHR) showed strong adsorption towards oxide
particles [82]. Figure 4-2 shows the structure of CHR and gallic acid and possible

complexation on metal oxides where M denotes metal atom on the surface [81,82].

(0 OH
M—Q
OH
(a) )
HO OH M—Q
OH OH
(") (”) o) 0
(b) NaO—? ?—ONa Nao—% %—ONa
ST T = T
OH OH O O
\
MM

Figure 4-2 Chemical structure and possible complexation on metal oxides of

(a) gallic acid and (b) CHR [81,82].
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Hence CHR and gallic acid are selected for the electropolymerization of PPY on
stainless steel substrate. Conjugate bonds provided high conductance and electron transfer

mediation.
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5 Experimental Procedures

5.1 Starting Materials

Chromotropic acid (CHR) and Gallic acid were purchased from Sigma Aldrich.
Pyrrole (98"%) was purchased from Alfa Aesar. 304 annealed stainless steel foil of

dimension 50 x 30 x 0.05 mm was purchased from McMaster Carr Supply Company.

5.2 Experiment Set-up

Electrodeposition was carried out at constant current provided by EPS 2A200,
Amersham Biosciences. Stainless steel substrate in which the deposition of PPY has to be
done is used as anode and platinum is used as cathode. Electrochemical testing such as
cyclic voltammetry, chronopotentiometry, electrochemical impedance spectroscopy and
Tafel testing were performed using potentiostat (PARSTAT 2273, Princeton Applied

Research).

5.3 Electropolymerization and Electrodeposition of PPY

Electropolymerization, doping and film formation are simultaneously carried out
in electrodeposition process. Pyrrole of concentration 50 — 150 mM was dissolved in 275
mL of deionized water. CHR or Gallic acid of concentration 5 — 50 mM was further
added to the pyrrole solution. The aqueous solution was stirred during appropriate time
depending upon the concentration of mixture. Electrodeposition was performed from the

solution containing the mixture. Stainless steel substrates of dimension 2.5 cm x 5 cm
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were used as anode and thin platinum plates of same dimension were used as cathodes.
Platinum plates were placed on either side of the stainless steel substrate separated at a
distance of 15 mm. Electrodeposition was performed at a constant current of 0.7 mA cm’
2. The time of deposition was varied from 1 to 15 minutes. After deposition, the stainless
steel substrate with PPY film deposited is allowed to dry at room temperature. The

schematic diagram of electrodeposition process is shown in the Figure 5-1.

(+) ()

Platinum -|—> Platinum

» Stainless steel

Additive

Figure 5-1 Schematic representation of experimental set-up in electrodeposition.
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5.4 PPY film Characterization
5.4.1 Electrochemical characterization

PPY film deposited by electrodeposition was subjected to different
electrochemical testings performed using potentiostat (PARSTAT 2273, Princeton
Applied Research). The potentiostat was connected to a computer and controlled by
PowerSuite electrochemical software. The testings were conducted in a standard three
electrode electrochemical cell. The area of 1 cm? of the working electrode was exposed to
the electrolyte. Platinum gauze was used as counter electrode. Standard calomel electrode
(SCE in saturated KCI solution) was used as a reference electrode. Na,SO, aqueous
solution of concentration 0.5 M was used as electrolyte and it was deaerated by purging

purified nitrogen gas before and during electrochemical measurements.

Cyclic voltammetry (CV) was performed for PPY films at different scan rates
from 2 — 100 mV s in the voltage range of -0.5 to 0.4 VV vs SCE. From the obtained
voltammograms, the charge accumulated (Q) can be calculated by integrating the half of
the area under the CV curve. Hence specific capacitance (SC) can be calculated by the

equation:

C=—"— (5-1)

where m is the mass of the film and AV is the potential window.
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Electrochemical impedance spectroscopy (EIS) was performed in the similar
electrochemical cell as CV. The a.c. impedance of the films was investigated in the
frequency range of 0.05 Hz to 100 kHz at an applied a.c. signal of 5 mV r.m.s. Equivalent

circuits for impedance spectra of PPY films were obtained using ZSIMPWIN software.

Chronopotentiometry tests were performed at a constant current density of 1 mA
cm. The potential vs time curve obtained was used to compare the electropolymerization

potential of different PPY films.
5.4.2 Morphology Characterization

The microstructure and morphology of electrodeposited films were studied using a
JEOL JSM-700F Scanning Electron Microscope (SEM). Surface of PPY films were
observed at high magnification (up to 30000X). Deposits were platinum - coated by

sputtering before observation.
5.4.3 Adhesion Test

PPY films electrodeposited on stainless steel are subjected to Tape test. Parallel
cuts were made horizontally and vertically on flat surface of the PPY coated substrate.
Tape is placed on the grid area and pressure is applied over the surface. Tape is removed

from the substrate and compared with ASTM D3359 standards as shown in the Table 5-1.
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Table 5-1 Classification of Adhesion Test Results

PERCENT SURFACE OF CROS5-CUT AREA FROM WHICH
CLASSIFICATION AFREA FLAKING HAS OCCUREED FOR SIX PARALLEL CUTS
REMOVED AND ADHESION EANGE BY PERCENT
o
5B 0%
None
4B Less than
5%
|L_
J— I
1B 5-15%
-
| S
YT
B 15-35% | — N — — —
| 1 _
) . .
R hl e
1B 35-65%
[
0B Greater than
65%
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6 Results and Discussions

6.1 Electropolymerization of PPY doped with CHR

6.1.1 Cyclic Voltammogram Electropolymerization of PPY

The cyclic voltammogram of the sweeps recorded during the electrodeposition of
PPY film on the stainless steel electrode from aqueous solution containing 5 mM CHR

and 50 mM pyrrole is shown in Figure 6-1.
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Potential (V) vs SCE
Figure 6-1 Cyclic voltammograms at (a) 1% cycle, (b) 2™ cycle, (c) 3™ cycle and (d)
10" cycle for stainless steel electrode in 50 mM pyrrole solution containing 5 mM

CHR at a scan rate of 20 mV s™.
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The first positive cycle was characterized by a sharp increase in the anodic current
above ~0.6 V. The increase in anodic current was attributed to electropolymerization of
PPY. The black films were formed at the stainless steel electrode at potentials above 0.6
V. The deposit was formed as a result to the chain reaction of pyrrole units with cation
radicals, and the polymerization on the metal surface. However, the current corresponding
to the anodic electropolymerization decreased gradually with the number of scans. It
should be noted that the conductivity of PPY is lower than the conductivity of the
stainless steel substrates. Therefore, film growth during cycling resulted in the decrease in

current with increasing cycle number.

6.1.2 Galvanostatic Electropolymerization of PPY

The PPY films are deposited on stainless steel substrates at a constant current
density of 1 mA cm™ from the solution containing 50 mM pyrrole and 5 mM CHR. In
order to understand the influence of OH group of CHR, the deposition was also
performed in the solution containing 50 mM pyrrole and 5 mM of 2,6-
naphthalenedisulfonic acid disodium salt (NSA) under the same conditions. Chemical

structures of CHR and NSA are compared in Figure 6-2 a, b.
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Figure 6-2 The chemical structure of (a) 2,6-Naphthalenedisulfonic acid, disodium
salt (NSA) and (b) Chromotropic acid disodium salt dihydrate (CHR).
Electropolymerization was carried out within the deposition time of 10 minutes

for both the cases. Uniform and adherent films were obtained. The results obtained are
shown in Figure 6-3. The chronopotentiometry curves indicate that there is no induction
time for electropolymerization of PPY on the stainless steel substrates. In contrast, the
deposition of PPY on stainless steel from the solutions containing oxalic acid revealed the
presence of an induction period, related to the dissolution of iron and formation of an iron
oxalate layer. Both CHR and NSA facilitated a two-stage nucleation and growth process
during the electropolymerization of PPY as an electron transfer mediator. Figure 6-3
indicates that at the beginning of the electrodeposition process, the potential difference
between the working and reference electrode increased and then decreased to a steady

value. It was observed that the polymerization potential of PPY in the presence of CHR
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was ~0.4 V lower than that for NSA. The oxidation of pyrrole units to radical cations is
facilitated in the presence of additives. This can be attributed to the conductive passive
layer formed due to the complexation of additives with iron on the substrate surface. The
comparison of the chemical structures of CHR and NSA in Figure 6-2 and the
experimental results shown in Figure 6-3 indicated that OH groups of CHR were
beneficial for the application of this material as an additive for PPY electropolymerization
on stainless steel substrates. As discussed in the methodology, the adsorption mechanism
was attributed to the deprotonation of OH groups and surface complexation of metal ions
on the material surface. The adsorption of CHR was favoured by the presence of the two

OH groups.
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Figure 6-3 Potential versus time curves for galvanostatic deposition of PPY at a
current density of ImA cm™ from 50 mM pyrrole solution in presence of (a) 5 mM
NSA and (b) 5 mM CHR.
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The reduced polymerization potential is beneficial for suppressing the substrate
dissolution. It was suggested that the adsorbed CHR provided wiring between the
substrate and the growing PPY film, promoted charge transfer during
electropolymerization, and reduced the deposition potential. Moreover, the anionic CHR

was incorporated into the PPY to ensure the electrical neutrality of the film.

6.1.3 Characterizations of PPY Film

6.1.3.1 Deposit Mass and Morphology Characterization

0.20

=
—
[2)]
T
1

0.10

0.05

Film mass (mg cm'z)

0.00 I 1 L 1 n 1 " 1 L 1 n 1
0 2 4 6 8 10 12

Deposition time (min)

Figure 6-4 Film mass versus deposition time for films deposited from 50 mM pyrrole

solution containing 5 MM CHR at a current density of 1 mA cm™.
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Anodic polymerization was carried out on stainless steel substrate from solution
containing 50 mM pyrrole and 5 mM CHR and strongly adherent PPY films were
obtained. Almost linear dependences were obtained as shown in Figure 6-4. The film
mass increased with increasing deposition time at a constant current density of 1 mA cm™
condition. Therefore, the amount of the deposited materials can be controlled by the
variation of deposition time at a constant current density and hence thickness of the films
can be controlled.

Strongly adherent films on a stainless steel foil were obtained from pyrrole
solutions containing CHR. The SEM surface images at low and high magnification are
shown in Figure 6-5. At low magnification (Figure 6-5 a), it was observed that the film is
smooth and crack free. At high magnification (Figure 6-5 b), finer particles of PPY were

observed.

According to the nucleation and growth (NG) theory [84], it was suggested that the
lower roughness surface can be attributed to the addition of CHR which can mediate the
PPY film deposition by generating additional nucleation sites (progressive nucleation)
and growing new polymer particles on the existing layer, resulting in a relatively smooth

uniform surface structure.
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Figure 6-5 SEM images of surface of PPY film doped with CHR on stainless steel

shown at a (a) low magnification and (b) high magnification.
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6.1.3.2 Redox Reaction Properties

The electrochemical properties of the films prepared from pyrrole solution
containing CHR were studied in 0.5 M Na,;SO, solutions using cyclic voltammograms
(CV) as shown in Figure 6-6. At low scan rates, the films show good capacitive behaviour
in the voltage window of 0.9 V between -0.5 - 0.4 V. The CVs show that PPY film
exhibits improved capacitive behaviour in the negative potential window range. The area
of CVs increased with increasing scan rate. A broad anodic peak at ~ -0.2 V and a
cathodic peak at ~ -0.25 V were observed. It is proposed that the majority of CHR ions
doped during PPY synthesis still exist in the inner layer of film due to its relatively large

size, leading to poor mobility of CHR anions within the polymer matrix.

It is also suggested that strong charge-discharge behaviour is related to cation
transport properties. The supporting electrolyte cations (in this case, ion Na*) readily
diffuse in and out of the polymer during the redox process, in order to neutralize the
immobilized charge of PPY film by the insertion of sodium cations (Na*) [85, 86]. The
anodic and cathodic peak indicates release and insertion of Na™ during the positive and
negative scan, respectively. The CVs show that the film exhibits both anion and cation-

exchange properties. The redox reactions of film matrix can be expressed as follows:

PRy} HA L e PPy A e

Here, A’ is anions of electrolyte.
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Figure 6-6 Cyclic voltammograms at scan rates of (a) 2, (b) 5 and (c) 10 mV s in
0.5 M Na,SO, solution for 0.17 mg cm™ PPY film, prepared from the solution

containing 100 mM pyrrole and 5 mM CHR.
6.1.3.3 Specific Capacitance (SC) of PPY film doped with CHR
6.1.3.3.1 Effect of concentration of CHR and Pyrrole on SC

To examine the relationship between SC and concentration of CHR and Pyrrole,
PPY films were deposited at a constant current on stainless steel from the solution
containing CHR whose concentration varied from 5 mM to 50 mM and Pyrrole whose
concentration varied from 50 mM to 150 mM. The concentration range of CHR in
solutions used for electropolymerization was limited by the solubility of this material in
water. Figure 6-7 a, b, ¢, d and e shows CV of the PPY films prepared from solution with
different concentration of CHR and Pyrrole.
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Figure 6-7 Cyclic voltammograms in 0.5 M Na,SO, solution for 0.15 mg cm PPY
film, prepared from the solution containing (a) 50 mM pyrrole and 5 mM CHR and
(b) 100 mM pyrrole and 5 mM CHR.
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Figure 6-7 Cyclic voltammograms in 0.5 M Na,SO, solution for 0.15 mg cm? PPY
film, prepared from the solution containing (c) 150 mM pyrrole and 5 mM CHR and

(d) 150 mM pyrrole and 15 mM CHR.
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Figure 6-7 Cyclic voltammograms in 0.5 M Na,SO, solution for 0.15 mg cm? PPY

film, prepared from the solution containing (e) 150 mM pyrrole and 50 mM CHR.

From the CVs, it was observed that the increase in concentration of CHR and
pyrrole improves the shape of the curve at all scan rates. Ideal capacitive behavior was
exhibited from the PPY films prepared from the solution containing higher concentration

of CHR and Pyrrole (Fig 6-7 c, d, ) which results in higher SC.

As the electrochemical performance of PPY electrodes is strongly influenced by
particle size, microstructure and porosity, the PPY films were studied by SEM. The films
prepared from 150 mM pyrrole solution containing 5 mM CHR showed relatively low
porosity with particle size below 0.5 um (Figure6-8 a). Similar images were obtained for

the films prepared from 50 mM and 100 mM pyrrole solutions.
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Figure 6-8 SEM images of films prepared from 150 mM pyrrole solution containing

(@) 5, (b) 15 and (c) 50 MM CHR.

63



M.A.Sc Thesis D.K. Ariyanayagam
McMaster University Materials Science and Engineering

The disadvantageous aspect of low film porosity is that it leads to limited access
to the interior sites of the polymer for dopant and electrolyte ions [93]. Low film porosity
results in reduced SC, especially for thick films. The increase in CHR concentration in the
solutions resulted in increased film porosity and finer size of individual particles (Figure
6-8 b,c).

Fig 6-13 shows the SC versus scan rates for the PPY films prepared from different
concentrations of CHR and pyrrole. The films prepared from 50 mM pyrrole solutions
containing 5mM CHR showed a SC of 208 Fg™ at a scan rate of 2 mVs™. The SC
decreased from 208 to 125 Fg™ with increasing scan rate in the range of 2-100 mVs*
(Figure6-9a). The decrease in the SC was attributed to diffusion limitation of the
electrolyte in pores of the PPY film. The increase in the pyrrole concentration in the
solutions in the range of 50-150 mM resulted in increase in SC (Figure6-9 b, c), which
was especially evident at high scan rates. The films prepared from 150 mM pyrrole
solutions containing 5 mM CHR showed SCs of 255 and 182 Fg™ at scan rates of 2 and
100 mVs™, respectively. The increase in the CHR concentration in the solutions allowed
further increase in SC (Figure6-9 d, e). The concentration range of CHR in solutions used
for electropolymerization was limited by the solubility of this material in water. The
highest SC of 343 Fg™ was observed at 2 mVs™ for the films prepared from the solutions

containing 150 mM pyrrole and 50 mM CHR.

64



M.A.Sc Thesis D.K. Ariyanayagam
McMaster University Materials Science and Engineering

350

W
&
&
T

o

[} [ J L ]
L ./._/

1

'ap

=

W

< N

= 250f Co el :
~

.5. b..\ . \

£ 200 - 3°.\:“‘:§5\ i
g \.\ \.\'

9 " \

= ) ®
T 150} T, 1
=Y T

w L L L

0 20 40 60 80 100
Scan rate (mV s'l)

Figure 6-9 Specific capacitance versus scan rate for 0.1 mg cm™ films prepared at
current density of 1 mA cm™ from (a) 50 mM pyrrole and 5mM CHR, (b) 100 mM
pyrrole and 5mM CHR, (c) 150 mM pyrrole and 5 mM CHR , (d) 150 mM pyrrole

and 15 mM CHR and (e) 150 mM pyrrole and 50 mM CHR.
6.1.3.3.2 Effect of film mass on Specific Capacitance

SC versus film mass for PPY films prepared at a constant current from the 100 mM
pyrrole solutions containing 5 mM CHR at different scan rates is shown in Fig 6-10. It is
interesting to notice that the SC increased with increasing specific mass of PPY films.

The SC first increased with an increasing mass then decreased after a maximum value at
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0.13 mg cm™ has been reached. The decrease of SC with increase of mass is attributed to
the electrolyte diffusion limitations in the pores due to increasing film thickness. The
increase of SC with increase of mass under 0.13 mg cm™ may be because of the very thin

film thickness, such that the redox reaction involves entire polymer particles.

[y
=

[—]

1

1 L

ehb

a :
PN
230+ / \ 1
=Ty} o
£ .
~ \.___._\
Y ®
2 200 T .
=
— —
= L™
o \
150 + - i
g ——
o
=
()
<
(="
N

0.10 0.15 020 0.25 030 035 040
Film mass (mg cm'z)

Figure 6-10 Specific capacitance at scan rates of (a) 2 and (b) 100 mV s™ versus mass

of the films prepared from 100 mM pyrrole solutions containing 5 mM CHR.
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Figure 6-11 Cyclic voltammograms in 0.5 M Na,SO, solution for PPY film, prepared
from the solution containing 150 mM pyrrole and 5 mM CHR of film mass of

(a) 0.096 mg cm™ and (b) 0.208 mg cm™.
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6.1.3.3.3 Effect of Scan Rates on Specific Capacitance

The specific capacitance of PPY film of different specific masses as a function of
scan rate is shown in Figure 6-12. The SC decreased with increasing scan rate. The
decrease in the SC was attributed to diffusion limitation of the electrolyte in pores of the
PPY film. This relatively high capacitance of PPY film can be attributed to the uniform
porous structure and small polymer particle size which determined the ability of

electrolyte ions to enter and to enable local ion transfer process.
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Figure 6-12 Specific capacitance versus scan rate for films of mass
(a) 0.178 mg cm™, (b) 0.245 mg cm™ and (c) 0.356 mg cm™ prepared from

(b) 5mM CHR and 100mM Pyrrole solution at current density of 1 mA cm™.
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6.1.3.4 Electrochemical Impedance Spectra

The capacitive behavior of the PPY films is influenced by film morphology. lonic
conductivity and electronic conductivity of the electrode material influences the charge-
discharge behavior of electrodes of ES. From the SEM investigations, PPY films prepared
from high concentration of pyrrole and CHR exhibited high porosity compared to the
PPY films prepared from low concentrations. It is suggested that the higher porosity of
the PPY films result in a better electrolyte access to the active materials. This is in a good

agreement with the further results of electrochemical impedance spectra (EIS) studies.
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Figure 6-13 Nyquist plots for the 0.1 mg cm films prepared at a current density of
1 mA cm from the solution containing (a) 5 mM CHR and 50 mM Pyrrole,

(b) 5 mM CHR and 150 mM Pyrrole.
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Figure 6-14 Nyquist plots for the 0.1 mg cm™ films prepared at a current density of
1 mA cm from the solution containing (a) 5 mM CHR and 150 mM Pyrrole,
(b) 15 mM CHR and 150 mM Pyrrole.

Charge transfer and mass transport process occurring at the electrolyte/electrode
interface and in active electrode materials can be obtained from EIS [89]. The series
resistance can be measured from the Nyquist plot to calculate electronic and ionic
conductivities of the electrochemical system. The summation of ohmic resistance of the
electrolyte and/or electrode and a charge transfer resistance gives the total series
resistance of the system [90]. The EIS curves for PPY films were obtained at open circuit

potential (OCP) as shown in Fig 6-13 and Fig 6-14.

From the Nyquist plot as shown in the figure, two patterns are observed. A semi-

circle region represents impedance at high frequencies and a linear region at lower
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frequencies. The interfacial processes are represented by the arc from which the value of
electrochemical charge transfer resistance can be evaluated, which is thought to be the
main part of the resistance of ES [91]. The regions for both curves at low frequencies are
relatively linear, indicating a capacitive behaviour related to the film charging
mechanism. In Fig 6-13 and 6-14, the slope of the impedance curve for the PPY film
prepared from high concentration of pyrrole and CHR at low frequencies is comparatively
higher, indicating a better capacitive behaviour than that of the PPY film prepared from
low concentrations. The capacitance could also be calculated from the low-frequency data

of the EIS plot by the equation:

C=-1/(2xfZ,,) (6-2)

Also the films prepared from high concentration of pyrrole and CHR have a much
lower electrical resistance (Z') than that of the PPY films prepared from low
concentration. The lower electrical resistance resulted in a higher SC. However, the
capacitance evaluated from EIS was smaller than that calculated from the CV curve at
low scanning rate due to the redox switching hysteresis of conducting polymer [91,92].
EIS data give a capacitance measured at a low voltage range, whereas CV data give a
capacitance in the voltage window of 0.9 V.

The experimental EIS data could be simulated by using an appropriate electrical
equivalent circuit (EEC) as shown in Fig 6-15, in order to analyze the electrochemical
behaviour of the PPY film quantitatively. This equivalent circuit, included bulk resistance
of electrolyte R, resistance of film material Ry, resistance of electrolyte R; and Warburgh

impedance W in pores, and charge transfer resistance R4. The constant phase elements
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represented the capacitance of the film material Q; and double layer capacitance in pores
at the substrate-electrolyte interface Q. The film of larger mass showed higher Z' values
in the frequency range of 0.1 Hz-100 kHz. This was attributed to increase in R, Rz and W

with increasing film thickness.

Q1
i R2
Q2
R3 W
R4

Figure 6-15 Equivalent circuit model for PPY electrode in a 0.5 M Na,;SO4

electrolyte.

A good agreement between the experimental and calculated EIS data for PPY film
was observed as shown in Fig 6-21. This fitting process verified that the proposed model
can be used to simulate the electrochemical system for PPY films in a 0.5 M Na,SO,
electrolyte solution in the frequency range of 0.1 Hz-100k Hz. The decrease in SC was
attributed to the increase in electrode resistance, which resulted from the increased film
thickness and diffusion limitations in pores. This is in good agreement with the results of

impedance measurements. Figure6-16 compares complex impedance Z = Z' - iZ" for 0.18
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and 0.36 mg cm™  films deposited from the solution containing 100 mM pyrrole and 5
mM of CHR. It was found that at low frequencies, the slope of the curve for 0.36 mg cm™
film was close to 45°, indicating significant contribution of Warburgh impedance W. Film
growth can result in reduced pore diameter, blockage of some pores and increased

resistance in pores.
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Figure 6-16 Nyquist plots of complex impedance Z = Z' - iZ" for (a) 0.18 and
(b) 0.36 mg cm™ films deposited from the solution containing 100 mM pyrrole and

5 mM of CHR.

73



M.A.Sc Thesis D.K. Ariyanayagam
McMaster University Materials Science and Engineering

6.1.3.5 Cyclic Stability Test

The cyclic stability of the PPY films was investigated by continuous sweeping the
potential for 1000 cycles between -0.5 - 0.4V at a scan rate of 50 mV s™. The CV of 1%

and 1000™ cycle is plotted as shown in Fig 6-17.
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Figure 6-17 CV of the PPY film of mass 0.15 mg cm™ recorded in the (a)1% and
(b)1000™ potential cycle at a scan rate of 50 mV s™ in 0.5M Na;SOj, electrolyte
solution.
The PPY film shows significant changes in CV shape as well as area. The CV

shape shifted inward in the potential range of -0.2 V - 0.3 V during the 1000 scan, and
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the capacitive area become smaller after 1000™ cycle indicating that the PPY film exhibits

degradation.

The SC versus cycle number for the PPY films is shown in Fig 6-18. The SC
decreased with an increasing cycle number. The decrease in SC values may be due to
PPY degradation on swelling and shrinking in aqueous media and the PPY nanostructure
may also change. The SC is decreased about 15% after 1000 cycles. The decrease in SC

during cycling was also reported in other investigations [87,88].
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Figure 6-18 Specific capacitance versus cycle number at a scan rate of 50 mV s™ for
0.15 mg cm™ film prepared from the solution containing 150 mM pyrrole

and 50 mM CHR.
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The main strategies for improving cycle-life of PPY films include irradiation or
compositing PPY with carbon nanotubes [87]. The improvement may be result of the
relatively rigid incorporated carbon nanotubes which support and stabilize the porous
structure of the composite against the influence of the repeated intercalation and removal
of the charge balance ions. The stabilized porous structure can provide improved

conductivity of composite.

6.1.3.6 Adhesion Test

The films prepared galvanostatically from pyrrole solution containing CHR were
continuous, smooth and adhered well to the stainless steel substrates. The measurements
of film adhesion according to the ASTM D3359 standard showed that adhesion strength

corresponded to the 4B classification.

6.2 Electropolymerization of PPY doped with gallic acid

6.2.1 Potentiodynamic electropolymerization of PPY

The electropolymerization was performed to obtain PPY films on the stainless
steel electrodes from aqueous solutions containing 5 mM gallic acid and 50 mM pyrrole
under potentiodynamic conditions. The sweeps recorded during deposition are shown in

Figure 6-19.
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Figure 6-19 Cyclic voltammograms at (a) 1% cycle, (b) 2" cycle, (c) 3™ cycle, (d) 4™
cycle and (e) 10™ cycle for stainless steel electrode in 50 mM pyrrole solution
containing 5 mM Gallic acid at a scan rate of 20 mV s™.

Oxidation wave at ~-0.15 V was observed during the first positive cycle,
followed by a sharp increase in the anodic current. A rapid decrease of current was
observed in the negative sweep and a reduction peak was observed at ~-0.2 V. The
oxidation peak was attributed to the formation of passive layer. It is suggested that gallic
acid formed complexes with Fe (Figure4.2) on the surface of the substrate and reduced
the oxidation and dissolution rate. The complexation of gallic acid with Fe allowed the
fabrication of PPY films on stainless steel. The sharp increase of current after oxidation

peak indicated the formation of PPY film on the substrate since a black film was observed
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on the electrode surface. The chain reaction of pyrrole units with cation radicals, and the
polymerization on the metal surface resulted in the deposition of the polymer film. The
oxidation peak disappeared during the next scan indicating that no chelating reaction
occurred since the metal surface was covered by the PPY film formed in the first scan.
The PPY film grew continuously on the repetitive sweep. The current decreased gradually
with the number of scans since the conductivity of PPY is lower than the conductivity of

the stainless steel substrates.

6.2.2 Galvanostatic electropolymerization of PPY

The PPY films were obtained on the anode at a constant current of 1 mA cm™
from solutions containing 5 mM gallic acid and 50 mM pyrrole. The galvanostatic
behaviour is shown in Figure 6-20. The potential-time curve is characterized by an
induction peak curve followed by a plateau wave which represents the
electropolymerization potential of PPY. Within the deposition time of 600 s, the black
shiny deposit was achieved in the presence of gallic acid. It was observed that the
oxidation potential is much higher than that when PPY is doped with CHR (Figure 6-3).
The polymerization potential in the presence of gallic acid was 950 mV higher than that

in the presence of CHR.

Since the less positive polymerization potential was beneficial to the formation of
PPY, it was clear that CHR offers advantages for deposition of PPY film by minimizing
the substrate corrosion and polymer over-oxidation. The formation of PPY was achieved

due to the non-blocking passive layer formed by complexation with metal on the substrate
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surface. It is suggested that adsorbed PPY acts as a charge transfer mediator during

electropolymerization and promotes charge transfer.
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Figure 6-20 Potential versus time curves for galvanostatic deposition of PPY at a
current density of ImA cm™ from 50 mM pyrrole solution in presence of 5 mM

gallic acid.
6.2.3 Characterization of PPY film deposited using gallic acid
6.2.3.1 Deposit Mass characterization

Anodic polymerization from aqueous 250 mM pyrrole solutions containing 50
mM gallic acid resulted in the formation of strongly adherent films on the stainless steel

substrate. Gallic acid (the chemical structure shown in Figure 4-2 a) was negatively
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charged in the aqueous solutions due to the dissociation of —-COOH groups and served as
anionic dopants. The anions were incorporated into the PPY matrix to ensure the

electrical neutrality of the growing film during the anodic polymerization.

The film mass increased with increasing deposition time at a constant current
density of 1 mA cm™ condition as shown in Figure 6-21 , indicating the formation of

films of different thickness.
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Figure 6-21 Film mass versus deposition time for films deposited from 250 mM

pyrrole solution containing 50 mM gallic acid at a current density of 1 mA cm™.
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6.2.3.2 Redox Reaction Properties

The electrochemical properties of the films were studied in a 0.5 M Na,SO,4
solution using cyclic voltammograms (CV). PPY films were deposited at a constant
current on stainless steel from the solution containing gallic acid whose concentration
varied from 5 mM to 50 mM and pyrrole whose concentration varied from 50 mM to 250
mM. The concentration range of gallic acid and pyrrole in solutions used for
electropolymerization was limited by the solubility of the materials in water. However,
PPY films prepared from the solution containing low concentration of gallic acid and
pyrrole showed poor adhesion and were non-uniform. Hence, films prepared from the
solution containing 50mM gallic acid and 250 mM pyrrole were subjected to
electrochemical tests. The films showed capacitive behaviour in the voltage window of
0.9 V. The area of CV increased with increasing scan rate. The anions of dissociated
gallic acid participated in the charge-discharge by insertion and de-insertion from the
matrix during the oxidation and reduction process. CVs of the PPY film doped with gallic
acid of different film mass are shown in Figure 6-22, 6-23, 6-24. It was observed in all
cases that ideal capacitive behaviour was not exhibited by the PPY films. Compared to
the CVs of the PPY film doped with CHR, CVs of PPY film doped with gallic acid
showed poor capacitive behaviour resulting in low specific capacitance. The redox

reaction of the polymer can be expressed as shown in the Eq. 6-2.
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Figure 6-22 Cyclic voltammograms at scan rates of (a) 2, (b) 5 and (c) 10 mV s* for

0.083 mg cm™ PPY film, prepared from the solution containing 250 mM pyrrole and

50 mM CHR.
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Figure 6-23 Cyclic voltammograms at scan rates of (a) 2, (b) 5 and (c) 10 mV s™ for
0.116 mg cm™ PPY film, prepared from the solution containing 250 mM pyrrole and

50 mM CHR.
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Figure 6-24 Cyclic voltammograms at scan rates of (a) 2, (b) 5 and (c) 10 mV s* in
0.5 M NazSOj solution for 0.188 mg cm™ PPY film, prepared from the solution

containing 250 mM pyrrole and 50 mM CHR.
6.2.3.3 Specific capacitance of PPY doped with Gallic acid

Figure 6-25 shows specific capacitance (SC) versus scan rate for the films of
different thickness prepared from the pyrrole solutions containing gallic acid. The films
showed SC in the range of 40 - 110 F g™ at a scan rate of 2 mV s™. The SC decreased
with increasing film thickness and increasing scan rate in the range of 2 - 100 mV s™.
Such decrease is attributed to the limited penetration of electrolyte into the pores of PPY

matrix and limited ions mobility within the pores.
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Figure 6-25 Specific capacitance versus scan rate for films of mass
(a) 0.083 mg cm™, (b) 0.116 mg cm™ and (c) 0.188 mg cm™ prepared from 50mM

gallic acid and 250mM Pyrrole solution at current density of 1 mA cm™.
6.2.3.4 Electrochemical Impedance Spectra

EIS curves for PPY doped with Gallic acid were obtained at open circuit potential
(OCP) as shown in Figure 6-26. EIS curves of PPY doped with gallic acid showed much
higher resistance than that of PPY films doped with CHR. Hence, PPY films doped with
gallic acid exhibited low capacitance which is in good agreement with CV results. PPY
films doped with gallic acid showed lower resistance for films with low thickness and the

resistance increased with increasing mass.
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Figure 6-26 Nyquist plots for the films prepared at a current density of 1 mA cm™
from the solution containing 50 mM Gallic acid and 250 mM Pyrrole with a film

mass of (a) 0.083 mg cm™, (b) 0.116 mg cm™ and (c) 0.188mg cm™.
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7 Conclusions

PPY films were obtained on stainless steel substrates by anodic
electropolymerization using NSA, CHR and Gallic acid as anionic dopants. The
deposition potential of PPY from the solutions containing CHR was lower than that for
NSA and Gallic acid. Adherent and uniform PPY films were successfully obtained from
pyrrole solutions containing CHR. The measurements of film adhesion according to the
ASTM D3359 standard showed that adhesion strength corresponded to the 4B
classification. The comparison of the experimental data for CHR, containing OH groups
bonded to the aromatic rings, and NSA without OH groups showed that the interaction
OH groups with metal atoms at the substrate surface promoted film adhesion. The
deposition was performed galvanostatically or potentiodynamically. The film mass
increased with increasing deposition time at a constant current density. Nearly linear
dependence was observed, which indicated the possibility of deposition of films of
controlled mass without induction time. The PPY films showed capacitive behaviour in
the 0.5 M Na,SO, electrolyte. PPY films doped with CHR showed better capacitive
behaviour than that of PPY films doped with Gallic acid due to the presence of additional
aromatic ring in CHR which enhances the conductivity of the PPY film. The SC
increased with increasing pyrrole and CHR concentration in the solutions used for
deposition. Electron microscopy investigations showed that the increase in SC with
increasing CHR concentration can be attributed to decreasing particle size and increasing
film porosity. The highest SC of 343 Fg™* was observed at 2 mVs™ for the films prepared

from the solutions containing 150 mM pyrrole and 50 mM CHR. The SC decreased with
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increasing scan rate. The SC decrease in thick films was attributed to increasing
electrochemical impedance, which was analyzed at different frequencies using an
equivalent circuit. The investigations of cycling stability of the films showed that the SC
decreased by 15% after 1000 cycles. The PPY films prepared on stainless steel substrates

by electropolymerization are promising electrode materials for ES.
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