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ABSTRACT: The surface of silica particles was NH;—
functionalized by 3-aminopropyltrimethoxysilane, then the
platinum/polypyrrole hybrid hollow microspheres were
prepared by treating the SiO, template decorated by the
H,PtCly via the NH,— group with pyrrole vapor and devel-
oped as hydrogen peroxide (HyO,) sensor. The platinum/
polypyrrole hybrid hollow sphere materials were character-
ized by transmission electron microscopy and infrared spec-
troscopy, and the catalytic electrodes were investigated by
electrochemical method. The results showed that the non-

enzymatic sensor displayed a good electro-catalytic
response and high sensitivity to the oxidation of H,O,, and
the resulting sensor showed a wide linear range from 1.9 to
9.7 mM H,0,. The obvious response could be still observed
in it curve when the concentration of H,O, was as low
as 1.0 pM. © 2012 Wiley Periodicals, Inc. ] Appl Polym Sci 000:
000-000, 2012
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INTRODUCTION

The determination of H,O, is of importance in
industrial, clinical, and many other fields. Many
H,0O; analytical methods including titrimetry, spec-
tro-photometry, chemi-luminescence, and electro-
chemistry have been developed."” Among afore-
mentioned analytical methods, the electrochemical
technique has been widely used because of its fast
response and low cost. Since the first sensor for
hydrogen peroxide in 1967, the developments of
novel sensor measuring H,O, have aroused wide in-
terest in the last years.® Many enzyme-based biosen-
sors toward H,O, oxidation have been fabricated,”°
but the application of these H,O, enzymatic biosen-
sors is limited partially due to disadvantage of their
rigorous environment, high cost, instability of
enzymes, and the complicated process of enzyme
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immobilization."'™"® When compared with enzyme-
base sensor, nonenzymatic sensors show high stabil-
ity, which is free of influence of temperature.

Conducting polymers/metal hybrid materials ex-
hibit many excellent properties because of the com-
bination of the different properties of the each com-
ponent. It has reported that conducting polymers are
good supporting matrixes for nanoparticles
(NPs)."*'* Polypyrrole (PPy) as one of the most pop-
ular conducting polymers has attracted a great deal
of interest for its potential application in batteries,
supercapcacitors, microwave shielding, sensors, and
actuators because of their highly electrical conductiv-
ity, good stability, and easy preparation.'®>" On the
other hand, catalytic behaviors of the transition
metal NPs, especially noble metal NPs, have been
extensively studied because of their high catalytic
activity for many chemical reactions.”>* In particu-
lar, Pt NPs have been demonstrated to low the H,O,
oxidation-reduction overvoltage efficiently and been
studied to the catalytic activity of H,O, reduc-
tion.'*?*2% Furthermore, Pt NPs also exhibits good
eletrocatalytic activity toward the oxidation of meth-
anol, reduction of oxygen, and oxidation of glu-
cose.*

In this article, by combing the advantages of PPy
and Pt NPs, a hydrogen peroxide sensor has been
constructed. In the process of preparation, the NH,-
functionalized SiO, was used as a template to
adsorb H,PtCls and provide a reaction place for
H,PtClg and pyrrole vapor. After the PPy and Pt
NPs formed on the surface of the SiO,, the SiO, core
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Scheme 1 The illustration of the formation of Pt/PPy hollow spheres.

was removed by HF, and then the hollow PPy micro-
sphere on the inner surface decorated with Pt NPs
formed. The electrodes modified with the Pt/PPy
hybrid hollow microspheres were investigated and the
results show that the hybrid material could be devel-
oped as new materials for no enzyme H,O, sensor.

EXPERIMENTAL
Reagents

Pyrrole, dihydrogen hexachloroplatinate (H,PtClg-6H,0),
and 3-aminopropyltrimethoxy-silane (APTMS) were
purchased from Guoyao Chemical Regent (Shanghai,
China), and the pyrrole was distilled under reduced
pressure before use. Tetraethyl orthosilicate (TEOS),
hydrofluoric acid, and ammonium hydroxide were
analytical grade and used as received. The aqueous
solution of H,O, was freshly prepared with 30%
H,0, just before use. All solutions were prepared
using doubly distilled water.

Preparation of NH,-fuctionalized silica
nanoparticles

The NH,-fuctionalized silica NPs were prepared
according to the Stober method.*® Briefly, 1.0 mL of
TEOS was added into the 20.0 mL ethanol solution
containing 1.2 mL ammonium hydroxide under vig-
orous stirring. After the mixture was allowed to stir
at room temperature for 12 h, 150 uL of APTMS was
added into the mixed solution. After the mixture
was further stirred under room temperature for 12
h, 1.0 mL of NH,-fuctionalized silica particles were
washed successively with ethanol and water four
times by suspension-centrifugation procedure,
respectively. After the washed NH,-modified SiO,
particles were redispersed in 1.0 mL water, 75 pL of
H,PtClg (the content of Pt is 7.53 pg/pL) were added
to the dispersion, and then the mixture turned to
light yellow. After briefly washing by suspension-
centrifugation procedure, the finally obtained 0.5 mL
suspension was kept in a refrigerator at 4°C.
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Preparation of the Pt/PPy modified gold electrode

Before modification, the gold electrode was polished
with alumina polishing powder on a chammy to a
mirror. After the electrode was sonicated in distilled
water, ethanol, and distilled water for 10 min to
remove any adhesive substances on the electrode
surface, respectively. Then, 3.5 uL of the prepared
SiO, particles decorated with Pt precursor suspen-
sion was dropped onto the gold electrode surface
and dried at room temperature, followed by coating
with 0.2 pL of 5 wt % Nafion and dried. Then, the
modified electrode was put into a small bottle con-
taining little amount of pyrrole for 0.5 h, during
which the Pt precursor reacted with pyrrole vapor
and the PPy and Pt NPs formed. After being dried
in air, this electrode was rinsed with methanol for
5.0 min and dried at ambient atmosphere. Then, the
electrode was immersed in the hydrofluoric acid for
10.0 min. Finally, the modified electrode was
washed gently by water several times and dried,
then the Pt/PPy hollow sphere was successfully
assembled on Au electrode. The procedure was
shown in Scheme 1. The sample for TEM and IR
measure was prepared at similar procedure without
adding the Nafion solution.

Characterization and electrochemical measurement

The morphology of the hybrid SiO,/Pt/PPy and the
hybrid hollow sphere of Pt/PPy were observed by
using a transmission electron microscope (JEM-1011).
Infrared spectra were recorded on a Nicolet 380 Fou-
rier transform infrared spectrometer (FTIR) with 4
cm ™' resolution (KBr pellets). Amperometric and
Cyclic voltammetry (CV) experiments were per-
formed on an electrochemical work station (Autolab,
13Aut71035, The Netherland). All electrochemical
experiments were carried out using a conventional
three-electrode system, and a gold electrode with
2.0 mm diameter modified by the hybrid Pt/PPy
hollow sphere, a thin platinum sheet, and a saturated
calomel electrode were used as the work, auxiliary and
reference electrode, respectively. All of electrochemical
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Figure 1 TEM images of (a) SiO,/Pt/PPy composites and (b) Pt/PPy hybrid spheres.

experiments were carried out at room temperature in
30 mL of 0.1M phosphate buffer (pH = 7.2) containing
0.1M KCL

RESULTS AND DISCUSSION

Characterization of the SiO,/Pt/PPy and Pt/PPy
hybrid materials

From the TEM image shown in Figure 1(A), we can
find that the SiO,/Pt/PPy hybrid particles with
diameter about 140 nm exhibit apparent core-shell-
like morphology, the diameter of the SiO, is about
100 nm and the thickness of the shell range from 8
to 20 nm. Furthermore, it can be seen that the high
density of Pt NPs with the size of about 4 nm
disperse on the spheres. After the SiO, cores are
removed by hydrofluoric acid, the hollow Pt/PPy
hybrid spheres [Fig. 1(B)] are obtained, we can
clearly find that some holes exhibit on the hybrid
spheres.

From the FTIR spectra of SiO,/Pt/PPy and Pt/
PPy shown in Figure 2, it can be found that hat the
sample of SiO,/Pt/PPy shows the characteristic
vibration of PPy and SiO,. In the sample of SiO,/
Pt/PPy, the peak at 1090 cm ™' can assigned to the
stretching vibration of Si—O—5i, whereas the absorp-
tion peaks at 800 cm ' and 462 cm ' may be
induced by the circular Si—O bond.** For Pt/PPy,
the peak at 1715 cm™" is due to the stretching of car-
bonyl group, indicating that the over-oxidation of
PPy occurs during the process of chemical polymer-
ization.”>*® The peak at 1556 cm ™' peak is assigned
to the C=C vibration of pyrrole rings while the
bands at 1458, 1422, and 1362 cm ™! are due to C=N
vibrations and C—H deformations, respectively.***”
The 1223 cm ™! band may be attributed to the breath-
ing vibration of the pyrrole ring. The bands of C—H
and N—H in-plane deformation vibration are
located at 1036 cm !, whereas the band of C—H
out-of-plane deformation vibration is found at
927 cm ™' and 740 cm ™ '.3%%

Electrochemical performances of the Pt/PPy hollow
spheres modified Au electrode toward hydrogen
peroxide

To obtain the optimum activity of the electrodes, dif-
ferent amount of the SiO, decorated with Pt precur-
sor is used to drop on the electrode surface and
react with pyrrole vapor, we find that the modified
electrodes exhibit the optimum activity when 3.5 pL
of SiO, decorated with Pt precursor is used, so this
amount is chosen in the subsequent experiments.
From the CV curves shown in Figure 3(A), it can be
seen that the bare Au electrode exhibits no obvious
electrochemical response [Fig. 3(A)-a,d] whether in
the PBS buffer solution or containing 1.0 mM H,O,
at the scan rate of 100 mV /s, whereas the electrodes
modified with the SiO,/Pt/PPy particles show some
electro-oxidation activity and the peak current reach
to 2.63 pA in the PBS buffer containing 1.0 mM
H,O,. However, the electrodes modified with the
hollow spheres of Pt/PPy hybrid material exhibit
high electro-catalytic activity to H,O, oxidation [Fig.
3(A)-d,f] and the current for H>O, oxidation begin to
increase at 0.23 V, then increase dramatically at 0.4
V until reach the maximum current of 11.2 pA at
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Figure 2 The FTIR spectra of (a) SiO,/Pt/PPy compo-
sites and (b) Pt/PPy hybrid spheres.
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Figure 3 (A) the CV curves of bare Au electrode [(a) and (d)], the electrode modified by SiO,/Pt/PPy [(b) and (e)] and
Pt/PPy hollow microspheres modified electrode [(c) and (f)] in a 0.1M PBS buffer in the absence [(a—c)] or presence of 1.0
mM H,0, [(d-f)]. (B) The amperometric response of the sensor fabricated by Pt/PPy hollow spheres (a) and Pt/PPy/SiO,

(b) with successively injecting 0.1 mM H,O, to the 0.1M PBS (pH = 7.2) during the test.

0.68 V. The curves of the amperometric response ver-
sus time are shown in Figure 3(B), from the curves, it
can be seen that the current response dramatically
increases on the electrode modified with hollow
spheres of Pt/PPy with the increase of H,O, concen-
tration in the electrolyte solution continuously, whereas
the current response increase slowly when the
SiO,/Pt/PPy particles are used as the modified mate-
rial on the surface of the Au electrode. From above
results, we can deduce that the Pt NPs are mainly dis-
persed on the inner surfaces of the hollow spheres,
which is different from the most previous reports.
When the SiO, particles exhibit as core, the Pt NPs are
between the SiO, surface and the PPy shell, which pre-
vent the H,O, from Pt catalyst, when the SiO, cores
are removed, the most Pt NPs emerge to the H,O,,
which cause the current increase dramatically.

To get more information about the electrodes
modified with hollow spheres of Pt/PPy, the current
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response of the electrodes at different scan rate are
recorded in 0.1M PBS containing 1.0 mM H,0O, and
the results are shown in Figure 4(A), it is found that
the peak current increases linearly with the square
root of the scan rate in the range of 20-140 mV/s,
which indicate that the hollow spheres of Pt/PPy
hybrid adhere to the electrode surface closely, and
the catalytic reaction is diffusion-controlling at this
scan rate range. Therefore, it can be concluded that
the Pt/PPy hybrid materials can facilitate electron
transfer between Pt NPs and electrode. The reaction
may be occur as following: H,O, molecules diffused
and are adsorbed on the surface of Pt NPs, and fol-
lowed by releasing two electrons, subsequently, dur-
ing the process PPy help the electron transfer from
Pt NPs to electrode.' The curves of CV of the elec-
trodes modified with hollow spheres of Pt/PPy in
0.IM PBS buffer containing different concentration
of Hy,O, are shown in Figure 4(B). The oxidation
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Figure 4 (A) CVs of modified Au electrode in 0.1M PBS (pH = 7.2) in the presence of 1.0 mM H,O, with different scan
rates (from the bottom: 20, 40, 60, 80, 100, 120, 140 mV/s). The inset shows the calibration plot of oxidation peak current
versus the square root scan rate.(B) CVs of modified Au electrode in 0.1M PBS in the presence of H,O, with different con-
centrations (from the bottom: 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8 mM). Scan rate:100 mV/s. The inset shows the calibra-
tion plot of oxidation peak current versus H,O, concentration.
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Figure 5 (A) Amperometric i-t curves of the sensor at the constant potential of 0.7 V in 0.1M PBS (pH = 7.2) with suc-
cessive injection of H,O,. A potential of 0.7 V (vs. SCE) was applied on the working electrode during the measurement.
(B) The calibration plot of oxidation current of H,O, versus its concentration. The inset shows calibration plot in the low

concentration of H,O, concentration (from 0.7 to 1.9 mM).

peak current increases gradually from 3.08 to 18.8
LA when the concentration of H,O, increases from
0.2 to 1.8 mM. The plot of the peak current response
versus the concentration of the H,O, illustrates that
the addition of H,O, to the supporting electrolyte
resulted in a nearly linear increase in peak current
for the oxidation of H,O, (R = 0.99910).

Figure 5(A) shows amperometric i—t curves of the
sensor at the constant potential of 0.7 V in 0.1M PBS
(pH = 7.2) with successive injection of H,O, in the
range of 0.7-12 mM. From Figure 5(B), it can be seen
a good linear relationship between the catalytic cur-
rent and H,O, concentration from 1.9 to 9.6 mM (cor-
relation coefficient: R> = 0.99657, n = 10). Further-
more, in the low concentration [the inset of Fig. 5(B)],
the plot of the current versus H,O, concentration
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Figure 6 Amperometric i-t curves of the sensor electrode
at the constant potential of 0.7 V in 0.1M PBS (pH = 7.2)
with successive injection of HyO,. The inset (a) shows the
amperometric response curves from 592 s to 610 s. The
inset (b) shows the amperometric it curves with succes-
sive injection of 1.0 M H,O,.

exhibits a relatively high slope, the linear regression
equation can be expressed as I (nA) = 1.56304 +
247592 Cy,0p (mM). Although the concentration of
H,0; is in the range of 1.9-9.6 mM, the regression
equation can be expressed as I (nA) = 3.31857 +
1.4311 Cyy,00 (mM), the slope is relatively small. This
phenomenon is similar to the other literature.*’

The plot of the amperometric response versus time
is shown in Figure 6, when the H,O, solution is
injected into the PBS buffer at an applied potential of
0.7 V, the current response on the modified electrode
increases rapidly to a steady-state current value.
It can be found that the sensors exhibit a quick
response, for example, the current can increase to the
maximum steady-state within 3.0 s after more H,O,
is added into the solution [the inset (a)]. The fast
response should be attributed to the structure of Pt
nanoparticles attached on the PPy inner microspheres
closely, and then the hollow sphere adhere to the
electrode surface closely, which make the electron
transfer from H,O, to electrode easily. Besides, the
detection limit of this kind sensor is carefully meas-
ured and it is found that the obvious current response
can still be observed when the concentration of the
H,0, is as low as 1.0 pM [the inset (b)], which is
lower than certain enzyme-based biosensor’**!*?
and similar to the result reported in the literature.'*
These results show that the Pt/PPy hollow hybrid
microspheres have good electrocatalytic activity
toward H,O, and may be used to fabricate the sensor
for H,O, with high response and high sensitivity.

CONCLUSIONS

In summary, we have fabricated a novel electro-
chemical sensor with Pt/PPy hybrid hollow micro-
spheres by using NH,-functionized SiO, as template.
Comparing with Pt/PPy/SiO, microspheres, Pt/PPy

Journal of Applied Polymer Science DOI 10.1002/app



hollow structure modified Au electrode exhibits
excellently electrocatalytic activity toward the oxida-
tion of H,O,. In addition, the modified electrode
shows a fast response (<3.0 s) and a detection limit

of 1.0 M.
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