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Abstract Au/TiO,/Ti electrode was prepared by a two-step
process of anodic oxidation of titanium followed by
cathodic electrodeposition of gold on resulted TiO,. The
morphology and surface analysis of Au/TiO,/Ti electrodes
was investigated using scanning electron microscopy and
EDAX, respectively. The results indicated that gold
particles were homogeneously deposited on the surface of
TiO, nanotubes. The nanotubular TiO, layers consist of
individual tubes of about 60-90 nm in diameter, and the
electrode surface was covered by gold particles with a
diameter of about 100200 nm which are distributed evenly
on the titanium dioxide nanotubes. This nanotubular TiO,
support provides a high surface area and therefore enhances
the electrocatalytic activity of Auw/TiO,/Ti electrode. The
electrocatalytic behavior of Au/TiO,/Ti electrodes in the
glucose electro-oxidation was studied by cyclic voltamme-
try. The results showed that Au/TiO,/Ti electrodes exhibit a
considerably higher electrocatalytic activity toward the
glucose oxidation than that of gold electrode.

Keywords Au/TiO,/Ti electrode - Titanium dioxide -
Nanotube - Electrocatalysis - Glucose oxidation
Introduction

Determination of glucose has been investigated most

extensively as the target analyte in diagnosis of diabetes.
Most previous studies on this subject involved the use of
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the enzyme “glucose oxidase” (GODx) [1-4], which
catalyzes the oxidation of glucose to gluconolactone.
However, due to the intrinsic nature of enzymes, such
enzyme-based sensors have some stability problems. For
example, the activity of GODx can be easily affected by
temperature, pH, humidity, and toxic chemicals [5]. To
overcome this obstacle, attempts have been made to
develop other suitable sensory systems [6—10]. The direct
electrochemical oxidation of glucose on different substrates
such as platinum [6-8] and alloys (containing Pt, Pb, Au,
Pd, and Rh) [11] has been explored in the hope of
developing effective enzyme-free sensors. However, these
conventional electrodes have some disadvantages, such as
low sensitivity and poor selectivity, caused by surface
poisoning due to adsorbed intermediates and chloride ions
[12]. Gold has long been known as being catalytically far
less active than other transition metals [13]. As a
consequence, gold is not expected to be a good candidate
for catalytic oxidation or hydrogenation processes. Howev-
er, this lack of reactivity seems to be a characteristic of pure
gold since some catalyst preparations, where the metallic
particles are supported on oxides, have been reported to be
highly active especially at room temperature. Immobiliza-
tion of the noble metal particles in an active matrix may
enhance the overall reactivity of the catalytic metal centers
[14-23]. For example, our previous studies on the electro-
catalytic oxidation of glycerol and evolution of chlorine on
Pt/TiO, electrode has shown that the modification of
electrode surface by anodization of titanium improves the
electrocatalytic activity toward glycerol oxidation, as well
as chloride oxidation to chlorine gas to a great extent
[24,25]. Study of electrochemical glucose on gold nano-
particle has been reported by some authors [26-28];
glucose oxidation is a self-poisoning reaction which blocks
the active electrocatalyst surface by strongly adsorbed
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reaction intermediates such as CO, the efficiency of the
electrodes reduces due to poisoning of the catalyst, and
relatively poor mass-specific power densities are obtained.
Therefore, it is necessary to place more emphasis on
electrocatalyst research and to attain a significantly higher
power density. To improve the oxidation rate and electrode
stability, considerable efforts have been applied to the study
of electrode materials. In these studies, some economical
materials, including graphite, glass carbon, and novel
materials such as carbon nanotubes were used as substrate
for dispersing catalytic metal particles. In the present work,
in order to obtain a high surface area support, the Au
particles were brought onto a nanotubular TiO, matrix. In
this research, Au/TiO,/Ti electrode was fabricated by
anodization of the titanium substrate to produce TiO,
nanotubes with subsequent filling of the nanotubular TiO,
by cathodic deposition of gold. Self-organized TiO, films
were formed in 1 M Na,SO4+0.5 wt.% NaF. Then,
deposition of gold took place under galvanostatic condi-
tions from a cyanide bath containing KAu(CN), in the
presence of a citrate buffer. The electrochemical catalytic
activities of the Au and Au/TiO,/Ti electrodes in electro-
oxidation of glucose in basic aqueous solutions were
investigated. The morphology of the titanium oxide films
and gold coating on titanium oxide films were studied with
a scanning electron microscope (Philips Model XL30) and
energy-dispersive X-ray spectroscopy (EDAX).

Experimental
Reagents

All chemicals were of analytic purity grade and used
without further purification. All aqueous solutions were
prepared with distilled water.

Preparation of Au/TiO,/Ti electrodes

AU/TiO,/Ti electrode was prepared by a two-step process
through anodic oxidation followed by cathodic gold
electrodeposition. Titanium plates were cut from a titanium
sheet (99.99% purity, 1-mm thick) and mounted using
epoxy resin. Prior to anodization, the titanium electrodes
was first mechanically polished with different emery type
abrasive papers, rinsed in a bath of distilled water, and then
chemically etched by immersing in a mixture of HF and
HNOs acids for 1 min. The ratio of components HF/HNO;/
H,O in the mixture was 1:4:5 in volume. The last step of
pretreatment was rinsing with acetone and deionized water.
After the pretreatment, the nanotubular TiO, were prepared
by anodizing. Anodizing of titanium carried out in 1 M
Na,SO4+0.5 wt.% NaF mixture solution at a constant
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voltage of 20 V for 120 min at room temperature. After
rinsing with water, the plates with nanotubular TiO, (TiO,/
Ti electrodes) were immerged into the gold electrodeposi-
tion bath. Deposition of gold within nanotubular TiO,, took
place under galvanostatic conditions. For gold deposition,
the conditions were a current density of 10 mA cm > for
10 min, in a cyanide bath containing KAu(CN), in the
presence of a citrate buffered with pH4. The temperature of
bath is maintained at 45°C.

Physical characterization

Morphology, alignment, and composition of the TiO,
nanotube array and gold coating on nanotubular TiO, films
were characterized with a Philips scanning electron micro-
scope (SEM) and EDAX.

Electrochemical experiments

All electrochemical experiments were carried out in a
conventional three-electrode cell. The measuring equipment
was a princton Applied Research, EG&G PARSTAT 2263
advanced potentiostat run by PowerSuite software. The
reference electrode was a saturated calomel electrode
(SCE). A platinum sheet with about 20 cm? geometric area
was used as counter electrode. All potentials were measured
with respect to SCE.

Results and discussion
Characterization of the electrodes morphology

The SEM images of the titanium dioxide nanotubes and the
Au/TiO,/Ti electrode is showed in Fig. 1. Figure 1a shows
the SEM image of the titanium dioxide nanotubes prepared
by anodic oxidation and the average tube diameter was about
60-90 nm, which can be used as good carrier of particle
catalyst. It can be observed from Fig. 1b that the electrode
surface was covered by gold particles with a diameter of
about 100-200 nm which are distributed evenly on the
titanium dioxide nanotubes. Figure 2 shows the energy
dispersive X-ray spectrum of Au/TiO,/Ti after a 10-min
electroplating of gold on anodized titanium. Energy disper-
sive spectroscopy (EDS) results confirm the presence of gold
on TiO, nanotubes.

Determination of electrode surface area

In order to compare prepared electrodes with pure gold
electrode and to electrochemically characterize the real
surface of the Au/TiO,/Ti electrode, the area of the
electrode was determined using 1 mM KyFe(CN)g in
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Fig. 1 a The surface morphology of the titanium dioxide nanotubes
prepared by anodic oxidation, and b the surface morphology of gold
coating on the Au/TiO,/Ti electrode

Fig. 2 EDX of Au/TiO,/Ti
electrode (after 10-min electro-
plating of gold on anodized
titanium)

0.1 M KNOj3 by recording the cyclic voltamograms. From
the cyclic voltammetric peak current and the diffusion
coefficient of hexacyanoferrate, the area of the electrode
was calculated by using the Eq. (1) [29,30]:

ipa = (2.69 x 10°)n3/24D, 212 ¢, (1)

Where; n is the number of electrons transferred, i.e., 1, 4 is
the surface area of the electrode, D, is the diffusion
coefficient (9.382x10%cm?s™), v is the scan rate (0.1 V
s 1), C,° is the concentration of electro-active species
(1 mM). The surface area of Au/TiO,/Ti electrode was
estimated to be about 40 times as that of Au electrode.
Figure 3 shows the cyclic voltammograms obtained for Au/
TiO,/Ti and gold electrodes. The voltammograms for Au/
TiO,/Ti electrodes are not quantitatively similar to those for
smooth polycrystalline gold; this indicates that the activity of
Au/TiO,/Ti electrodes is much more than of gold electrode.

Electro-oxidation of glucose

Cyclic voltammetric study of glucose electro-oxidation
on the electrodes

In order to compare Au/TiO,/Ti electrode with flat gold
electrode, the method of cyclic voltammetry was used to
estimate the electrocatalytic behavior of the electrodes in
alkaline medium. Figure 4 presents cyclic voltammograms
of gold and Au/TiO,/Ti electrodes in 1 M NaOH solution
recorded at a scan rate of 100 mV s '. It is evident from
Fig. 4 that both the hydroxide ion adsorption and oxygen
evolution peak current densities on Au/TiO,/Ti electrode
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Fig. 3 Cyclic voltammograms for a Au/TiO,/Ti and gold electrodes
recorded at 100 mV s ' in a solution containing 1 mM K4[Fe(CN)] in
0.1 M KNOj; at 25°C

are higher than that of the flat gold electrode. Figure Sa, b
show cyclic voltammograms of Au/TiO,/Ti and gold
electrodes in 1 M NaOH+0.01 M glucose aqueous solution,
at a scan rate of 100 mV s ', respectively. The current
density for glucose oxidation on Au/TiO,/Ti electrode is
greater than that observed for gold electrode. This result
may also be attributed to the larger specific surface area of
the Auw/TiO,/Ti electrodes. In addition, to clarify if the
increase of the specific area is the only factor to explain the
increase of the oxidation current or the modification of
the electrode provides new reaction pathways, decreasing
the activation energy barrier of the reaction; the temperature
dependency of glucose oxidation on Au/TiO,/Ti and Au
electrodes were investigated in the temperature range of
20-80°C by the method of cyclic voltammetry and it was
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Fig. 4 Cyclic voltammograms for Au/TiO,/Ti and gold electrodes in
a 1 M NaOH solution at 25°C with a scan rate of 100 mV s '
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Fig. 5 Cyclic voltammograms for gold electrode (a) and Aw/TiO,/Ti
electrode (b) ina 1 M NaOH-0.01 M glucose aqueous solution at 25°C
with a scan rate of 100 mV s~

seen that anodic current increased with temperature
increase. Arrhenius plots for the anodic current of glucose
oxidation on Au/TiO,/Ti and Au electrodes showed a linear
correlation is obtained between In i and 1/7, the apparent
activation energy for Au/TiO,/Ti electrode was found to be
lower than Au electrode. Thus increasing of the specific
area and decreasing of activation energy for are two
parameters that increased the oxidation current.

Continuous Cyclic voltammetric properties of glucose
on Au/TiO>/Ti and gold electrodes

Figures 6 and 7 show the continuous cyclic voltammetric
curves of glucose at pure gold and Au/TiO,/Ti electrodes,
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Fig. 6 The continuous cyclic voltamogrames of glucose on gold
electrode in a 1 M NaOH-0.01 M glucose aqueous solution at 25°C
with a scan rate of 50 mV s~

respectively. It is seen from Fig. 6 that the oxidation peak
current density of glucose on pure gold electrode is
decreasing in subsequent scan cycles. It can probably be
due to the formation intermediates such as carbon monox-
ide absorbed on the electrode in the electrocatalytic process,
so the poisoned surface of the electrode decreased the
electrocatalytic activity of the pure gold electrode. From
Fig. 7, it can be seen that the continuous cyclic voltammo-
grams of glucose on the Au/TiO,/Ti electrode show
adversary properties to that of the pure gold electrode.
The oxidation peak current density of glucose is increasing
in subsequent scan cycles. Possibly, the intermediates
produced in the glucose electrocatalytic oxidation adsorbed
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Fig. 7 The continuous cyclic voltamogrames of glucose on Au/TiO,/
Ti electrode in a I M NaOH-0.01 M glucose aqueous solution at 25°
C with a scan rate of 50 mV s~

on the electrode surface and formed an electrocatalytic
active layer so increased the oxidation peak current.
Compared with the gold electrode, on Auw/TiO,/Ti elec-
trode, the complex geometry of the resulting electroactive
surface (spherical-shaped deposits for Au) acts to increase
the active surface area. Thus gold particles on Au/TiO,/Ti
electrode are less sensitive to the poisoning effect of
strongly adsorbed species.

Discussion on glucose electro-catalytic oxidation
mechanism

To study the electro-oxidation mechanism of glucose on
Au/TiO,/Ti electrode, the cyclic voltammetric curves were
recorded at different sweep rates in 1 M NaOH-0.01 M
glucose solutions. The results were shown in Fig. 8. It can
be seen that the peak current is proportional to the potential
scan rate. To investigate the electro-catalytic reaction
mechanism of glucose oxidation on Au/TiO,/Ti electrode,
diagram of peak current i, versus square root of sweep rate
V" was constructed. As known in the precondition semi-
infinite linear diffusion, peak current 7, was related to scan
rate through the following equation:

iy = (2.99 x 10%)n(an,)' > AC,D,"/v'/2 (2)

Where, i, is the peak current, v is the scan rate, n is the
number of electrons transferred, « is the coefficient of
electron transfer, C, is the bulk concentration of substrate,
D, is the diffusion coefficient, 4 is the electrode surface
area.If the concentration C, is hold constant, the peak
current i, is linearly proportional to the square root of
sweep rate ', While the sweep rate is kept constant, the
peak current 7, is linearly proportional to the concentration
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Fig. 8 The cyclic voltamogrames of glucose on Au/TiO,/Ti electrode
at different scan rate
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Fig. 9 The plot of glucose oxidation peak current on the Au/TiO,/Ti
electrode versus '

C,, which indicates the reaction is controlled by diffusion.
It is seen from Fig. 9 that the peak current i, is linearly
related to the square root of sweep rate v'> and the
correlation coefficient is R2=O.9954, which ensures that the
oxidation process of glucose on the Au/TiO,/Ti electrode is
controlled by diffusion.

Potential application for determination of glucose

Fig. 10 shows the cyclic voltammograms of the Au/TiO,/Ti
electrode in the presence of glucose. As can be seen in
Fig. 10, Auw/TiO,/Ti electrode exhibits a well-defined
catalytic oxidation current increasing linearly with an
increase in the glucose concentration in rang of 0.01 to
0.035 M. This Au/TiO,/Ti electrode exhibited reproducible
concentration dependence profiles for the glucose. Calibra-
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Fig. 10 The cyclic voltamogrames of Au/TiO,/Ti electrode in 1 M
NaOH solution with different concentrations of glucose
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tion curve for determination of glucose shows linear
dependence of the anodic peak current versus glucose
concentration (Fig. 11). Compared with other reports on
gold nanoparticle-modified electrodes, sensitivity of glu-
cose determination on Au/TiO,/Ti electrode is rather low
[31-33]. We can attribute this low level of sensitivity to
rather larger sizes of the gold particles deposited on
titanium nanotubes.

Conclusion

AU/TiO,/Ti electrode was prepared by a two-step process
consisting of anodic oxidation followed by cathodic
electrodeposition. The morphology and -electrocatalytic
performance of the electrode was investigated by SEM
and cyclic voltammetry, respectively. The results indicated
that gold particles were homogeneously deposited on the
surface of TiO, nanotubes. The electrocatalytic activity of
the Au/TiO,/Ti electrodes and pure gold toward glucose
oxidation was evaluated by electrochemical voltammo-
grams. Au/TiO,/Ti electrodes exhibit enhanced electro-
chemical activity toward oxidation of glucose mainly due
to the fact that deactivation process is slowed down with
increasing surface roughness. Study of electro-oxidation
mechanism of glucose on Au/TiO,/Ti electrode indicated
that the oxidation process is controlled by diffusion
processes. Finally, the electrocatalytic oxidation peak
currents for glucose exhibited a good linear dependence
on concentration and therefore this modified electrode can
be used for quantification determination of glucose in
samples. The reason behind developing this electrode is its
capability to remain unpoisoned in the presence of CO
formed through oxidation of glucose thus performing as a
suitable practical substrate. Also, preparation of this
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Fig. 11 The plot of glucose-oxidation peak current on the Au/TiO,/Ti
electrode versus concentration of glucose
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electrode is feasible and due to the well-known bio-
compatibility of titanium, this sensor may be further
developed to in vivo real-time and online determination of
glucose.
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