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Bulk tip-shape ZnO nanowires (TSZONWs) have been synthesized via thermal evaporation method. The
carbon nanotubes have been found to play an important role for the synthesis of this structure. The sens-
ing capabilities of the structures have been investigated through electrochemical measurements. The
photoluminescence spectra exhibit strong visible emission band due to an increase amount of defects,

which leads to a significant role in the sensing applications. The electrochemical measurements prove
that the TSZONWs are very sensitive to the pH of the PB solution as well as the bio-chemical species.
Our investigation demonstrates that the arrays of TSZONWs can be employed for various applications.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Zinc Oxide is a versatile semiconductor material with a wide
direct band gap of 3.3 eV, which has been found useful in many
applications such as opt-electronic devices, surface acoustic wave
devices, field emitters, piezoelectric, transparent conducting mate-
rials and solar cells [1-7]. In addition it has been effectively used as
a gas and chemical sensor material based on the near-surface mod-
ification of charge distribution with certain surface-absorbed spe-
cies [8-11]. On the other hand, ZnO is attracting considerable
attention due to their unique ability to form a variety of nanostruc-
tures with different morphologies. Under specific controlled
growth conditions, arrays of ZnO nanowires have been deposited
on various substrates [12,13] and different nanostructures such
as nanocombs, nanorings, nanobelts, nanowires and nanocages
have been synthesized [14,15]. Among different morphologies ori-
ented ordered arrays of tip-shape ZnO nanowires have their signif-
icant applications such as field emission, scanning probing
microscopy (SPM) and highly sensitive sensing devices. Since the
discovery of carbon nanotubes (CNTs) by Ijima [16], these nano-
structures can be used as substrate [17] for the controlled fabrica-
tion of different nanostructures. Kim et al. used a heat-treating
method for a mixture of Zn/CNT to obtain ZnO nanowires [18].
Recently, Chrissanthopoulos et al. used ZnO/graphite/CNTs to
obtain ZnO nanostructures [19].

Besides, ZnO nanorods, nanowires and nanotubes have been
employed for the detection of biological molecules [20-25]. Among
a variety of nanosensor systems, pH sensor miniaturization is
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highly important, since the large surface-to-volume ratio leads to
a short diffusion distance of the analyte towards the electrode
surface, thereby providing an improved signal to noise ratio, faster
response time, enhance analytical performance and increased sen-
sitivity [26]. Although recently many works has been done on the
ZnO nanostructures based biosensors [27-30], the ion sensitivity of
the ZnO nanostructures in aqueous solution has not been system-
atically investigated so far. The detection sensitivity of the ZnO-
NWs based pH sensor is achieved by monitoring minimal changes
in electrochemical current response caused by binding of species
on the surfaces of the ZnO-NWs. When a bio-chemical species
emerges in a polar solvent, a surface charge will develop through
one or more of the following mechanisms; preferential adsorption
of ions; dissociation of surface charged species; isomorphic substi-
tution of ions; accumulation or depletion of electrons at the sur-
face; physical adsorption of charged species onto the surface. The
polar or nonpolar surface structures of ZnO-NWs are of interest
in understanding the mechanism of interaction of these surfaces
with the medium surrounding them. The sensing mechanism for
chemical adsorbates in piezoelectric materials originates from
compensation of the polarization-induced bound surface charge
by interaction with the polar molecules in the liquids [31]. Stein-
hoff et al. suggest that the native oxide on the nitride surface
was responsible for the pH sensitivity of the response of gateless
GaN-based heterostructure transistors to electrolyte solutions.
The pH response of metal oxide surfaces has been modeled by a
number of groups in terms of formation of hydroxyl groups that
lead to a pH-dependent net surface change with a resulting change
in voltage drop at the semiconductor/ liquid interfaces [32-35].
Ambacher et al. have shown a strong sensitivity of AlGaN/GaN
heterostructures to ions, polar liquids, hydrogen gas and even
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biological materials. In particular they have shown that it is possi-
ble to distinguish liquids with different polarities.

Among different approaches, the focus of current study is di-
vided into two parts; firstly, the synthesis method of oriented ar-
rays of tip-shape ZnO nanowires (TSZONWSs) on MWCNTSs coated
Si substrate, Secondly, the investigation of sensing capabilities of
these NWs for the pH as well as bio-chemical species via electro-
chemical measurements. The mechanism for detection is the
change in current response as chemical species absorb on the
ZnO nanostructures.

2. Experimental
2.1. Synthesis of ZnO nanostructures

Synthesis of ZnO nanostructures were carried out in a horizon-
tal quartz tube furnace via thermal evaporation method, where the
temperature, pressure and flow rates of working gases were well
controlled. In a sample preparation steps, a solution was prepared
by dissolving 1 mg multiwalls carbon nanotubes (MWCNTS) in
10 ml ethanol under stirring for 5h. Two Si substrates were
cleaned carefully, followed by supersonically in acetone, alcohol
and de-ionized water for 30 min each and put a drop of prepared
solution on one of them physically. The substrates were dried for
5h at room temperature and then mounted downward region of
the furnace where the temperature was about 500 °C. A crucible
containing the metallic Zn powder (99.99% purity) was placed in
the central region of the quartz tube furnace and heated to
700 °C for 3 h. Mixed gas (90% Ar, 10% O,) flows through the quartz
tube at a rate of 180 sccm. The distance between Zn source and
substrates was about 5 mm. After the reaction completed, the as-
prepared products were examined by field emission scanning elec-
tron microscope (JEOL FESEM-6301F), high resolution transmission
electron microscope (HRTEM-JEM-2011F), X-ray diffraction (XRD)
and photoluminescence (PL).

2.2. Fabrication of modified electrode

For the measurements of sensing capabilities of the nanostruc-
tures, a conventional gold electrode (with 3 mm in diameter) was
wetted by 0.1 M phosphate buffer solution (PBS) with pH 7.0 and
the prepared nanostructures were transferred to gold electrode
as shown in the schematic Fig. 4a. The as-prepared ZnO nanostruc-
tures/gold electrode was then dried in air for 2 h. A 5 pl of 0.25%
polyvinyl alcohol (PVA) solution was dropped onto the ZnO-
NWs/gold electrode and dried to form a film, which is critical to at-
tach ZnO-NWs tightly on the surface of the gold electrode. Follow-
ing the evaporation of water, subsequently, a 5 pl of 0.01 mol/L t-
cysteine is dropped onto the surface of the PVA/ZnO-NWs/gold
electrode via physical adsorption. The modified electrode (L-cys-
teine/PVA/ZnO-NWs/gold electrode) was kept at 4 °C in refrigera-
tor overnight. The electrochemical experiments were performed
at room temperature utilizing an electrochemical workstation
(CHI660C) with a three electrodes mode, the modified gold elec-
trode was used as the working electrode, with Hg/Hg,SO,4 as the
reference electrode, and silver as the counter electrode. The pH
of the solution was real-time measured by a pH meter.

3. Results and discussions
3.1. Material characterization
The structures of the as-grown products have been character-

ized by X-ray diffraction. Fig. 1 shows the XRD pattern of the both
products grown on carbon nanotubes coated Si substrate and the

~ Zn0O nanorods
g, —— Tip-shape ZnO NWs
w
=
c
=
Kol
[
T
=
0 -~ 1 —_
o —
S S JL 2 S )
et -— — -
[= - - =
- A l A A
L i 1 A L e
30 40 50 60

20 (Degree)

Fig. 1. XRD pattern of the as-grown products on carbon nanotubes coated Si
substrate and bare Si substrate. Inset is the magnified SEM images of the both
products.

bare Si substrate. It can be seen from the pattern that all major dif-
fraction peaks exhibit a typical wurtzite hexagonal structure such
as bulk ZnO. No additional peak is observed in the pattern due to
the products in bulk form. The evaluated c-axis lattice constant is
0.5140 nm, which is same as that of the ZnO (¢ =0.5109 nm). The
insets Fig. 1 show the magnified SEM images of the both products.

The morphology of the as-grown products has been analyzed by
employing FESEM. It has been revealed that the product on CNTs
coated Si substrate consists of ordered arrays of oriented TSZONWs
as shown in Fig. 2b. The length of each NW is in the range of 3-
6 pum while the diameter is <10 nm at the top edge and 50-
300 nm in the bottom region. The product on the bare Si substrate
consists of nanorods with uniform diameter in the range of 150-
400 nm and length in 5-8 pm as shown in Fig. 2a. The HRTEM im-
age and selected area electron diffraction (SAED) pattern of indi-
vidual isolated ZnO nanorod and TSZONW are shown in Fig. 2c
and d. It is found that the nanostructures have single-crystalline
nature and grown along the [0 0 1] directions. The corresponding
SAED pattern is identical over the entire TSZONW and the nanorod.
The lattice constant calculated from the SAED are 3.2652 A for a
and 5.2213 A for ¢, which are also consistent with those of ZnO
(a=3.2535A, c=5.2151 A). The TEM image of the tip-shape ZnO
NW is also recorded as shown in Fig. 2d inset.

Fig. 3 shows the PL spectra of the oriented TSZONWSs and ZnO
nanorods at room temperature. In the figure, the PL spectra consist
of two parts: one narrow weak peak in the ultraviolet (UV) region
and another broad emission band in visible light (VL) region. In the
UV region, the emission peak is at about 378 nm, which is gener-
ally originated from the near-band-edge (NBE) exciton transition
in wide band gap of ZnO, namely the recombination of free exci-
tons through collision process [36]. In VL region, NWs exhibit
broad green luminescence band in the range of 450-650 nm, which
is usually related to the defects (such as oxygen vacancy, Zn inter-
stitial) in ZnO structure, in which the emission results from the
radiative recombination of photo-generated hole with an electron
occupying the defect or oxygen vacancy [37]. The broad lumines-
cence band illustrates the increase of defects in the tip-shape
NWs. It has been also seen that the PL emission does not fall to zero
between the UV and broad emission peaks, which indicates the
presence of an additional transition in the range 400-450 nm.
Emission in the blue spectral range for ZnO has been reported in
the literature [38-41]. Possible candidate for transitions in this
spectral range are zinc vacancy (405nm), zinc interstitial
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Fig. 2. (a) SEM image of oriented tip-shape ZnO nanowires. (b) SEM image of ZnO nanorods. (c) HRTEM image of ZnO nanorod; inset is the corresponding SAED. (d) HRTEM

image of tip-shape ZnO nanowire; inset is the SAED and TEM image of tip-shape NW.
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Fig. 3. Room temperature photoluminescence spectra of the nanostructures; inset
is the schematic of the laser source.

(427 nm), and lattice defects related to oxygen and zinc vacancies
(420 nm). The peak at 420 nm is also attributed to oxygen intersti-
tial, however, based on theoretical predictions and other experi-
mental results; it is more likely that oxygen interstitial is
responsible for yellow emission [42,43]. Up to now, many
researchers have demonstrated that the defects play a very impor-
tant role and have strong influence on the sensing property of
materials [44].

3.2. Measurements of sensing capabilities of the nanostructures

The adsorption of polar molecules on the surface of ZnO affects
the surface potential and device characteristics. ZnO is an inorganic

metal oxide with amphoteric surface sites. These sites can proton-
ate or deprotonate, leading to a surface charge and surface poten-
tial that is dependent on the electrolyte solution pH. This means
that hydroxyl groups may act as proton donors or acceptors,
depending on the electrolyte pH. The correspondence reactions
are:

ZHO(S) + 2H20 = ZH(OH);(S) + H*
ZnOgs) +H" = ZnOH,

Fig. 4b shows the experimental evaluated surface potential re-
sponse to the variation in pH of the electrolyte solution ranging
from 4.2 to 10. It can be observed that the surface potential de-
creases with the increase in pH of the electrolyte. It can also ob-
serve that the pH sensitivity increases for tip-shape ZnO-NWs
because of the shape edge and increase amount of defects in the
NWs as shown in Fig. 3.

The sensing capabilities of the NWs have also been investigated
by amperometric response of the modified electrode on the succes-
sive change of pH of the PB solution under continuously stirring at
an applied potential of +0.5 V. The pH dependence of the modified
electrode is evaluated in the range of pH 1.5-12 in this experiment.
It can be seen from the Fig. 4c that the modified electrode exhibits
a rapid and sensitive response to a series of solution whose pH is
varied and an obvious increase in current can be seen correspond-
ing to each value. The increase in current can be attributed to the
increase in total surface charge density because of the combined
acid and base behavior of both surface groups. A typical plot of
the current response versus pH shows that the pH dependence is
linear over the pH range 2-9 and thus suggests that ZnO-NWs
could serve as a nanoscale pH sensors as shown in Fig. 4d. In addi-
tion, it is also observed that the current change is small at low pH
range (2-5) but large at high pH range (6-10). The changes in cur-
rent response are also reversible for increasing and decreasing pH
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Fig. 4. (a) Schematic diagram of the modified gold electrode. (b) Experimental evaluated surface potential response of nanostructures under the variation in pH of the
electrolyte solution. (c) Amperometric response of the modified electrode on the successive change of pH of the buffer solution under continuously stirring at an applied
potential of +0.5 V. (d) A typical plot of evaluated current response versus pH. (e) Amperometric response of the modified electrode under the decrease and increase pH cycle
of the buffer solution under continuously stirring at an applied potential of +0.5 V. (f) Amperometric response of the modified gold electrode to different electro-active species
under consecutively added into continuously stirring 0.1 M PB solution (pH 7.0) at an applied potential of +0.5 V with a scan rate of 0.1V s,

as shown in Fig. 4e. It can be seen that the modified electrode
shows very stable and fast response under each pH cycle.

To explore the bio-chemical sensing ability of the TSZONWs, a
same quantity of electro-active species such as glucose, choles-
terol, ascorbic acid (AA), urea, citric acid (CA), alcohol, oxalic acid
(OA) and Isopropyl alcohol (IPA) are introduced into the PB solu-

tion. These species are consecutively added into continuously stir-
ring PB solution and the current-time spectrum was obtained at an
applied potential of +0.5 V with a scan rate of 0.1V s, It can be
seen from Fig. 4f that the modified electrode shows well defined
current response corresponding to each species. It has been ob-
served that ZnO-NWs exhibit a small response when 0.5 mM urea
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are added into the PB solution, while a decrease in current can be
observed when citric acid is added. However, significant current
increment can be observed when ascorbic acid (AA), oxalic acid
and IPA are added. In addition, several experiments have been car-
ried out to confirm that the observed current changes are due to
the addition of bio-chemical species. By eliminating the ZnO-
NWs from the gold electrode, we did not find any response corre-
sponding to these species, confirming the role of ZnO-NWs as sens-
ing the bio-chemical species in this particular case. All these results
illustrate that the TSZONWs have also a good sensing ability for
bio-chemicals species.

4. Conclusion

In conclusion, we synthesized a bulk oriented arrays of tip-
shape ZnO-NWs on the carbon nanotubes coated Si substrate
where the carbon nanotubes play an important role for the synthe-
sis of this structure. The tip-shape ZnO-NWs exhibit a large
amount of defects which could lead to a significant role in the sens-
ing applications. The biosensor based on TSZONWs is found to be
very sensitive to the pH of the PB solution. To the best of our
knowledge, this is the first time such a high and reproducible sen-
sitivity has been achieved for pH sensor by using TSZONWs/gold
modified electrode. In addition, the biosensor also shows the sen-
sitivity of some bio-chemical species such as ascorbic acid, choles-
terol etc. Hence, the sensing capabilities of TSZONWSs could provide
a new platform for others biosensor design and a potential future
for clinical requirements.
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