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a b s t r a c t

Platinum nanoparticles incorporated ZnO hybrid nanospheres (PtZONS) have been synthesized via elec-
trodeposition which is easy to control over the size distribution range. The Pt nanoparticles in ZnO
nanospheres have been identified with high-resolution transmission electron microscopy (HRTEM) and
energy dispersive spectroscopy (EDS). Methanol sensing capabilities of the nanospheres have been inves-
eywords:
nO
latinum
ybrid nanospheres
ethanol oxidation

tigated through electrochemical measurements. The electrochemical measurements prove that these
nanospheres demonstrate the abilities to electrocatalyze the oxidation of methanol and substantially
raise the response current. The sensitivity of the Nafion/PtZONS/glassy carbon modified electrode to
methanol is 235.47 �A M−1 cm−2, which is much higher than that of a pure ZnO and Pt nanospheres mod-
ified electrodes. Furthermore, it has been revealed that the electrode exhibits a good anti-interference
and long-term stability. Our investigation demonstrates that the Pt–ZnO nanospheres can be employed
lectrodeposition for various applications.

. Introduction

Nanocrystal-based hybrid nanostructures have received great
esearch attention because they may provide enhanced catalytic,
hotochemical/physical and thermal stability properties superior
o a single system [1–3]. Furthermore, hybrid nanostructures are
sually multifunctional [4,5]. Hybrid semiconducting nanostruc-
ures are currently a research focus owing to their potential in
ptoelectronics, drugs delivery, environmental monitoring, con-
rol of chemical processes and biomedical diagnosis applications
6,7]. These advantages make hybrid nanostructures one of the

ost promising candidates for the exploration of new applica-
ions. Among the noble metals, Platinum has found widespread use
n a range of applications due to its unique physical and chem-
cal properties [8–10]. It is also very attractive in that it can be
ntroduced into ZnO lattice and is predicted to serve as a stable
lectron donor to the conduction band of ZnO [11]. Various methods
ave been developed for the synthesis of hybrid nanospheres with
unable size and controllable compositions [12,13]. Among differ-

nt methods electrodeposition is considered an effective approach
or the synthesis of hybrid nanostructures at room temperature
ith very simple and well-controlled manner. ZnO is a transpar-

nt oxide semiconductor that possesses piezoelectric properties,
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which has been widely used for solar cells [14], optoelectronics
devices [15] and electromechanical coupled sensors and transduc-
ers [16]. Moreover, ZnO is biocompatible and can be directly used
for biomedical applications [17,18]. However, it is well known to
be difficult to grow the two materials together in a controlled
manner due to lattice mismatch and a large difference in their
surface free energies. In spite of many successful demonstrations,
it remains a grand challenge to produce large quantities of noble
metals-ZnO hybrid nanostructure, together with well-controlled
dimensions and morphologies. Recently, many researchers have
reported the inclusion of Pt into ZnO to enhance the electrocat-
alytic activity of the nanostructures, which is crucial for their
practical applications (Ref. [11]). In our previous work, we have
been successfully synthesized the PtZONS and repotted the highly
sensitive amperometric cholesterol biosensor based on these
nanospheres. It has been found that the combination of ZnO
and Pt nanoparticles facilitates the low potential amperometric
detection of cholesterol and enhances the anti-interference abil-
ity of the biosensor. Also, it has been revealed that ZnO improves
the electrocatalytic activity of Pt nanoparticles, which in turn
enhances the sensitivity of the biosensor for cholesterol detection
[19].
On the other hand, methanol is one of the most widely used
organic solvents, especially in industrial and household products.
It is also potentially valuable as an alternative automobile fuel
[20]. However, methanol exposure via inhalation and skin absorp-
tion may lead to toxic effects from headaches to blindness with

dx.doi.org/10.1016/j.electacta.2010.05.075
http://www.sciencedirect.com/science/journal/00134686
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irect digestion even leading to death [21]. Therefore, facile anal-
sis procedures are important for monitoring methanol levels in
he environment, in alcoholic beverages and for clinical diagnos-
ic measurements. Methanol determination is also required in
ome biological processes. Many different instrumental methods
re used for methanol determination, including GC-FID [22–24],
PLC with electrochemical [25], fluorescence [26] or UV–visible

27] detection and FTIR [28]. One simple alternative is an amper-
metric biosensor based on hybrid nanostructures, which works
n the principle of raising current signal to recognize and oxi-
ize methanol. The resulting current signal is then proportional
o the methanol concentration and is useful for quantitation. The

ethanol electrooxidation is a very complex reaction because
any intermediate species such as CO [29–31] and other carbona-

eous species like HCO or COH [32–34] are involved. However, such
eaction requires platinum-based catalysts, even though Pt exhibits
rather low activity [35]. The high activity of PtZONS in comparison
ith pure Pt would be expected to reduce the poisoning level due to

nfluence of surface structure, providing low potential determina-
ion and net charge transfer. In this work, the focus of current study
s divided into two parts; firstly, the controlled synthesis of PtZONS
ybrid nanospheres, secondly, the fabrication of a methanol sen-
or based on PtZONS modified electrode. The performances of the
ensor are characterized by electrochemical method that shows a
ood response.

. Experimental

.1. Reagents

Hexchloroplatinic acid (99.998%) was supplied by Sigma
ldrich. Zinc nitrate hexahydrate (ZnNo3·6H2O, 99%) and hexam-
thylenetetramine (HMTA, 99%) were purchased from Sinopharm
hemical Reagent Co., Ltd. Methanol was obtained from Beijing
odern Eastern Fine chemical and Nafion (5 wt.%) were purchased

rom Dupont. Other chemicals were of analytical-regent grade
ithout further purification.

.2. Controlled synthesis of ZnO, Pt and Pt–ZnO nanospheres

The ZnO, Pt and PtZONS were synthesized by the same method
s we reported previously [19]. Briefly, for the controlled syn-
hesis of nanospheres, Au coated Si (0 0 1) substrates were used
s the working electrode and the products were obtained after
min, 10 min and 30 min electrodeposition by a CHI660C elec-

rochemical workstation. The electrolyte was 100 mL aqueous
olution containing 0.01 M H2PtCl6·(H2O)6, 0.01 M ZnNO3 + 0.01 M
MTA and 0.01 M ZnNO3 + 0.01 M HMTA + 0.01 M H2PtCl6·(H2O)6

espectively. The applied voltage was 1 V with a current den-
ity 6.043 mA cm−2 at room temperature. The as synthesized
anospheres were characterized by scanning electron microscope
SEM-6301F), HRTEM (JEM-2011), EDS and X-ray spectroscopy
XPS).

.3. Fabrication of modified glassy carbon electrode

To test the methanol sensing capabilities of ZnO, Pt and PtZONS,
conventional glassy carbon electrode (GCE) was modified with

anospheres by the same method as used previously [36]. To
repare the working electrode, 10 mg sample (each case) was dis-
ersed in 900 �L isopropanol + 100 �L Nafion solutions (5 wt.%) and

hen ultrasonically dispersed for 15 min to form a uniform sus-
ension. Then, 1.0 �L of the suspension was dropped onto a GCE
3 mm in diameter) to form a uniform layer and dried at 60 ◦C
or 20 min. The electrochemical measurements were performed
t room temperature with a three electrode configuration in a
Acta 55 (2010) 6885–6891

pH 7 buffer aqueous solution. Platinum was used as the counter
electrode with Hg/Hg2SO4 as the reference electrode saturated in
K2SO4.

3. Results and discussion

3.1. Characterization of nanospheres

Fig. 1(a) shows the schematic diagram and illustrates the for-
mation of PtZONS. Fig. 1(b and c) presents a typical FESEM images
of the product obtained after 5 min deposition on Si substrate.
It can be seen that whole substrate is decorated with individual
nanospheres in the shape of fullerene with diameter in the range
of 20–250 nm, as clear from diameter vs number of nanospheres
(frequency) graph shown in Fig. 1(d). The morphology of the prod-
uct obtained after 10 min deposition is also shown in Fig. 1(e and f)
and demonstrate that the agglomeration of the nanospheres start
around the first nanospheres and form a toroidal structure with
diameter about 120–400 nm as illustrates in Fig. 1(g). The prod-
uct after 30 min deposition exhibits a high-density agglomeration
of PtZONS with an average diameter in the range of 0.2–3.5 �m
as shown in Fig. 1(h–j). The magnified FESEM image of the sin-
gle agglomerate as shown in the inset (Fig. 1(h)), clearly displays
that PtZONS aggregate and assembled into many separate spheri-
cal agglomerates on the surface of first spherical agglomerate that
serve as substrate for the further agglomeration. It has been found
that the morphology of the nanospheres can be controlled and
depends upon the deposition time.

Fig. 2(a) presents a TEM image of the synthesized ZnO
nanospheres after 30 min deposition and showing formed
nanospheres having uniform diameter of about 20–50 nm. The
magnified TEM and HRTEM image of the ZnO nanospheres hav-
ing the hexagonal structure is shown in Fig. 2(b and c). The fringe
spacing distance is measured to be 0.245 nm which correspond
to the spacing of (1 0 1) plane of wurtzite ZnO. Fig. 2(d and e)
presents the Pt nanospheres after 30 min deposition and illustrates
the high-density agglomeration of nanospheres. The HRTEM image
of individual Pt nanospheres exhibits the polycrystalline nature of
the nanospheres as shown in Fig. 2(f). The interplanar distance is
also measured to be 0.225 nm corresponds to the spacing of (1 1 1)
Pt plane as shown in Fig. 2(f).

In order to further investigate the microstructure of PtZONS
3D assembly, the TEM and HRTEM images have been recorded
as shown in Fig. 3(a–e). The TEM images of the self assembled
agglomerates and the magnified TEM image of the PtZONS are
shown in Fig. 3(a and b). The HRTEM images taken from the doted
areas in (Fig. 3(a and b)) are shown in Fig. 3(c–e) and found to be
polycrystalline as shown in Fig. 3(c–e). The interplanar distance
of fringes is measured to be 0.245 nm and 0.225 nm which corre-
spond to the spacing of (1 0 1) plane of wurtzite ZnO and (1 1 1) Pt
plane respectively as shown in Fig. 3(c). The SAED over a dozen of
nanospheres is performed as shown in Fig. 3 (d) inset. The arrows
in Fig. 3(e) indicate the incorporated Pt nanoparticles into ZnO
nanospheres. Fig. 3(f) shows the EDS spectrum taken from the cir-
cular doted area in Fig. 3(b). The Pt peaks appear at about 2.12 KeV
confirms the presence of Pt nanoparticles in nanospheres. Quan-
titative analysis reveals that the average amount of pt contents is
about 2.5 at.% in each Pt–ZnO nanospheres. Statistical analysis of
EDS measurements over dozen of PtZONS demonstrates that the
incorporated pt nanoparticles are randomly distributed into the

ZnO nanospheres.

The XPS survey spectra of the PtZONS sample is shown in Fig. 4
for the analysis of valence state of the Pt element in PtZONS. The
spectrum shows that the Pt peaks are located at 71.3 eV and 74.6 eV
corresponding to the electronic states of Pt4f7/2 and Pt4f5/2 respec-
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ig. 1. (a) Schematic diagram of the formation of Pt–ZnO nanospheres. Typical SEM
h and i) 30 min deposition (d, g and j). Graphs between diameter vs number of nan

ively as shown in Fig. 4(inset). The energy difference between
wo peaks is about 3.3 eV which is similar to the reported value
37]. These peaks confirm the presence of metallic platinum, in

he nanospheres. On the other hand, XPS spectrum of Zn is also
hown in Fig. 4(inset) corresponding to Zn2p3/2 and Zn2p1/2 peaks.
rom the peak position it is observed that the Pt binding energy
eaks are slightly shifted towards lower binding energy side while
n peak shift towards higher binding energy side with respect to
s of Pt–ZnO nanospheres after (b and c) 5 min deposition (e and f) 10 min deposition
res obtain at 5 min, 10 min and 30 min deposition respectively.

the reported [38]. These binding energy shifts is due to the Pt-
incorporation into ZnO nanospheres. Furthermore, an increase in
neutral platinum content of the as deposited PtZONS film is also

observed which is similar to the reported previously for Pt:ZnO
film (Ref. [11]). It also suggests the successful Pt-incorporation into
ZnO lattice because the formation of the Pt–ZnO bond may involve
a net charge transfer. The average contents of Pt are consistent with
the EDS measurements.
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Fig. 2. (a) TEM image of ZnO nanosphere. (b) Magnified TEM image. (c) HRTEM image of the individual nanospheres. (d) TEM image of Pt nanosphere. (e) Magnified TEM
image of Pt nanosphere. (f) HRTEM image of individual Pt nanospheres.

Fig. 3. (a) TEM image of Pt–ZnO nanospheres agglomeration. (b) Magnified TEM image. (c) HRTEM images of the nanosphere from the square doted area in figure (b). (d)
HRTEM image of taken from the central part, insets is SAED (e) HRTEM image from square doted area in figure (a). (f) EDS.
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ig. 4. (a). XPS survey spectrum of the PtZONS (inset top left) Pt4f; (inset bottom
ight) Zn2p.

.2. Detection of methanol with Pt–ZnO modified glassy carbon
lectrode

.2.1. Cyclic voltammetry
To investigate the electrocatalytic behavior toward the electro-

hemical reaction of methanol at the PtZONS film, the modified
lectrode (Nafion/PtZONS/GC) is characterized by a cyclic voltam-
etry (CV) sweep curve ranging from −0.2 to +0.3 V vs Hg/Hg2SO4

t a scan rate of 20 mV/s as can be seen in Fig. 5(a and b). For com-
arison, CVs with Nafion/ZONS/GC and Nafion/PtNS/GC modified
lectrodes in the presence of 0.2 M methanol in terms of mass-
ormalized currents that represent the overall catalytic activities
re shown in Fig. 5(a). It can be seen that CV with Nafion/PtZONS/GC
odified electrode change significantly with obvious increases of

he oxidation current in the range 0.05–0.2 V. This can be attributed
o the role of incorporated Pt nanoparticles into ZnO nanospheres
hich led to enhance the electrocatalytic ability and allow the
etermination of methanol at a lower working potential. In fact,
uring the methanol oxidation Pt is poisoned by the intermedi-
te species such as CO and other carbonaceous species HCO or
OH. Therefore, the oxidation current by the Pt modified electrode
ecreases due to the coverage of Pt active sites with the inter-

ediate species as shown in Fig. 5(a). On the other hand, since

here is net charge transfer in PtZONS, the Pt catalytic sites would
ncrease because the coverage of CO on the Pt surface reduce due
o the decrease Pt–CO binding energy, which ultimately enhance

ig. 5. (a). Cyclic voltammograms of ZnO, Pt and Pt–ZnO modified GCE in the presence
oltammograms of different morphology Pt–ZnO modified GCE in the presence of 0.2 M m
Acta 55 (2010) 6885–6891 6889

the electrocatalytic activity of PtZONS with respect to that of pure
Pt and ZnO. The CV curves in terms of mass-normalized currents
corresponding to different morphology of PtZONS are shown in
Fig. 5(b). The difference in the CV curves a–c clearly shows the effect
of morphology on the methanol oxidation. It can be seen that the
CV, a for PtZONS obtained after 30 min deposition (agglomeration)
exhibits an increase in oxidation current with respect to the CVs, b
and c for morphology obtained at 10 min and 5 min deposition. It
demonstrates that as the agglomeration increases, the electrocat-
alytic activity of the corresponding modified electrode increases,
due to the increase number of Pt particles into ZnO nanospheres.
Furthermore, this study reveals that the electrocatalytic activity of
PtZONS electrode for methanol oxidation is not only dependent on
the morphology but also strongly dependent on the distribution of
Pt into PtZONS.

3.2.2. Amperometric response
The typical mass-normalized amperometric responses of the

three modified electrodes to the successive addition of 0.1 M
methanol at +0.5 V vs Hg/Hg2SO4 are shown in Fig. 6(a). In com-
parison with the Nafion/ZONS/GC and Nafion/PtNS/GC modified
electrodes, the Nafion/PtZONS/GC modified electrode exhibits a
rapid and sensitive response to the change of methanol and an obvi-
ous increase in current upon successive addition of 0.1 M methanol
as clearly observed in the figure. Fig. 6(b) illustrates an ampero-
metric response of the Nafion/PtZONS/GC modified electrode with
different methanol concentration (from 0.01 M to 1.0 M) into con-
tinuously stirred 0.1 M phosphate buffer (PB) solution at +0.5 V.
It has been revealed that the modified electrode exhibit an obvi-
ous increase in current at different methanol concentrations. The
modified electrode achieved 95% steady state current within less
than 10 s. This indicates a good electro-catalytic oxidative and
fast electron exchange behavior of the modified electrode. The
low detection limit for the modified electrode toward methanol
is 0.01 M as shown in the figure.

3.2.3. Temperature effect
The calibration curves of the modified electrode with increasing

concentration at various temperatures are shown in Fig. 6(c). Fol-
lowing the increase of the methanol concentration, the response
current increases linearly from 0.01 M to 1.0 M (correction coeffi-
cient R = 0.9768) at room temperature (25 ◦C) and starts saturation
tion of active sites of the electrode at those methanol levels.
It has been revealed that at temperatures (40 ◦C, 50 ◦C and
60 ◦C) the response current increases linearly with the increase
of methanol concentration which suggests that electrocatalytic

of 0.2 M methanol in pH 7.0 PB solution at a scanning rate of 20 mV s−1. (b) Cyclic
ethanol. The currents are normalized to the mass of Pt.
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Fig. 6. (a) Mass-normalized amperometric response of three modified GC electrodes at +0.5 V with successive increase in 0.1 M methanol concentration. (b) Amperometric
r nol at
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esponse of Pt–ZnO modified GC electrode with different concentrations of metha
oncentration at various temperatures. (d) Amperometric response of the modified
tability of the modified electrode. (f) Amperometric response of the modified GC e

ctivity of the modified electrode is more stable at higher
emperatures. The excellent thermoresistance of the modified
lectrode is ascribed to the PtZONS film that greatly enhances
he thermal stability of the sensor. The sensitivity of the mod-
fied electrode is achieved about 235.47 �A M−1 cm−2 which is

uch higher than the Nafion/ZONS/GC and Nafion/PtNS/GC mod-
fied electrodes. These results prove that PtZONS used as matrix
ncrease the electrocatalytic activity which in turn enhances
he sensitivity of the modified electrode to methanol detec-
ion.
.2.4. pH response
The activity of the modified electrode is also affected by the pH

f the PB solution therefore; the pH effect on the modified electrode
erformance is also investigated by measuring the current response
+0.5 V. (c) Calibrated curves of the modified electrode with increase in methanol
ctrode in PB solution with increasing pH containing 0.1 M methanol. (e) Long-term
de for the successive addition of electroactive species.

to 0.1 M methanol at +0.5 V. As the ZnO is a kind of amphoteric
compound and not stable in both strong acid and base solutions,
the pH dependence of the sensor is evaluated in the range of pH 5–9
in this experiment. As clearly seen in Fig. 6(d) the sensor shows an
optimal sensitivity of response at pH 7.1 corresponding to a series
of pH value.

3.2.5. Long-term stability
Fig. 6(e) shows the amperometric response of the methanol

sensing electrode in the presence of 0.1 M methanol at a scanning

rate of 20 mV s−1. It is clearly observed that the electrode exhibits
good stability with a loss of 3% activity after 20 min. The long-term
stability of the electrode is also examined by determining perfor-
mance after every 3 h as shown in the inset Fig. 6(e). Although the
electrode responses gradually decreases but it retains about 94% of
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Table 1
Performance characteristics of the Nafion/PtZONS/GC mod-
ified electrode.

Sensitivity (�A M−1 cm−2) 235.47
Linear range (M) 0.03–1
Response time (s) <10
Detection limit (M) 0.03
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ts original response after 24 h. This shows that the electrode has
ood stability for the methanol detection.

.2.6. Selectivity
The influence of some electroactive species on the perfor-

ance of the electrode is also examined as shown in Fig. 6(f).
he amperometric response of the electrode after the addition
f methanol, ethanol, uric acid and ascorbic acid is determined
s shown in the figure. The concentration of the added species
s 0.05 M for methanol and 0.1 M for the others. It can be seen
hat electrode response time is less than 10 s for methanol.
lthough the addition of alcohol, uric acid and ascorbic acid
ring a small increase in current, indicating that these species

nterfere slightly in the measurement of methanol. However, the
esponse of each species is very small, compare to the methanol
esponse. These results demonstrate that the modified elec-
rode has good anti-interference ability for the determination of

ethanol.

.2.7. Performance of the electrode
At the optimized conditions, the detection limit, linear range and

ensitivity of the modified electrode to methanol are determined
nd are listed in Table 1. From the characteristics, it is confirmed
hat the presented modified electrode exhibit an excellent perfor-

ance.

. Conclusions

In conclusion, Pt-incorporated ZnO based hybrid nanospheres
ave been successfully synthesized by controlled electrodeposi-
ion. It has been found that the morphology of the nanospheres
an be controlled and depends upon the deposition time. The elec-
rochemical measurements show that the PtZONS possess superb
ctive surface area and high catalytic activity for methanol elec-
rooxidation. A reproducible sensitivity of 235.47 �A M−1 cm−2

ithin a response time less than 10 s has been achieved with
tZONS modified GCE. It has been revealed that ZnO improve
he electrocatalytic activity of Pt nanoparticles, which in turn

nhance the sensitivity of the electrode for methanol detection.
ence, PtZONS provide a new platform for the fabrication of
anosensors that could be useful for monitor the concentration
f methanol fuel used in direct methanol fuel cells and biological
rocesses.
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