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Abstract: This paper describes the electrocatalytic activity for the oxidation of small biomolecules on the surface
of Pt-Ru nanoparticles supported by TiO,-hollow sphere prepared for use in sensor applications or fuel cells.
The TiO,-hollow sphere supports were first prepared by sol-gel reaction of titanium tetraisopropoxide with
poly(styrene-co-vinylphenylboronic acid), PSB used as a template. Pt-Ru nanoparticles were then deposited by
chemical reduction of the Pt** and Ru*" ions onto TiO,-hollow sphere (Pt-Ru@TiO,-H). The prepared Pt-Ru@TiO,-
H nanocomposites were characterized by transmission electron microscopy (TEM), X-ray diffraction (XRD),
and elemental analysis. The electrocatalytic efficiency of Pt-Ru nanoparticles was evaluated via ethanol,
methanol, dopamine, ascorbic acid, formalin, and glucose oxidation. The cyclic voltammograms (CV) obtained
during the oxidation studies revealed that the Pt-Ru@TiO,-H nanocomposites showed high electrocatalytic
activity for the oxidation of biomolecules. As a result, the prepared Pt-Ru catalysts doped onto TiO,-H sphere
nanocomposites supports can be used for non-enzymatic biosensor or fuel cell anode electrode.
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1. Introduction

The electrocatalytic oxidation of organic compounds
at noble metal electrodes using metal catalysts has
been studied extensively for their applications in
catalysis, fuel cells and sensors.' Pt and Pt-based
alloy catalysts have been widely used for those
catalysts.*> For example, initial research developing
non-enzymatic sensors focused on the use of
nanocrystalline metals, such as Pt or Au, especially
Pt-based amperometric electrodes.*” The desire for
better and cheaper electrocatalysts has resulted in
bimetallic systems being developed. Pt-Au,® Pt-Pb,”'?
and Pt-Ru®® are widely used for applications because
they often exhibit better catalytic properties than their
monometallic counterparts.'*'> For instant, bimetallic
catalysts such as Pt-Ru are considered the most
effective catalysts for the methanol oxidation
reaction'®'® due to their formation of two kinds of
site on the catalyst surface: Pt site with high activity
toward the dehydrogenation process and Ru site
providing the necessary oxygen species, €.g., weakly
bound OH groups or adsorbed water molecules.

In fact, a suitable supporting material is important
to affect the performance of supported electrocatalysts
owing to interactions and surface reactivity.'*?° Many
research efforts have been devoted to improving the
catalytic performance of carbon supported Pt-Ru
catalysts.”’ > In a colloidal method, dispersion and
adsorption of catalytic nanoparticles on the surface
of carbon-supports is done in the presence of
protecting agents to avoid aggregation of particles. It
should be noted that the protecting agent is likely to
reduce the catalytic activities of catalyst particles. In
another method known as the impregnation method,
a metal precursor is reduced by the carbon supports
dispersed in a solution.**?® In previous papers,”’**
the Pt-Ru nanoparticles were deposited on various
carbon-supports using y-irradiation to use as anode
catalysts in a direct methanol fuel cell (DMFC).
However, the life time of the electrode was reduced
since the carbon supports were slowly oxidized in
the fuel cell.

On the other hand, oxide materials are widely used
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as a support in heterogeneous catalyst since they
have high surface area, uniform porous structure,
low electrical resistance, effective interactions between
catalysts and supports, and inherently higher stability
compared to carbon in oxidizing environments.**
The use of titanium dioxide support in a fuel cell
operation has been of great interest due to its stability,
low cost, commercial availability in water, and ease to
control size and structure.*'*? The potential applications
of hollow nanomaterials, especially TiO, hollow
(TiO,-H) spheres, have been explored in various
areas, such as light-trapping, chemical separation,
photocatalysts, bio-medicine, and optical devices.~*
Compared to general core-shell nanostructures, TiO,-
H spheres are exceptional for their special internal
cavity, high specific surface area, high mobility, and
low density.>?’

TiO,-H sphere was successfully prepared using
poly(styrene-co-vinylphenylboronic acid), PSB, as a
template by using a sol-gel method. Previous studies®>*
reported the preparation of core-shell conductive
balls with polystyrene (PS) as a core and polypyrrole
(PPy) as a shell by in situ polymerization of pyrrole.
Surfactants including sodium dodecyl sulfite and
PVP were needed to modify the hydrophobic surface
of PS and help in the formation of a shell layer of
PPy over the surface of the PS particles. On the other
hand, to avoid using surfactants, a PS core was
copolymerized with a hydrophilic group like anhydride,
boronic acid, carboxylic acid, or sulfonate groups
prior to the core-shell reaction.

In this study, we focused on the application of Pt-
Ru@TiO,-H sphere nanocomposites for the detection
of multiple biomolecules. The monitoring of several
(bio) chemical parameters is specially interesting in
food analysis in which the samples contain a complex
mixture of analytes of interest. For example, glucose,
lactic acid, ethanol, etc. are produced in fermentation
processes. Firstly, we synthesized a Pt-Ru@TiO,-H
sphere nanocomposites using PSB as a template
(~320 nm) by chemical reduction. Subsequently, PSB/
TiO, core-shell (TiO,-CS) spheres were prepared by
sol-gel reaction. Then the prepared TiO,-H hollow
spheres were annealed to remove the PSB template
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at 450 °C under air atmosphere. In order to prepare
the electrocatalysts, we deposited Pt-Ru nanoparticles
on the surface of TiO»-H by chemical reduction. Finally,
the non-enzymatic sensor was fabricated by depositing
the as-prepared Pt-Ru@TiO,-H nanocomposites on the
surface of a glassy carbon electrode (GCE), which
was prepared by a hand casting method with Nafion
solution as a binder. The electrocatalytic activity of
Pt-Ru nanoparticles (NPs) on metal oxide supports
was evaluated via small bio molecules, such as
ethanol, methanol, dopamine, ascorbic acid, formalin,
and glucose in 0.5 M H,SOj, electrolyte in order to
use for a non-enzymatic biosensor or fuel cell anode
electrode.

2. Experiment

2.1. Reagents

Styrene, polyvinylpyrrolidone (PVP), 4-vinylphenyl-
boronic acid (VPBAC), titanium (IV) butoxide (TBT),
potassium persulfate (K,S,Og, KPS), H,PtClg x H,O
(37.5% Pt), RuCl; x HO (41.0% Ru), and Nafion
(perfluorinated ion-exchange resin, 5% (w/v) in 90%
aliphatic alcohol/10% water solution) were purchased
from Sigma-Aldrich Co. (Korea) and used without
further purification. Solutions for the experiments
were prepared with water purified in a Milli-Q plus
water purification system (Millipore Co. Ltd.; the
final resistance of water was 182 MQcm™') and

degassed prior to each measurement. All other
chemicals were of reagent grade, and were used
without further purification.

2.2. Synthesis of PSB as core-bal via
surfactant-free emulsion polymerization

PSB spheres as core-ball were prepared as follows:
The reaction mixture of styrene and VPBAc was
prepared in deionized (D.l) water prior to the
polymerization performed using KPS as an initiator
at 75 for 24 hth by stirring at 350 rpm under a
nitrogen atmosphere.

2.3. Preparation and characterization of the

Pt-Ru@ TiO,-H catalysts
Fig. 1 shows a schematic of the preparation of the

Pt-Ru@TiO»-H nanocomposite for use as a biosensor.
To prepare the TiO»-H spheres, the PSB was coated
with TiO, NPs by sol-gel method. The prepared PSB
(0.5 g) and PVP (0.75 g) were dissolved in 120 mL
of ethanol. The dispersed solution of TBT/EtOH (10
vol%,) was then added to the PVP-coated PSB
solution. Finally, 5.0 mL of D.I. water was added to
the reaction solution to induce surface dehydrogenation
of the TiO, NPs. The TiO,-H spheres were obtained
by calcination at 450 °C for 4 hth in air.

To prepare the electrocatalyst, bimetallic Pt-Ru
NPs were deposited onto the surface of TiO,-H
spheres by chemical reduction. The TiO,-H spheres

Scheme 1. Preparation process of Pt-Ru catalysts based on the hollow TiO, supports.
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were dispersed in 120 mL of aqueous ethylene glycol
(3:1 volume ratio of ethylene glycol and H,O).
Subsequently, H,PtClg (0.293 g) and RuCl; (0.197 g)
were added to the reaction solution, and the metallic
ions reduced at 130 for 12 hfh to obtain the Pt-
Ru@TiO,-H nanocomposites.

The particle size and morphology of the PSB,
TiO,-CS, TiO,-H and Pt-Ru@TiO,-H catalysts
were analyzed by field-emission scanning electron
microscopy (FE-SEM, Hitachi, S-4700, Japan), and
high-resolution transmission electron microscopy
(HR-TEM, JEOL, JEM-2010, USA). Mean diameters
and size distributions were further determined by
elastic light scattering (ELS, ELS-8000, Otsuka Co.,
Japan). The content of Pt and Ru in samples was
measured by the energy dispersive X-ray (EDX)
analyzer combined with HR-TEM. X-ray diffraction
(XRD) patterns were obtained using a Japanese
Rigaku D/max yA X-ray diffractometer equipped
with graphite mono-chromatized Cu Ko radiation
(A=0.15414 nm). The scanning range was 5-80° with
a scanning rate of 5%/min.

2.4. Fabrication of non-enzymatic biosensors
based on Pt-Ru@TiO,-H sphere catalysts
To evaluate the catalytic efficiency of Pt-Ru@TiO,-
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H sphere catalysts for the electro-oxidation of ethanol,
methanol, dopamine, ascorbic acid, formalin, and
glucose, the catalyst electrode was prepared as
follows: Firstly, the catalytic inks were prepared by
mixing of catalysts (5.0 mg) and 5% Nafion solution
(0.05 mL) and stirred for 24 hfh. Secondly, the
catalytic inks were applied on a glass carbon (GC)
(0.02 cm?) by wet coating, and dried in a vacuum
oven at 50 °C under nitrogen gas. The electro-oxidation
of each target molecule was examined using the Pt-
Ru@TiO,-H catalyst electrode, submerged in 0.5M
H,SO, electrolyte by cyclic voltammetry (EG&G
INSTRUMENTS, Potentiostat/Galvanostat model 283,
USA).

3. Results and discussion

3.1. Characterization of

catalysts
PSB was prepared by emulsion-free copolymerization

of styrene and VPBAc and used as a template for
preparing nanostructure supports, as shown in

Pt-Ru  @TiO,-H

Scheme 1. To avoid using surfactant for core-shell
preparation, a PS core was copolymerized with a
hydrophilic group which was boronic acid prior to
the core-shell reaction. The boronic acid group that

Ti0 : Pt-Ru
A/ 1Pz
PSB > I
Ti0x-CS TiO-H PtRu@TiOy-H
. supports: 5 mg
Nafion: 50 pL

Poly(styrene-co-4-VPBAc) |

Hand-castmethod
_

Non-enzymatic
biosensor

Scheme 1. Preparation process of Pt-Ru catalysts based on the hollow TiO, supports.
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Fig. 2. TEM image (a) and ELS data (b) of PSB spheres prepared by emulsion-free polymerization.

Fig. 3. TEM images of the TiO,-CS before calcinations (a), TiO,-H after calcinations at 550 °C (b), and Pt-Ru@ TiO»-H (c).

was present on the PSB surface was expected to
have stronger interactions with titanium alkoxide.
The SEM images in Fig. 1 show PSB templates that
are spherical with a uniform size of approximately
300 nm in average diameter. Size distribution of PSB
determined by ELS shows similar to the particle size
measured by TEM, as shown in Fig. 2.

Fig. 3 shows the TEM images for TiO,/PSB-CS (a),
TiO,-H (b), and Pt-Ru@TiO,-H (c) nanocomposites.
The average external diameter of the hollow
microspheres was ~325 nm (Fig. 3(a)), and the
average shell thickness of the hollow microspheres
was about 37 nm. After being calcined at 550 °C, the
morphology and mean external diameter of the

hollow microspheres remained almost same (Fig. 3
(b)), which demonstrated their thermal stability. Pt-
Ru@TiO,-H showed a very similar morphology and
size (Fig. 3(c)). Although Pt-Ru NPs did not
completely appear in the TEM image, the presence
of Pt-Ru NPs on TiO,-H was confirmed by EDX
(Fig. 4). The sample exhibited a Pt:Ru atomic ratio
of approximately 68:32 (14.6:6.9 wt.%), which differed
from the nominal Pt:Ru atomic ratio of 1:1 used in
the preparation. This is because some Ru*" ions
failed to be simultaneously reduced with Pt* ions
within the reaction time since the redox potential of
Ru**/Ru (E4~0.84 V) is of much lower than that of
Pt*/ Ption (Es~1.41 V).*

Analytical Science & Technology
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Fig. 4. EDX data of Pt-Ru@TiO,-H spheres.

Fig. 5 presents XRD patterns of the TiO,-H and
Pt-Ru@TiO,-H catalysts. The synthesized TiO,-H
microsphere after calcination is shown in Fig. 5(a).
After calcination at 550 for 2 hth, the strong and
sharp diffraction peaks indicated that the product
was highly crystalline and was indexed perfectly to
the anatase phase of TiO, (JCPDS 21-1272). The
TiO,-H was further modified with Pt and Ru doping.
As shown in Fig. 5(b), the XRD pattern of TiO-H
after Pt-Ru doping displays a set of widened peaks at
39.9°, 46.2°, and 67.4° in addition to those of
anatase TiO,. They can be assigned as the Pt (111),
(200), and (220) planes, respectively, of the face
centered cubic structure of Pt and Pt alloy particles.
XRD peaks corresponding to metallic Ru or to
any other Ru-rich materials do not appear in this
sample. However, some oxide form of Ru may
present in the amorphous state.*'#? Those results
confirmed the successful preparation of the Pt-
Ru@TiO,-H nanocomposites by chemical reduction
method.

3.2. Electrocatalytic efficiency of catalysts
toward the oxidation of smal molecules

The catalytic performance of TiO,-H sphere
supported Pt-Ru catalysts toward the electrochemical
oxidation of small biomolecules was tested. Fig. 6
shows the cyclic voltammograms (CVs) of ethanol
(a), metanol (b), dopamine (c), ascorbic acid (d),
formalin (e), and glucose (f) oxidations with various
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Fig. 5. XRD patterns of TiO,-H spheres calcined at 550 °C
(a) and Pt-Rw/TiO»-H (b).

concentrations in 0.5 M H,SOy electrolyte at a scan
rate 50 mV/s. The concentration of ethanol is varied
from 0.05 to 2 M and the peak current appears at 0.8
V (vs Ag/AgCl) corresponding to the oxidation of
ethanol (Fig. 6(a)). The maximum catalytic efficiency
is appeared in 0.5 M ethanol concentration. Fig. 6(b)
presents the CVs for electro-oxidation of methanol
in a concentration range from 0.05 to 2 M. The peak
current appears at 0.7 V (vs Ag/AgCl) corresponding
to the oxidation of 0.5 M methanol. The redox of
dopamine involves two-proton and two-electron
transferring processes.” Fig. 6(c) displays the CVs
for different concentrations (5.0x10*-0.10 M) of
dopamine. The electrode exhibits a reversible electron
process according to the dopamine concentration.
The dopamine oxidation currents gradually increase
with increasing concentration. The maximum current
measured at 0.68 V (vs. Ag/AgCl) for the electro-
oxidation of 0.05 M dopamine forming o-quinone in
acidic media.*’ The electrooxidation of ascorbic acid
(AA) on modified GCs with the catalysts was
evaluated in various concentration of AA, as shown
in Fig. 6(d). The anodic currents start to increase at
around 0.3 V and continue to increase up to 1.2 V in
the presence of 1.0 M AA. The catalyst in the
presence of 1.0 M AA remarkably increased the
oxidation currents compared to lower concentrations
of AA present. The current values at 0.6 V in the
positive scans were used to evaluate the activities for
AA oxidation. Fig. 6(e) presents the CVs for electro-
oxidation of formalin in a concentration range from
0.05 to 2 M. The formalin oxidation currents gradually
increase with increasing concentration. The maximum
current measured at 0.7 V (vs. Ag/AgCl) for the
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Fig. 6. Cyclic voltammograms of ethanol (a), methanol (b), dopamine (c), ascorbic acid (d), formalin (e), and glucose (f) oxidation
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electro-oxidation of 2 M formalin. Fig. 6(f) shows
the CVs of Pt-Ru@TiO,-H sphere nanocomposites
modified electrode in the presence of various
concentrations of glucose. No redox peaks can be
observed in the CV of the electrode suggesting that
the catalysts cannot undergo the redox reaction in the
potential range of interest.

Fig. 7(a) exhibits the CVs of the GCE modified
by surface deposition of the Pt-Ru@TiO,-H
nanocomposites toward oxidation of 1.0 mM
formalin (a) and 1.0 mM dopamine (b) as a function
of pH. The sensing efficiency for formalin oxidation
was not significantly affected by pH whereas for
dopamine oxidation, the sensing efficiency increased
as the pH decreased from 9.0 to 5.0. Consequently,
pH 5.0 was chosen as the optimal pH.

The cyclic voltammograms (CV) obtained during
the oxidation studies revealed that the Pt-Ru@TiO,-
H nanocomposites showed best catalytic function
toward the oxidation of dopamine in acidic media.
The Pt-Ru@TiO»-H nanocomposite electrodes showed
high electrocatalytic activity for the electro-oxidation
of ethanol and formalin. However, the sensing
efficiency of nanocomposites is needed to improve
for the electro-oxidation of methanol, ascorbic acid and
glucose.

4. Conclusion

In this paper, we have presented the preparation of
bimetallic Pt-Ru catalysts doped TiO,-H sphere
nanocomposites and the results of electrocatalytic
efficiency of the catalysts via ethanol, methanol,
dopamine, ascorbic acid, formalin, and glucose
oxidation. To prepare the electrocatalyst, bimetallic
Pt-Ru nanoparticles were deposited onto the surface
of TiO,-H by chemical reduction. The sample
exhibited that a Pt:Ru atomic ratio of approximately
68:32 (14.6:6.9 wt.%) was well deposited onto the
analtase phase of TiO,-H sphere nanocomposites. A
non-enzymatic sensor was fabricated by depositing
the as-prepared Pt-Ru@TiO,-H nanocomposites on
the surface of a GCE. The CVs obtained during the
oxidation studies revealed the superior catalytic

Vol. 26, No. 1, 2013

function of the Pt-Ru@TiO,-H nanocomposites toward
the oxidation of dopamine. The Pt-Ru@TiO,-H
also showed the high electrocatalytic
activity for electro-oxidation of ethanol and formalin.
On the basis of the results, the prepared Pt-Ru
catalysts doped onto TiO,-H sphere nanocomposites

electrodes

supports can be used for non-enzymatic biosensor or
fuel cell anode electrode.
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