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ABSTRACT

Nanostructured poly(4-styrene sulphonic acid) and tantalum (IV) oxide-doped polyaniline nanocompos-
ite were synthesised and their electro-conductive properties were determined. The oxide was synthesized
using a modified sol-gel method and then dispersed in acidic media through sonication and entrapped
in-situ into the polymeric matrix during the oxidative chemical polymerization of aniline doped with
poly(4-styrene sulphonic acid). The oxides and novel polymeric nanocomposite were characterised with
TEM, SEM, EDX, XRD, FTIR, UV-visible to ascertain elemental and phase composition, successful polymer-
ization, doping, morphology and entrapment of the metal oxide nanoparticles. The electro-conductivity
of the nanomaterial was interrogated using scanning electrochemical microscopy (SECM) and cyclic
voltammetry (CV). The material was then anchored on activated graphitic carbon and used in the design
of an asymmetric supercapacitor cell using 6 M KOH aqueous electrolyte. Characteristically high spe-
cific capacitance values of 318.4 F/g with a corresponding energy and power densities of 1.57 kWh/kg
and 0.435kW/kg, respectively, were demonstrated. The cell also showed high coulombic efficiency of
94.9% with a long cycle life and good cycle stability making the nanomaterial suitable for constructing
supercapacitor cell electrodes.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

In storing and sustaining renewable energy, current research
and development efforts on electrochemical energy devices are
focused mainly on fuel cells, batteries and supercapacitors. These
efforts are geared towards achieving high specific energy, high
specific power, long cycle life, small size, light weight and rela-
tively low cost [1,2]. Due to their unique characteristics of high
specific capacitance, high power density, low self-discharge, safe
operation, high cycling stability and fast charge/discharge capa-
bility, supercapacitors have attracted enormous interests and are
considered to be among the most promising energy conversion
and energy storage devices to fulfil future energy demands [3-5].
Their characteristics are being exploited in applications ranging
from power electronics, large scale transport systems comprising

* Corresponding author.
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subway trains, aeroplanes and buses to energy storage at inter-
mittent generators including windmills, solar and smart grid
applications. Depending on the energy storage mechanism, super-
capacitors have been categorized into two types: electrochemical
double layer capacitors (EDLCs) and pseudocapacitors. In EDLCs,
energy is stored electrostatically as negative and positive electric
charges in an electrochemical double layer electrode-electrolyte
interface through a non-faradaic process, prompting a rapid
response and reversibility of the interface to changes in elec-
trode potentials. Pseudocapacitors on the other hand are based on
electrode charge storage mechanism requiring highly reversible
surface faradaic redox processes across an electrode-electrolyte
interface involving electroactive electrode materials [3,6-8]. The
two mechanisms can function simultaneously depending on the
nature of the electrode materials [5]. EDLCs use carbon-based active
materials and represent attractive high power and durable energy
storage devices because of their often-cited desirable physical and
chemical properties which include low cost, ease of processability,
high conductivity, accessibility, controllable porosity with various
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surface functionalities, variety of forms attainable (fibers, pow-
ders, sheets, aerogels, composites, monoliths, tubes, foams, fibres,
onions, nanohorns, etc), relatively inert electrochemistry and elec-
troactive sites for a variety of redox reactions [5,6,9,10]. A proper
control over the specific surface area and the pore size adaptable to
an appropriate type of electrolyte solution are crucial to ensuring
good performance of EDLCs in terms of both power delivery rate
and energy storage capacity because high ability charge accumula-
tion at the interface depends upon the availability and wettability
of pores with dimensions adaptable to the size of solvated anions
and cations which have to be transported from the bulk of the elec-
trolyte [5,11]. In addition to high-surface-area carbon materials,
higher capacitances can be achieved by using redox-active tran-
sition metal oxides and conducting polymers. Due to existence of
variable oxidation-state structures over potential ranges, pseudo-
capacitive transition-metal oxides electrode materials have been
found to exhibit high energy density and large charge transfer-
reaction pseudocapacitance based on fast and reversible redox
reactions at the electrode surface [12]. Electronically conduct-
ing polymers (ECPs) characterized by their low cost, high specific
capacitances, generally fast charge-discharge processes and high
conductivities in their charged states, are promising materials for
the realization of high specific energy/power performance pseu-
docapacitors. An advantageous characteristic of ECPs over carbon
based electrodes is that charging takes place not only at the inter-
face as is the case with carbon materials but through the whole
mass of the active electrode film during doping-dedoping processes
resulting in huge specific capacitance [13-15]. Ideal double layer
capacitance behaviour of an electrode material expresses itself in
form of a rectangular shape in a cyclic voltammetric curve. The
sign of current is instantaneously reversed upon reversal of the
potential sweep. Electrode materials with pseudocapacitance prop-
erties point out a deviation from such a rectangular shape and
reversible redox peaks connected with pseudofaradaic reactions
are remarkable. In this case the charge accumulated in the capaci-
tor is strongly dependent on the electrode potential. The observed
delay of potential during reversing the potential sweep is con-
nected with a kinetically slow electron transfer process involved
during charging the pseudocapacitance [3]. This makes double layer
capacitance more efficient than pseudofaradaic capacitance, effi-
ciency being dependant upon electron transfer process. In this
work, an asymmetric supercapacitor made up of doped polyani-
line dispersed activated graphite and Tantalum(IV)oxide composite
was developed. The pseudocapacitance from the polymer and the
metal oxide would synergise the double layer capacitance derived
from activated graphite and hence produce a composite of great
charge storage.

2. Experimental
2.1. Apparatus and reagents

Analytical grades tantalum ethoxide, glacial acetic acid, aniline,
poly(4-styrene sulphonic acid), ammonium persulphate, abso-
lute ethanol, sulphuric acid and polytetrafluoroethylene (PTFE)
binder solution (supplied as 60% PTFE in H,O) were all pur-
chased from Sigma-Aldrich. Cyclic voltammetric experiments were
carried using a BAS 100 W integrated and automated electrochem-
ical workstation from BioAnalytical Systems, Lafayette, USA. The
voltammograms were recorded with a computer interfaced to the
BAS 100 W electrochemical workstation. A 10mL electrochemi-
cal cell with a conventional three electrode setup was used. The
electrodes were: (1) glassy carbon working electrode from Bio Ana-
lytical Systems, either bare or modified with study material; (2)
platinum wire, from Sigma Aldrich, used as a counter electrode; and

(3) Ag/AgCl (3M KCl type) from BAS was the reference electrode.
Transmission electron microscopy (TEM) and Energy Dispersive
X-ray (EDX) spectroscopic analysis of nanomaterial mounted on
a copper coated or carbon membrane grid were performed with
a Tecnai G2 F20X-Twin MAT 200kV Field Emission Transmis-
sion Electron Microscope from FEI (Eindhoven, Netherlands). The
TEM and EDX specimens were prepared by dispersing an arbi-
trary amount of solid in ethanol by ultrasonic treatment. A few
drops were poured onto a porous carbon membrane or on a cop-
per grid, and then dried in ambient temperatures. SEM image was
obtained using a low resolution HITACHI X-650 Scanning Electron
Microscopy with an electron accelerating voltage of 25 KV.

2.2. Synthesis of tantalum (1V) oxide nanoparticles

508 pL of tantalum ethoxide was mixed with 2.532 mL of abso-
lute ethanol in a 50 mL bottle and stirred for 30 min. 191 pL of
glacial acetic acid was slowly added with slow stirring. The con-
tent was stirred for 2 h to form a white gel. The gel was transferred
to 50 mL falcon tubes and centrifuged for 15 min at 6000 rpm. It was
washed with absolute ethanol by adding the ethanol to the resid-
ual, mechanically shaking and centrifuging again and discarding
the supernatant. The residual is dried in vacuum furnace at 45°C
for 12 h then 120°C for 4 h. It is then annealed at 350°C in a box
furnace for 3 h. The calcinations product was characterised with
TEM, EDX and XRD for morphological and elemental constituents.
The product was then used in the in-situ synthesis of the polymeric
nanocomposite with polyaniline.

2.3. Synthesis of poly(4-styrene sulphonic) acid and tantalum
(1V) oxide doped polyaniline nanocomposite

The synthesis of the polymeric nanocomposites was done by
ultrasonic dispersion and polymerization of aniline. 0.225 g of tan-
talum (IV) oxide nanoparticles was weighed and added to 100 mL
of 2 M HCl in a 200 mL bottle to which 4.5 mL of poly-(4-styrene sul-
phonic acid) was added. The mixture was sonicated for 30 min and
then transferred to an ice-bath maintained at between 0-5°C. 2 mL
of aniline and 1.165 g of ammonium persulphate were added to the
mixture and stirred for 1 h using a magnetic stirrer. The mixture was
left standing for 4h in ice-bath and then out of the bath for 48 h.
Two distinct layers of a solid that settled at the bottom and a super-
natant liquid formed. The upper liquid layer was slowly decanted
and discarded. The residual was washed thoroughly by adding a
large amount of ultra-pure distilled de-ionized water, mechanically
shaking, centrifuging the mixture for 15 min at 6000 rpm and dis-
carding the upper solution layer. The washing was done three times
and lastly repeated with ethanol. The product was dried at 45 °C for
4 hunder vacuum then at 78 °C for 12 h. The solid product was char-
acterised using TEM, SEM, EDX, XRD, CV, FTIR and UV-Visible. It was
then used to fabricate a supercapacitor electrode.

2.4. Oxidative pre-treatment of graphitic carbon and its
integration with tantalum (IV) oxide -PANi-PSSA

Oxidative pre-treatment of graphitic carbon was undertaken
to functionalise the graphite. This was done following a protocol
adopted from literature [15-17] in which 5.0 g of graphitic carbon
was weighed and sonicated for 7h in a mixture of 150 mL conc.
HNO3 and 50 mL conc. H,SO4 (acid ratio=3:1). The mixture was
left standing overnight. Two layers were formed; a solid layer sett-
ling at the bottom and a supernatant liquid forming at the top.
The supernatant liquid was decanted slowly. The oxidized graphite
residual was extensively washed with de-ionised water by adding
50 mL of water in a plastic bottle, mechanically shaking the mixture
and centrifuging at 6000 revolutions per minute (rpm) for 15 min
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using a centrifuging machine model EBA 21 Hettich ZENTRIFUGEN.
This washing was repeated until the washings ran neutral at pH 7.
The sample was dried under vacuum overnight at a temperature of
55°C prior to use. The composite, activated graphite and the sur-
factant hexadecylcetyltrimethylammonium bromide (CTAB) were
then weighed in a mass:mass:mass ratio of 1:1:2 and added to a
glass bottle. 100 mL of water was added and the bottle was closed.
The content was placed in a silicone oil bath and the tempera-
ture was adjusted to 80°C. The content was stirred for 48 h in a
closed system using magnetic stirring. The mixture was filtered in
vacuum and repeatedly washed with distilled de-ionised water 5
times to get rid of the surfactant. The solid was dried under vacuum
overnight at 45°C.

2.5. Fabrication of electrode

2.5.1. Preparation of electrode materials

The material used in the experiment for fabrication of the
electrode consisted of 90% wt active material and 10% wt polyte-
trafluoroethylene (PTFE) bidder [18]. The active material consisted
of chemically synthesized tantalum (IV) oxide-PANi-PSSA. 0.225 g
of the nanomaterial and appropriate volume of bidder was mea-
sured and dispersed in 3 mL isopropyl alcohol in a beaker by
ultrasonic shaking for 30 min to form homogeneous mixed slurry.
The beaker and its content was placed on top of a hot plate at the
lowest setting and constantly stirred with a cellulose rod to evap-
orate the solvent and further mix the components to form dough.
Once the isopropyl alcohol has almost completely evaporated, the
dough is transferred to a flat glass plate and using a Teflon rod,
rolled into mm thin film. The prepared film was put into an oven
and baked at 100 °C under vacuum for 24 h during which time the
remaining isopropyl alcohol and/or moisture in the film completely
evaporated. The large piece of film was cut into small wafers of
about 1 cm? for constructing an electrode.

2.5.2. Construction of a two-electrode supercapacitor cell

A single electrode was assembled with three parts; electrode
material, nickel mesh current collector and copper wire. The
electrode was assembled by cutting the nickel mesh current col-
lector into a 1 cm x 4 cm rectangular shape. The collector was then
cleaned by mechanically shaking it in 1M H,S0O4, washing with
deionised water and drying it in oven and then weighing. The
approximately 1 cm? wafer was placed on the nickel mesh and
pressed at a pressure of 20 MPa for 5 min. The electrode was then
weighed and the difference in mass was used as the active mass
of the electrode. The copper wire was tightly held onto the current
collector using seal tape for external circuit connection. This fab-
rication acted as the cathode in the cell construction. The anode
was made similarly save for the active material. The active mate-
rial for anode electrode was activated carbon. The two were used
to make a two-electrode asymmetric supercapacitor cell. The cell
system was fabricated using 6 M KOH solution as the electrolyte
and tested for the supercapacitor parameters using the BST8-3
eight-channel battery testing machine. The cell was made by hold-
ing together the two single electrodes (cathode and anode) with
a porous and electronically non-conductive separator (polypropyl-
ene film) sandwiched between them to form the cell configuration.

3. 3 Results and discussion
3.1. Synthesis of tantalum (IV) oxide nanoparticles

Fig. 1 is a TEM micrograph of the calcinations product formed
through the alkoxide-based sol-gel synthetic route using tantalum

ethoxide as the precursor. All the organics were removed during
calcination at temperatures of 350 °C.

200 nm

Fig. 1. TEM of tantalum (IV) oxide nanoparticles.
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Fig. 2. XRD of tantalum (IV) oxide.

Fig. 2 is the XRD pattern of the sample showing the formation of
agglomerated and amorphous tantalum (IV) oxide phase. The sol-
gel chemistry in the synthesis of nanoparticles is quite complex due
to the large number of reaction parameters that have to be strictly
controlled such as hydrolysis and condensation, nature of the metal
oxide precursors, pH, temperature, method of mixing, rate of oxi-
dation, the nature and concentration of anions, etc, in order to
provide good reproducibility of the synthesis protocol. A funda-
mental problem of sol-gel chemistry is that the as-synthesized
precipitates are generally amorphous and the required control of
their post-synthetic annealing step to induce crystallization pro-
cess is a challenge that prevents any subtle control over crystal size
and shape.

This constitutes a major challenge in nanoparticle synthesis and
could explain the aggregation, the oversize and the amorphous
nature of the tantalum (IV) oxide nanoparticles observed in this
work. However, the use of non-aqueous (or non-hydrolytic) sol-
gel process in an organic solvent tries to overcome some of these
major limitations. They act on one hand as oxygen-supplier for the
oxide formation and regulate particle size and shape as well as sur-
face properties due to their coordination properties. In sol-gel, the
as-synthesized precipitates are generally amorphous and the post-
synthetic annealing step required to induce crystallization process
prevents subtle control over crystal size, shape and at times the
phase. As the temperature is elevated, a gel passes through vari-
ous phase transitions until at some high temperature, depending
on the nature of the gel, the most thermodynamically stable state is
achieved [19]. Failure for this absolute control, and lack of very clear
understanding of the process and very thin parameters controlling
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Fig. 3. TEM of tantalum (IV) oxide-PANi-PSSA.

the precipitation though helpful in improving the engineering of
the growth of nanocrystals to the desired size and shape, may result
in an undesirable phase formation.

3.2. Synthesis of PSSA and tantalum (1V) oxide doped polyaniline
nanocomposite

Doped polyaniline (PANi) was prepared by an oxidative disper-
sion method. Poly(4-styrene sulphonic acid) (PSSA) was used both
as a polymeric stabilizer and a dopant agent that helps in forma-
tion of colloids. When a suitable water-soluble polymer is present
in the reaction mixture during the oxidation of aniline, colloidal
PANi particles are obtained instead of a precipitate [20]. At the
beginning of the aniline polymerization, all components of the reac-
tion mixture, monomer (aniline), oxidant (ammonium persulfate)
and steric stabilizer (PSSA) were soluble in the aqueous medium
except the metal oxide suspensions. The reaction proceeds under
homogeneous conditions [21]. The solution darkened gradually and
acquired a blue colour over a period of about 20 min and eventually
turned into dark green which is a characteristic colour of oxidized
PANi. The resulting dark green dispersions were purified four times
by centrifugation, filtered and washed in order to remove oligomers
and excess monomers. In these approaches, the monomer is poly-
merized in the presence of inorganic acid particles which together
with the metal oxide nanoparticles suspended act as colloidal sub-
strate or templates for the precipitating polymer nuclei leading to
the growth and formation of conducting polymer-inorganic metal
oxide composite [22]. Aniline oligomers anchored at the surface
stimulate and auto-accelerate the growth of PANi chains forming
a film proliferating along the surface and, for steric reasons, get
oriented preferentially perpendicular to the support. Practically
any substrate present in the reaction mixture used for the oxi-
dation of aniline becomes coated with a thin PANi film [20]. The
successful synthesis of poly-(4-styrene-sulphonic acid) and tanta-
lum (IV) oxide doped polyaniline nanocomposite was determined
and ascertained using FTIR and TEM coupled with EDX. Fig. 3 is
the TEM micrograph of tantalum (IV) oxide-PANi-PSSA showing
cross-linked composite nanorods. During the 30 min sonication to
disperse the composites in ethanol for TEM analysis, the oxide
nanoparticles were not detached from the polymer matrix meaning
that the interaction between the metal oxide nanoparticles and the
polymer is strong suggesting formation of a composite. The corre-
sponding EDX spectrum (Fig. 4) shows the elemental composition
of the composite and informs of the successful synthesis of the tan-
talum (IV) oxide-PANi-PSSA nanocomposite. From the spectrum,
all the elements in the composite were confirmed with some Cl

impurities maybe from the HCl acidic media. A copper peak
observed on TEM image is an impurity from the copper grid used
as a support in the TEM. The presence of S, N, C and O in the EDX
is a signature of successful doping of the polymer with the sul-
phonic acid group, -SO3H. The presence of Ta and O in the EDX
spectra indicates successful entrapment of the metal oxides within
the polymeric network.

3.3. Scanning electron microscopy (SEM)

Fig. 5 is the SEM image of tantalum (IV) oxide-PANi-PSSA com-
posite showing the morphological features of the nanomaterial
obtained using a low resolution HITACHI X-650 Scanning Electron
Microscopy with an electron accelerating voltage of 25 KV and a
working distance of 15mm. The composite display unique fibre
morphology and the use of a high resolution SEM would be nec-
essary to better interrogate and understand it. It is observed from
the micrograph that the metal oxide nanoparticles are uniformly
dispersed and anchored on the PANi fibre matrix.

Designing and manipulating the morphological microstructure
of conducting polymer is a challenging task in materials science. It
is difficult to prepare predictable polymeric nanostructures based
on rational design since the morphology of a polymer is strongly
affected by the nature, species, concentration of the dopant, solvent,
surfactant, oxidant, and monomer, as well as the various kinds of
templates and synthesis methods used. The ultimate aim in this
work was to prepare tantalum (IV) oxide-PANi-PSSA nanocompos-
ite material with high surface area morphology, a characteristic
feature and requirement of electrode materials for electrochem-
ical charge storage. The observed fibre morphology, with redox
active transition metal oxide nanoparticles clearly anchored on
to the redox active polymer surface, meets this criterion and can
serve as good electrode materials. When integrated with activated
graphitic carbon, could enhance their charge storage capacity due
to an enhanced surface area and carbon functionality.

3.4. FTIR analysis of the tantalum (IV) oxide-PANi-PSSA
nanocomposite

The FTIR spectrum of tantalum (IV) oxide-PANi-PSSA is shown in
Fig. 6. Pure PANi is characterised by five strong bands at 1590, 1494,
1302, 1140, and 820cm~! and other weaker features or broader
bands. The bands at 1590 and 1494cm~! are attributed to the
C=C and C=N stretching modes of vibration for the quinoid (-
N=Q=N- where Q=quinoid ring) and benzenoid units while the
bands at 1302 and 1242cm™! are assigned to the C-N stretch-
ing mode of benzenoid units. The band at 1140cm™! is due to
-N=Q=N- of polyaniline. The band at 820 cm~! is attributed to C-C
and C-H stretching for benzenoid unit of polyaniline and the one
at 681.92cm! is assigned to the out of plane C-H vibration [23].
Doping of PANi with poly(4-styrene sulphonic acid) and/or incor-
poration of the metal oxide nanocomposites lead to shifts in the
FTIR peaks for pure PANi [24] as the results in Fig. 6 show.

Transmission maxima at 788 cm~! for tantalum (IV) oxide-
PANi-PSSA s consistent with the C-H out-of-plane bending motions
of benzenoid rings. The 1375cm~! maxima corresponds to the
C-N stretching of the secondary aromatic amine; 1217 cm~! and
1326cm! are associated with the C-H stretching vibration with
aromatic conjugation; 1448cm~! is associated with C-C aro-
matic ring stretching vibrations of the benzenoid diamine unit;
1552cm~! arises mainly from both the stretching vibrations of
N=Q=N and N-B-N rings of the quinoid (Q) and benzoid (B) units.
The transmission maxima around the wave numbers 1100 cm™!
and 1000cm~! consistent with the presence of -SOsH group
arises from asymmetric and symmetric stretching modes of S-O
of the-SO,-O~ group. However, the peak around 1100cm~! in
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PANi and observed at the wavenumber 1116 cm~! (tantalum (IV)
oxide-PANi-PSSA) signify dominance of quinodic ring structure and
is a measure of degree of electron delocalization. Any polymer
attack occur preferentially on the quinine imine units due to the
higher charge localization on the C=N and C=C bonds present in
the monomeric units [25-31]. The FTIR data compliments the EDX
results and show successful polymerization and doping of PANi by
the PSSA. Differences in the FTIR spectra with that of PANi can
be explained on the basis of constrained growth and restricted
modes of vibration in PANi grown in the presence of metal oxides.
In such a case, the aniline monomer gets adsorbed on the oxide
particles, which were dispersed in the reaction mixture before ini-
tiation of polymerization by ultrasonication and the polymerization
proceeds initially on the surfaces of these oxide particles when
(NH4),S,0g (ammonium persulphate) is added to the solution. This
leads to adhesion of the polymer to the metal oxide nanoparti-
cles explaining the constrained growth around the particles. As a
result, the characteristic stretching frequencies are shifted towards
lower frequency side compared to those of pure PANi. A weak van
der Waal’s force exist between the polymer chain and the oxide
nanoparticles [22]. Also, ionic metal oxide nanoparticles and prob-
ably some metallic cations which may form during sonication after
some dissolution of some metal oxide nanoparticles might bind to
more than one nitrogen site in a PANi chain or form inter-chain link-
age among several adjacent PANi chains by coordination. Both intra
and inter-chain connections might lead to a more coil-like con-
formational change or a more twisted aggregation of PANi chains
[32].

3.5. UV-visible spectroscopy

The electronic absorption spectrum of the composite is given in
Fig. 7.

The spectrum showed three absorption bands showing that the
prepared composites not only can strongly absorb the UV light but
also can absorb the visible light. These absorption bands are typical
of PANi. Peak appearing at about 320 nm can be assigned to -
* transition of the benzenoid ring while those at about 430 nm
and 800nm can be assigned to polaron-m* and m-polaron band
transitions, respectively. These latter two bands are transitions
from a localized benzenoid highest occupied molecular orbital to
quinoid excitonic transition. This suggests that the composites are
PANi composites in its doped state, the emeraldine state [29,33,34].
The rationale behind the use of the UV-Vis spectroscopic tech-
nique as a spectroscopical signature [35] for polymers doped with
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long chain organic acids are structurally modulated and their elec-
tronic spectra display additional absorption bands associated with
the existence of polarons/bipolarons. The latter bands are delocal-
ization charge defects in the polymer whose presence converts
the polymer into an intrinsic conductor. The electronic spectra
of undoped polyanilines (prestine) are basically made up of two
absorption bands. A band at 320 nm is due to the w-m* transition
of the benzoid rings and another at 600 nm assigned to the m7-* of
the quinonoid structures [36]. In addition to these bands, organic
acid doped polyanilines are characterized by additional bands at
420 and 800 nm associated with the polaron/bipolaron states in the
polymer. The latter states are new electronic energy levels created
within the polymer sub-gap energies during the polymer/dopants
interactions.

3.6. XRD analysis

Fig. 8 shows the XRD diffraction pattern for sulphonated and
metal oxide doped PANi composite. The spectrum pattern of the
composite exhibit broad peaks at 2-Theta values around 26°, 55°,
80° and a sharp peak appearing at 16° whose degree of sharpness
indicates the polycrystalline nature of the composite (Fig. 9).

The peak centred at 16° may be ascribed to the periodicity par-
allel to the polymer chain while the other peaks may be caused by
the periodicity perpendicular to the polymer chain [28,29]. Char-
acteristic peaks of crystalline PANi appear at about 2-Theta=20°,
26° and 92° [37,38].

Broadening and shifting of peaks occur when Pani forms
sulphonated composites with metal oxides. These changes and
shifting of peaks suggest that the crystallization of the polyani-
line molecular chain is hampered by sulphonation and addition
of nanocrystalline metal oxide nanoparticles. This happens when
the deposited polyaniline is absorbed on the surface of the oxide
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nanoparticles. The molecular chain of absorbed polyaniline is teth-
ered and the degree of crystallinity is decreased [33].

3.7. Scanning electrochemical microscopy (SECM) for electrical
conductivity analysis

A fast and precise closed loop X, y, z positioning SECM70 work-
station electrochemical system with nanometer resolution, along
with a flexible data acquisition system [39-42] was used in this
work. Its bipotentiostat was used to apply a potential to an Ultra-
Micro Electrode (UME) immersed in a solution containing a redox
active mediator, potassium ferrocyanide (K3Fe(CN)4), which is an
electroactive species.

The electrode tip generates, via electrolysis, a reduced or oxi-
dized mediator species. When the electrode tip is far from the
substrate surface immersed in the solution, the reaction of the
redox active dissolved species at the tip results in a faradaic current
driven by the hemispherical flux of the substrate from the solution
to the tip. A current response was generated at the electrode tip
as the tip is moved closer and closer to the substrate in a solution
of Fe(CN)g*~. The faradaic current generated was used to study the
surface electrical conductivity of the nanocomposite material using
the approach feedback mode of the SECM. Fig. 10 is the z-approach
curve for tantalum (IV) oxide-PANi-PSSA polymeric nanocompos-
ite. The positive feedback curve profile obtained showed that the
material is electrically conductive as explained below.

If sufficiently positive potential is applied to the UME tip, oxi-
dation of Fe* occurs via the reaction;

Fe?t(aq) — Fe3*(aq) + e~ (i)

The oxidation occurs at a rate governed by diffusion of Fe2* to
the UME surface. If the tip is far (i.e. greater than several tip diame-
ters) from the substrate immersed in the electrolyte, a steady state
current, i.e. a current at infinite distance from the substrate, flows.
This steady-state current (it ) is given by;

iT, 00 = 4nFDca (1)

Where F is the Faraday constant, n is the number of electrons
transferred in reaction (i), D and c are the diffusion coefficient and
the bulk concentration of Fe2* respectively and a is the tip radius.
When the tip is brought to within a few tip radii of a conductive
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Fig. 11. Scan rate dependence of the cyclic voltammetry of tantalum (IV) oxide-
PANi-PSSA.

substrate surface, the Fe 3* species diffuses to the substrate where
it is reduced back to Fe2* via the reaction;

Fe3t(aq) + e — Fe?*(aq) (ii)

The process of equation (ii) produces an additional flux of
reduced species to the UME tip making the tip current, it, to increase
relative to ir,, meaning it O it The shorter the separation dis-
tance (d) between the tip and the substrate, the larger the tip
current. As it — oo, d— 0. This explains the upward trend of the curve
and hence the positive feedback (increasing current as the distance
of minimum approach decreases) approach curve profile obtained
for the nanocomposite material showing that it is electrically con-
ducting. The rate of the mediator regeneration at the substrate
determines the magnitude of the tip current and conversely the
dependence of tip-substrate separation.

3.8. Cyclic voltammetry characterization

The oxidative polymerization of aniline and aniline related
monomers is a chain reaction whose chain termination step
involves the coupling of radical cations to form dimers, oligomers
and finally the polymer [44,45]. Fig. 11 is the plot of the cyclic
voltammetric responses of the chemically synthesized tantalum
(IV) oxide-PANi-PSSA nanocomposite obtained in 1 M H,SOy4 as the
supporting electrolyte at different scan rates. Electroactive species
can be oxidized (ox) or reduced (red) and therefore have the ability
to pass on an electron(s) from one species to another thus contribut-
ing greatly to pseudocapacitance [46]. The multiscan CV curves
results of the composite exhibit a complex multi-redox potential
electrochemistry having an ability to undergo more than one oxi-
dation or reduction.

Indeed, it has been shown that polyaniline-based systems can
exist in three oxidation states, the most reduced polyleucoemeral-
dine form, the protonated polyemeraldine form (polyemeraldine
salt) and the fully oxidized polypernigraniline form [35,47]. Fig. 12
is a cyclic voltammetric cycle of tantalum (IV) oxide-PANi-PSSA at
10mV/s. It exhibits three characteristic redox couples. At low scan
rates, the composite displayed well defined oxidation-reduction
responses typical of PANi related composites. The redox couple
A/A’ could be assigned to the polyleucoemeraldine/polyemeraldine
salt transition. The couple at peaks C/C’' is the polyemeral-
dine/polypenigraniline transition [47,48]. The middle redox couple
(B/B’) has been attributed to the oxidation/reduction of dimers and
oligomers entrapped within the polymer matrix or to the degrada-
tion products of over-oxidized polyaniline.



N. Njomo et al. / Electrochimica Acta 128 (2014) 226-237 233

-150

-100 1

Current/pA

504

A ¢
Bl
T T v T v T v T v T : T ¥
-400 -200 0 200 400 600 800 1000
Potential/mV

100

Fig. 12. CV of tantalum (IV) oxide-PANi-PSSA at 10 mV/s.

It has also been attributed to defects in the linear structure of the
polymer, or correlated to the formation of cross-linked polyaniline
chains by direct reaction of aniline nitrenium cation (CgHsNH*) or
a reaction between the polyaniline chain itself through the substi-
tution of a nitrenium cation in another polyaniline chain [48-53].
From Fig. 12, the middle peak at B merged with the peak at C at
higher scan rates during the oxidative cycles as the peak at A shifted
inconsistently towards higher potentials. Also during reductive
cycles, the merging together of the peaks at C’ and A’ with the mid-
dle peak at B’ with increase in scan rates to form a broad anodic peak
centred at the middle of the cyclic voltammetry potential range
was accompanied by a shift of the resulting peak towards lower
potential values. The shifting of peaks suggests that an irreversible
behaviour could be taking place during both oxidative and reduc-
tive processes while the merging suggests some sluggish electron
transfer processes.

3.9. Design and characterization of supercapacitor cell

In the construction of an electrode, an electrode material with
a stable structure must be fabricated and is essential to providing
repeatable results. An ideal single electrode should be mechanically
strong and electrically conductive. Therefore, the nanocomposite
material should be bound into stable matrix with minimum non-
conductive polymer binder. A hydrophilic surface is desirable so
that aqueous electrolyte can easily penetrate into the pores of the
electrode material. A tight contact between the electrode material
and the current collector is necessary. Overall, the electrode has to
be structurally stable to ensure the repeatability of electrochemical
measurements.

3.9.1. Components of electrode materials

The main active electrode material is the chemically synthe-
sized sulphonated-PANi which is doped with the transition metal
oxide, tantalum (IV) oxide. This was the polymeric nanocomopsite
that was the focus of this investigation. As a conductive material,
activated graphitic carbon was added to increase the conductivity
of the electrode material [54-57]. As stated earlier, the storage of
electric charges in activated carbon is mainly non-faradaic, and the
accumulation of ionic charges occurs on a double layer at the elec-
trode/electrolyte interface. The large specific surface area and the
porosity of activated carbons are the basic requirements to achieve
the quick formation of a double layer; the capacitive behaviours
of activated carbons are influenced by their exposed surface
area and pore size distribution. In addition, functionalising acti-
vated carbon introduced functional groups containing heteroatoms

(such as oxygen, nitrogen, sulphur, and halogen). The presence of
these functionalities gives activated carbons an acid-base char-
acter, which enhances their pseudocapacitive effect. Therefore,
tailoring porous structure and surface chemistry of activated car-
bon is very important to improve electrochemical performance
of supercapacitors. Also, these various kinds of functional groups,
the acidic surface oxides, serve as adsorption sites for polar
molecules [58]. This increases surface hydrophilicity and hence
wettability. Surface wettability of the electrode material is impor-
tant for ensuring the entire pores contact electrolyte for charge
storage and or redox activity in the event of pseudocapacitance. Due
to the non-conductive nature of PTFE binder, the amount of PTFE
added should be limited such that it can bind the particles to stabi-
lize the matrix but still leave the electrode material as conductive
as possible. The higher the PTFE content, the higher the resistance
of the electrode material. The need to minimize the amount of PTFE
is therefore clear. 10% wt of the PTFE was found to bind the material
appropriately. From literature, any amount between 4% (the lowest
amount reported) and 10% wt is said to be appropriate [57,59,60].
The material of the current collector should be non-corroding in
the chosen electrolyte and within the test range of cyclic voltam-
metry. Nickel mesh is essentially a metal material that cannot
store charge, but can be quite resistant to the KOH electrolyte and
offers good contact between the active electrode material and the
current collector. Otherwise contact resistance greatly affects the
performance of an electrochemical capacitor [61,62]. A hydraulic
pressure machine was used to apply a pressure of 20 Mpa for 5 min
to press the active material onto the nickel mesh. Applying pres-
sure improves the contact between electrode material and current
collector and consequently decreases the contact resistance. More-
over, the contact resistance takes up a large percentage of the total
internal resistance of the cell. The two-electrode cell system was
used to evaluate the performance of capacitor cell, using the BST8-
3 eight-channel battery tester. The tester, working at the constant
current charge/discharge mode, was used to evaluate the parame-
ters; cell specific capacitance, specific energy, coulombic efficiency
and other parameters like the cell stability.

3.9.2. Capacitance measurement with constant current
charge/discharge (C/D)

During the test,0.01 A was used as the average charge/discharge
current. The charging and discharging was done within a poten-
tial range of 0.0V to 0.9V. The choice of the potential range
is dictated by the choice of the electrolyte. The choice for the
electrolyte was aqueous potassium hydroxide (KOH). Its decompo-
sition voltage limit is theoretically 1.23V or practically, in kinetic
terms, between 1.3V and 1.4V. KOH is very soluble in water
and because of OH~ anion, have very good conductivities and
advantageously high equivalent conductivities in aqueous medium
owing to the special mechanism of proton transport (proton hop-
ping) that determines their conductance [63]. Fig. 13 represent the
charge/discharge curves from the asymmetric supercapacitor cell
configuration assembled using the composite as cathode material
and activated carbon as anode material for the first five cycles.
Each branch of each circle starts with a voltage drop signifying
the IR drop, due to the internal resistance of the cell. The differ-
ent behaviour of the first cycle is always due to the initial starting
point where the whole system needs time to reach steady-state
behaviour. The discharge segment of the curve was used to cal-
culate the electrical parameters. These were calculated using the
following equations [64]; (Figs. 14 and 15)

In the equations, Cs is the specific capacitance in F g1, E is the
specific energy in ] g=! and P the specific power in W g-1. The
expressions show the discharge current (I) in amperes, the slope of
the discharge curve (dV/dt) and mass of the anode (m,) and cath-
ode (m¢) active materials in grams. The calculation of coulombic
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efficiency was based on the equation, n = g—lg x 100where tc and
tp represent the charging and discharging times, respectively. The
values of I, t, V, my and m. were 0.01 A, 296 s, 0.9V, 0.0216 g and
0.0198 g, respectively. The electrical parameter values computed
using the 3" discharge cycle are: specific capacitance of 318.4 F/g,
energy density of 1.57 kWh/kg and power density of 0.435 kW/kg.
The cell also demonstrated a high coulombic efficiency value of
94.9%.1t can be seen that the charge-discharge profiles deviate from
the typical linear variation of voltage with time normally exhibited
by electrochemical double layer capacitors (EDLC). The observed
non-linearity could be due to the pseudocapacitance arising out of
the redox reactions within the potential range used. The values of
specific capacitance obtained are within the two electrode capac-
itance values reported in literature, though comparatively, lower
and higher specific capacitance values have been reported at times
for single electrode materials [5,8,64-74]. The values obtained
depend on several factors key among them is the method used
to determine the specific capacitances. When cyclic voltammetric
charge is used specific capacitance values depends on the scan rates
and increases with increase in scan rates. When a charge-discharge
technique is used like the galvanostatic-potentiostatic, the values
reported depend on current densities. The values reported in lit-
erature are therefore unique to the methods used, conditions of
measurements and whether a three or two electrode system was
used. The materials are found to be relatively stable over large
number of cycles. From the voltage-time profile for tantalum (IV)
oxide-PANi-PSSA shown in Fig. 18, the potential remains stable
over a large number of cylces meaning that the material does not
degrade when cycled many times. They have longer cycle life and
therefore a high structural integrity under repeated charging and
discharging which is a desirable characteristic of supercapacitor
materials. The coulombic efficiency is quite high and remains high
as the materials are cycled over and over again as is illustrated
in the coulombic efficiency-number of cycles curve profile relat-
ing coulombic efficiency, charging and discharging at increasing
number of cycles (illustrated in Fig. 19). The efficiency obtained
is as high as 94.85%. In the figure, the top curve represent effi-
ciency while the bottom two represents charge during the charging
(blue) and discharging (green) regimes. The difference between the
bottom two represents charge lost through leakage and hence the
inability of the supercapacitor device to contain leakage through
self-discharge.

4. Conclusion

Modified sol-gel method produced nanocomposite morpholo-
gies of high specific capacitance. Electrode materials and electrolyte
need to be optimized and design protocols re-engineered towards
reducing internal resistance and hence loss of energy and power
since it is an essential ingredient to the performance of the supaca-
pacitor. The nanostructured mixed metal oxides and PSSA doped
polyaniline can greatly generate new synergetic properties and
improve the overall application performance in supercapacitors
that is not available from single metal oxide species and pure PANi
due to the appropriate combination of individual ingredients.
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