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Abstract Polyaniline films prepared on titanium were
employed as substrate for the electrodeposition of gold.
The modified electrode was used as anode for the electro-
oxidation of ascorbic acid. The electrochemical behavior
and electro-catalytic activity of Au/PAni/Ti electrode were
characterized by cyclic voltammetry. The morphology of
the polyaniline film and gold coating on PAni/Ti electrode
were characterized by scanning electron microscopy
(SEM) and energy-dispersive X-ray (EDX) techniques,
respectively. Results indicated that gold nanoparticles were
homogeneously dispersed on the surface of polyaniline
film. The electro-oxidation of ascorbic acid is found to
proceed more facile on Au/PAni/Ti electrode than on bare
gold electrode. The irreversible oxidation current of
ascorbic acid exhibits a linear dependence on the ascorbic
acid concentration in the range of 1-5 mM.

Introduction

Conducting polymers are of great interest to researchers
in many fields due to their outstanding properties and
numerous possible applications. Polyaniline is one of the
most important conducting polymers because of its high
conductivity, ease of preparation, good environmental
stability, and large variety of applications such as electro-
chromic devices, secondary batteries, catalysis, and cor-
rosion protection coatings [1-4]. The electro-oxidation of
ascorbic acid on various electrodes has been a subject of
several studies. The electrode materials include platinum,
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carbon paste electrodes, polypyrrole nanowire-modified
electrode, vanadium oxide polypropylene carbonate-mod-
ified electrode, PEDOT-modified electrode, layer-by-layer
assembled multilayer films of redox polymers, polypyr-
role films containing ferrocyanide ions deposited onto
thermally pre-treated and untreated iron substrate, etc.,
[5-12]. In all these studies, the reaction has been studied
on the bare or the surface-modified noble metals as well
as glassy carbon. The noble metals and glassy carbon
showed good catalytic activity toward oxidation reactions.
Study of electro-oxidation of ascorbic acid on surface-
modified non-noble electrodes such as titanium, lacking
electro-catalytic activity in their original state, is an
interesting field of research. Additionally, low cost as well
as ease of electrode assembly are favorable factors in
using non-noble metals. Because ascorbate sensors are
anticipated to have potential applications, it would be
beneficial to employ a suitable metal for electro-oxidation
of ascorbic acid. To the best of our knowledge, the
electro-oxidation of ascorbic acid on a polyaniline-coated
non-platinum metals is only reported in two articles in the
literature [13, 14]. Immobilization of the noble metal
nanoparticles in an active matrix may enhance the overall
reactivity of the catalytic metal centers. For example, our
previous studies on the electro-catalytic oxidation of
glycerol and evolution of chlorine on Pt/TiO,/Ti electrode
and electro-catalytic oxidation of glucose on Au/TiO,/Ti
electrode, has shown that the modification of electrode
surface by anodizing of titanium enhances the electro-
catalytic activity to a great extent [15-17]. To date, the
variety of researches has been focused on the using of
nanoparticles and nanocomposites in the electrochem-
istry fields [18-21]. The aim of the present work was
to investigate the electro-oxidation of ascorbic acid on
gold nanoparticles dispersed in polyaniline matrices and

@ Springer



2366

J Mater Sci (2010) 45:2365-2371

analyze the effect of their morphologies on the electro-
catalytic characteristics of this modified electrode. The
polyaniline films were obtained by applying cyclic vol-
tammetry scans on titanium substrates. Our criteria behind
selecting titanium as substrate for electrodeposition of
polyaniline are its good corrosion resistance and human
body biocompatibility. Gold nanoparticles dispersed on
the polyaniline films by cathodic electrodeposition. The
electro-oxidation of ascorbic acid on Au/PAni/Ti elec-
trodes was carried out using cyclic voltammetry and the
results are discussed on the basis of differences in their
surface area. The surface morphology and element anal-
ysis of polyaniline films on titanium and gold coating on
polyaniline films were characterized by scanning elec-
tron microscopy (SEM) and energy-dispersive X-ray spec-
troscopy (EDX), respectively.

Experimental
Solutions and chemicals

All chemicals used were of analytical grade. Aniline was
distilled under reduced pressure and then stored at low
temperature before use. All electrochemical experiments
were carried out at room temperature. Distilled water was
used throughout.

Electrochemical instrumentation, cells, and electrodes

The electrochemical experiments (electro-polymerization
and electro-oxidation) were performed in a three-electrode
cell assembly. A platinum sheet of the geometric area of
about 20 cm® was used as counter electrode, while all
potentials were measured with respect to a commercial
saturated calomel electrode (SCE). Electrochemical exper-
iments were carried out using a Princeton Applied
Research, EG&G PARSTAT 2263 Advanced Electro-
chemical System run by PowerSuite Software.

Polyaniline growth

Electro-polymerization of polyaniline from an acidic
solution were conducted on titanium electrode. Titanium
discs were cut from a titanium sheet (purity 99.99%, 1 mm
thickness) and mounted using polyester resin. The depo-
sition of conducting polymers on spontaneously passivat-
ing metals such as titanium and aluminum usually requires
a pre-treatment of the substrate in order to remove natural
oxides, which cover the metal surface. Prior to electro-
polymerization of aniline, the titanium electrodes were first
mechanically polished with different grades of abrasive
papers, rinsed in a run of distilled water, then chemically
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etched by immersing in a mixture of volumetric 1:4:5 of
HF:HNOj3:H,O. The last step of pretreatment was rinsing
with deionized water. After the pretreatment, electro-
polymerization of aniline was conducted in solution of
0.1 M aniline and 0.5 M H,SO, through 10 successive
cyclic voltammetry scans in the potential range of —0.5
and 1.5 V at a scan rate of 10 mV s~

The electrodeposition of gold on PAni/Ti electrode

After rinsing with water, the PAni/Ti electrodes were
immerged into the bath for -electrolytic deposition.
Deposition of gold on PAni/Ti electrodes was performed
under galvanostatic conditions with a current density of
10 mA cm™? for 10 min, in a bath containing KAu(CN),
in the presence of a citrate buffer with pH = 4. The tem-
perature is maintained at 45 °C. The morphology of the
polyaniline film and gold coating on the polyaniline films
were characterized with a Philips scanning electron
microscope.

Determination of electrode surface area

The area of the electrode was determined using 1 mM
K4Fe(CN)g in 0.1 M KNOj electrolyte by recording the
cyclic voltammograms. From the cyclic voltammetric peak
current and the diffusion coefficient of hexacyanoferrate,
the area of the electrode was calculated by using the
equation [22, 23]:

ipa = (2.69 x 10°) i*/2AD}/V'2C? 0

where n = number of electrons transferred, i.e., in this case
1, A = surface area of the electrode, D, = diffusion coef-
ficient (9.382 x 107° cm? sfl), v = scan rate (0.1 V sfl),
C,, = concentration of electro-active species (1 mM). The
surface area of Au/PAni/Ti electrode was estimated to be

about 5 times of Au electrode.

Results and discussion
Preparation of polyaniline electrode

Figure 1 shows cyclic voltammograms recorded during
electro-polymerization of polyaniline on titanium electrode
in 0.5 M H,SO, solution containing 0.1 M aniline at a scan
rate of 10 mV s~'. First anodic peak occurring at a
potential of about +0.25 V could be attributed to the
doping of sulfate anions via transition of leucoemeraldine
form of polyaniline to emeraldine salt, while further
increase of the potential above 4-0.65 V denotes transition

of emeraldine salt to pernigraniline salt [20]. Between
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Fig. 1 Cyclic voltammograms during polymerization in 0.5 M
H,S0Oy, solution containing 0.1 M aniline at a scan rate of 10 mV s71

these two well-defined anodic peaks, small peak at poten-
tial of about +0.45 V could be assigned to degradation
reaction of polyaniline [24, 25].

Morphology of PAni/Ti and Au/PAni/Ti electrodes

Figure 2a, b shows SEM micrograph of the surface of
titanium substrate before deposition of polyaniline film onto
it and SEM picture of the pure polyaniline film (without
deposited gold) obtained by CV polymerization in 0.5 M
H,SO, containing 0.1 M aniline, respectively. The potential
range was between —0.5 and 1.5 V with a scan rate of
10 mV s™". It can be seen that Ti-substrate was smooth and
planar before depositing the film onto it and the polyaniline
film forms with a granular morphology.

Figure 3 shows the SEM micrographs of gold catalyst
nanoparticles electrodeposited on the polyaniline film. It
can be seen that the gold nanoparticles with diameters
about of 60-90 nm are distributed in an almost homoge-
neous manner at the surface of the polyaniline film. Fig-
ure 4 shows the EDX spectrum of Au/PAni/Ti after 10 min
electroplating of gold on PAni/Ti electrode. EDX results
confirm the presence of gold nanoparticles in the displaced
films.

Characterization of the Au/PAni/Ti electrode surface

In order to determine whether the electrodeposition pro-
cedure had resulted in the removal of the surface oxide
layers, thereby ensuring good electrical contact between
the gold and polyaniline coating with the underlying tita-
nium electrode, the Au/PAni/Ti were tested as electrode
using an one electron redox couple. Figure 5 shows the
voltammetric curves for the reduction of K;Fe(CN)g on

<
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15000X

Fig. 2 Typical surface morphology of titanium substrate before
deposition of polyaniline film on it (a) and SEM picture of the pure
polyaniline films on titanium electrode, prepared by electro-polymer-
ization method (b)

Fig. 3 The surface morphology of gold coating on the PAni/Ti
electrode

Au/PAni/Ti and Au electrodes. The voltammogram for the
Au/PAni/Ti electrode shows the expected reversible
behavior for the reduction on a bulk gold electrode. It
suggests that the adhesion and electrical contact between
electrodeposited polyaniline film and titanium substrate is
quite satisfactory.
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Fig. 4 An EDX of Au/PAni/Ti electrode
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Fig. 5 Cyclic voltammograms for a Au/PAni/Ti electrode and a Au
electrode, recorded at 100 mV s~' in a solution containing
10 mM Kj3[Fe(CN)g] in 1 M KCl at 25 °C

Electro-oxidation of ascorbic acid

In order to compare Au/PAni/Ti electrode with flat gold
electrode, the method of cyclic voltammetry was used to
follow the electro-catalytic behavior of the electrodes.
Figure 6 presents cyclic voltammograms of gold and Au/
PAni/Ti electrodes in 0.1 M phosphate buffer + 0.005 M
ascorbic acid aqueous solution, at a scan rate of
100 mV s~ '. The pure gold electrode exhibited no oxida-
tion peak for ascorbic acid but after replacing the pure
gold electrode with Au/PAni/Ti electrode, distinguished
peaks were observed in the cyclic voltammetry, therefore
confirming the Au/PAni/Ti electrodes electro-catalytic
activity.
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Fig. 6 Cyclic voltammograms for Au/PAni/Ti and gold electrodes in
0.1 M phosphate buffer-0.005 M ascorbic acid aqueous solution at
25 °C with a scan rate of 100 mV s~
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Fig. 7 The cyclic voltammograms of ascorbic acid on Au/PAni/Ti
electrode at different scan rate

Effect of scan rate

The effect of scan rate on the electro-catalytic properties of
Au/PAni/Ti electrode toward ascorbic acid oxidation was
studied and results were shown in Fig. 7. As can be seen in
Fig. 7, the increase in potential scan rate induced an
increase in the electro-catalytic peak current and resulted in
a shift to more positive potential value for the catalytic
oxidation of ascorbic acid. The same results were observed
by other authors concerning the ascorbic acid oxidation on
modified carbon paste electrode [26]. This clear shift of the
peak potential was occurred as expected for irreversible
electrochemical reactions [27]. The obtained cyclic vol-
tammograms were used to examine the variation of oxi-
dation peak current versus scan rate. The oxidation current



J Mater Sci (2010) 45:2365-2371

2369

1600

y = 67.025x + 368.77
1500 gz_ o016

-

B

o

o
T

1300 -
1200 -
1100 -
1000
900 -

Current density (pA/cmz)

800 -

700

600 . . . . . . . . . . . . .
4 6 8 10 12 14 16 18

Square root of scan rate (mV"2 5-1/2)

Fig. 8 The plot of ascorbic acid oxidation peak current on the Au/
PAni/Ti electrode versus v'/?

of ascorbic acid increased linearly with the square root of
the scan rate on Au/PAni/Ti electrode (Fig. 8), suggesting
that the reaction is mass transfer controlled.

In order to get the information on the rate-determining
step, Tafel slope, b, was determined using the following
equation valid for such a process [13]:

E, = 0.5blogy + constant (2)
Therefore, on the basis of Eq. 2, the slope of E, versus

log v plot is

dE,/d log v="b/2 (3)

where b is the Tafel slope and v is the scan rate; the Tafel
slope can also be expressed as:

b=23RT (atan, F) ' (4)

On the basis of these equations, the slope of the plots of
E, versus log v is b/2 which was found equal to 0.0918 in
this work (Fig. 9),s0,b =2 x 0.0918 V = 0.1836 V. Itis
known that ascorbic acid oxidation kinetics on many

0.45 I y = 0,0918x + 0.2139 .
R? = 0.9954
3
b3 04 r
[
>
>
~
o
W oosst
0.3 L L L L L L L L L L L L L
1.2 1.4 1.6 1.8 2 22 2.4 26

Log v(mV/s)

Fig. 9 The peak potential dependence on log v for the oxidation of
ascorbic acid at the Au/PAni/Ti electrode

materials occur with single electron transfer process [28,
29]. Assuming this, these slope values indicate a transfer
coefficient (o)) of 0.3125.

Electro-catalytic determination of ascorbic acid

Effect of ascorbic acid concentration on the cyclic vol-
tammetric response of Au/PAni/Ti electrode was investi-
gated. Figure 10 shows the cyclic voltammograms of the
Au/PAni/Ti electrode at the presence of various concen-
trations of ascorbic acid. The observed anodic peak current
increases with increasing ascorbic acid concentration in the
solution. This catalytic peak current shows a linear rela-
tionship with the concentration of ascorbic acid in the
range of 1-5 mM with a correlation coefficient of r* =
0.9924 (Fig. 11). From these results, it can be concluded
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Fig. 10 The cyclic voltammograms of Au/PAni/Ti electrode in

0.1 M phosphate buffer solution with different concentrations of
ascorbic acid
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Fig. 11 The plot of ascorbic acid oxidation peak current on the Au/
PAni/Ti electrode versus concentration of ascorbic acid
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that the electro-oxidation of ascorbic acid on these new
modified electrodes can be used for the quantitative
determination of ascorbic acid in samples. Compared to
modified carbon electrodes requiring tedious preparations
and pretreatment procedures, Au/PAni/Ti electrode can
easily be prepared without any further need to modifica-
tion, thus from a practical point of view can be applied for
the quantitative determination of ascorbic acid. The same
results were observed by some investigators concerning the
ascorbic acid oxidation on polypyrrole films containing
ferrocyanide ions deposited onto thermally pre-treated and
untreated iron substrate [12].

The temperature dependence of ascorbic acid oxidation
on Au/PAni/Ti electrode

In order to study the effect of temperature on the electro-
catalytic performance of Au/PAni/Ti electrodes, ascorbic
acid oxidation on Au/PAni/Ti electrode was investigated in
the electrolyte temperature range of 308-358 K by the
method of cyclic voltammetry. From Fig. 12, it can be seen
that anodic current increase with temperature. Figure 13
presents the variation of ascorbic acid electro-oxidation
current density versus temperature. As the temperature
increases, the electro-oxidation current density increases.
This is attributed to the increase rate of charge transfer in
the electrode/electrolyte interface. At the same time, high
temperature will decrease the diffusion resistance, so
higher electro-oxidation currents could be obtained.

Conclusion

Au/PAni/Ti electrode was prepared by a two-step process
consisting of electro-polymerization of aniline on the
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Fig. 12 The effect of temperature on cyclic voltammograms of

ascorbic acid oxidation on Au/PAni/Ti electrode in the range of 308—
358 K
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Fig. 13 Relationship between electro-oxidation current density and
temperature. Electrolyte 0.1 M phosphate buffer + 0.005 M ascorbic
acid aqueous solution

titanium electrodes and then, cathodic electrodeposition of
gold on polyaniline films (on PAni/Ti electrode). The
morphology and electro-catalytic performance of the
electrode was investigated by SEM and cyclic voltam-
metry, respectively. The results indicated that gold
nanoparticles were homogeneously deposited on the sur-
face of polyaniline film. These electrodes presented a
good electro-catalytic activity toward the oxidation of
ascorbic acid. The electro-catalytic activity of the Au/
PAni/Ti electrodes and pure gold toward ascorbic acid
oxidation was evaluated through cyclic voltammograms.
Results showed that PAni/Ti electrodes modified with
gold nanoparticles have good electro-catalytic effect
toward ascorbic acid electro-oxidation and that the bare
gold electrode could not be considered suitable for oxi-
dation of ascorbic acid. The oxidation kinetic of ascorbic
acid was also studied by varying the potential scan rate.
The results indicated that the oxidation process is mass
transfer controlled. Finally, the oxidation current of
ascorbic acid Au/PAni/Ti electrodes was used for the
determination of ascorbic acid in aqueous solution and
a linear calibration curve was found in the range of
1-5 mM with a correlation coefficient of 0.9924. There-
fore, this modified electrode can be used for quantitative
determination of ascorbic acid in samples.
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