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Abstract

In recent years there has increased interest in the characterization of titanium oxide nanorods for
application in analytical devices. The titanium oxide nanorods (NRTiO) were obtained by hydro-
thermal reaction with a NaOH solution heated in the autoclave at 150°C for up to 50 h. Experimen-
tal data indicate that the prepared nanorods consist of anatase and rutile phases, with a possible
interlayer structure. The NRTiO was investigated as pH sensor in the pH range 2 - 12, and the ex-
tended gate field effect transistor (EGFET) configuration presented a sensitivity of 49.6 mV/pH.
Voltammetric data showed a sensitivity of 47.8 mV/pH. These results indicate that the material is
a promising candidate for applications as an EGFET-pH sensor and as a disposable biosensor in
the future.
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1. Introduction

It is well known that the structure of a material influences its final properties, i.e., its characteristics depend on
its structure. Many kinds of nanodimensional materials like nanowires, nanorods, nanofibers, and nanotubes
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have been extensively studied [1]-[3]. However, to explore the novel applications of functional nanostructured
materials remains a challenge. The extraordinary properties of some nanostructured materials make them attrac-
tive for the fabrication of novel analytical devices that have advantages over traditional ones, for instance, low
cost, simple design, selectivity, miniaturization and improved sensitivity [4]. Besides, the demand for accurate,
reliable, highly sensitive pH and biological sensors is increasing and these sensors are advancing rapidly due to
their use in different areas, such as biochemistry and industrial processes [5]. Many different types of sensors
have been architected, such as those based on field effect devices, because there is a high demand for specificity.
Given the large demand for specific sensors, especially those based on field effect devices, many different types
of materials have been developed as sensitive films or membranes. Furthermore, the determination of pH values
is one of the most important tasks in analytical chemistry [6]. A development in pH measurement has been the
introduction of the ion-sensitive field effect transistor (ISFET) technology as an alternative to the glass electrode
[7] [8]. The flexible shape of the extended gate structure (EGFET) is another advantage of the latter type of
transistors, whose better long-term stability stems from the fact that the ions present in the chemical environ-
ment are excluded from any region close to the FET gate insulator [9]. In addition, as in the case of ISFET sen-
sors, there are several kinds of ion-sensing films and membranes that can be applied in the pH-sensing dielectric
layers of pH-EGFET, such as ruthenium oxide [10] carbon nanotubes [11], SnO, [12] [13], ZnO [14], vanadium
oxide [15], the V,05 xerogel [16], vanadium/tungsten mixed oxides [17] [18]. In the search for another alterna-
tive of ion-sensing membranes for use in pH sensors, one can point out the titanium oxide nanorods (NRTiO),
which displays useful chemical, optical, and electronic properties [19]-[21], and has been synthesized in nano-
sized configuration such as nanoparticles, nanowires, nanotubes, nanofibers, etc. [22] [23]. Besides, the NRTiO
is nontoxic, biocompatible and environmentally safe, and it should offer large surface area compared with na-
noparticles [24]-[29].

As described in the literature [12] [15] [16], the EGFET consists of two parts: the sensitive part is composed
of a NRTiO immobilized on the substrate, and the system is completed with a commercial MOSFET CD-
4007UB. This structure is easily constructed and has a lot of advantages compared with the ISFET, since it does
not require the fabrication of the MOSFET.

The aim of this work is to fabricate titanium oxide nanorods, to explore the interaction of the ion-sensitive
membrane with charges in solution, to find out the sensor sensitivity, and to verify its suitability as an EGFET-
pH sensor. In addition to its electrical response as a pH sensor, the NRTiO material was also characterized by
several techniques.

2. Experiment

The NRTiO was synthesized by the hydrolysis method, using 1.0 g of commercial titania (TiO,) nanoparticle
powder (Aldrich) as the starting material. In a typical hydrolysis experiment, the TiO, powder was processed in
alkali solutions, such as NaOH (10 mol/L, 80 mL) using an autoclave, at a temperature of 150°C, for time scales
up to 50 h. During hydrolysis, titania nanoparticles were converted into titanate nanorods. The product was neu-
tralized, followed by filtration and drying under atmospheric conditions [26] [29].

The X-ray diffraction (XRD) data were recorded on a SIEMENS D5005 diffractometer using a graphite mo-
nochromator and the CuK, emission line (1.541 A, 40 kV, 40 mA). To this end, samples in the film form depo-
sited onto a glass plate were employed, and the data were collected at room temperature over the range 2° <26 <
50°, with a resolution of 0.020°.

Fourier-transform infrared spectra (FTIR) were recorded from 4000 to 400 cm ™' on a Bomem MB 100 spec-
trometer. The samples were dispersed in KBr and pressed into pellets.

Scanning electron microscopy (SEM) was carried out on a ZEISS microscope EVO 50 model operating at 20
kV. A thin gold coating (=20 A) was applied to the sample using a Sputter Coater—Balzers SCD 050.

Voltammograms were measured using an AUTOLAB (EcoChemie) model PGSTAT30 (GPES/FRA) poten-
tiostat/galvanostat interfaced with a computer. The conventional electrode arrangement was used, which con-
sisted of glassy carbon as the working electrode, a platinum wire auxiliary electrode, and a saturated calomel
electrode (SCE) as reference. The TiO, nanorod was deposited on the electrode surface, approximately 5 pL of
the powder and dried at room temperature (24°C). The supporting electrolyte was a buffer solution from pH 2 to
12. The voltammograms at different pHs were obtained at a potential scanning speed of 10 mV-s . All the ex-
periments were carried out in deoxigenated solutions by bubbling N,, at room temperature.

The electrical response of the EGFET sensor was measured using solutions of various pH values, and the
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curves were obtained by an Agilent 34970A parameter analyzer. The electrode containing the sensing film was
dipped into the buffer solution at room temperature for 5 minutes prior to the electrical measurement.

3. Results and Discussion

Figure 1 shows XRD patterns of the NRTiO. It is clear that the formation of anatase and rutile phases took place.
The strongest peaks observed for the anatase and rutile phases were (101) 26 = 25.3° and (110) 20 = 29.4°, re-
spectively, indicating that NRTiO presents a crystalline structure. The presence of the typical diffraction peaks
(101) in the XRD patterns of the NRTiO indicates a d-spacing of 0.35 nm. It has been reported that NRTiO
presents a structure containing a separation between neighboring sheets surfaces, i.e., the interspacing planes
about 0.3784 nm [30]. Based on this observation, it is possible to estimate, from Figure 1, that the nanorod for-
mation can be occurring. Broad and low intensity peaks suggest that the anatase and rutile phases may also con-
tain an amorphous TiO, phase [31]. Concerning the presence of the anatase phase, the structure is bodycen-
tered-tetragonal [30].

The weight percent of the anatase (W) and rutile (W5) phases in the as-synthesized samples was calculated
from the XRD patterns using Equations (1) and (2), as follows [32]:

1
Wy =———x100 1
f1+0.8(1,/1;) W

W, =100—-W, Q)

where I, and Iz are the integrated intensity of the (101) reflection of the anatase phase and the (110) reflection of
the rutile phase, respectively. The phase composition of the sample was estimated Equations (1) and (2), and the
result was Wy, = 76% and W, = 24%.

The NRTiO was also characterized by FTIR between 4000 and 400 cm ™' and the results are presented in Fig-
ure 2. The FTIR spectrum of NRTiO displays broad, intense bands around 3300, 1634, and 1354 cm ™', as well
as a low intensity band at 902 cm™'. The broad and intense band located around 3400 - 3000 cm™' can be as-
cribed to OH stretching vibrations. This band indicates the presence of hydroxyl groups and huge amount of
water molecules in the surface and interlayer space. The vibration around 1634 cm™' also confirms the presence
of water and can be assigned to H-O-H bending vibrations. The band around 902 ¢cm ™' (inseted in Figure 2)
represents the stretching vibration of short Ti-O bonds involving nonbridging oxygen probably coordinated with
sodium ions. On the basis of the FTIR results, one can infer that the nanorods contain huge amounts of water
and sodium ions present in the sample and, possibly, they are not only physically adsorbed to material, but they
can also belong to the lattice [33]. When the IR spectrum of the nanorods was compared with those reported in
the literature [33]-[35], the observed set of bands and the spectral features agree fairly well.
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Figure 1. X-ray diffraction patterns of NRTiO.



E. M. Guerra, M. Mulato

Transmitance / %

@60

1000

900 i
Wavenumbers / cm

Transmitance / %

T 1 r 1 T 1 v 1 T 1 v 1 T 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers / cm’™

Figure 2. FTIR spectra of NRTiO.

The SEM image of the NRTiO is shown in Figure 3. As described in the literature [36], the commercial TiO,
powder particles, used as starting material, are nearly spherical in shape and have a reasonably uniform size.
However, after the hydrothermal synthesis in the presence of sodium hydroxide (NaOH), these particles undergo
a delaminating process due to the attack of excess sodium cations, thus leading to two-dimensional nanosheets.
The SEM results indicate that the nanorods were completely transformed into numerous stacking of wireshaped
nanoparticles or into a connected nanostructure. Furthermore, as observed in Figure 3, the average size of these
stacking of nanorods is 70 nm in diameter.

The sensitivity of the EGFET-pH sensor containing the NRTiO membrane can be obtained by measuring the
relationship between drain current (/p) and gate-source voltage (¥s), which is shown in Figure 4.

From this figure, it is possible to note that there is a clear shift toward higher voltages with increasing pH
values. Figure 5 was produced from the data in Figure 4 and the sensitivity was estimated using 7, = 400 pA at
a Vps of 0.3 V. On the basis of this I, value, the sensitivity was 49.6 mV/pH. A variation of 10% in Ip leads to
only 1.5% variation in sensitivity (in the range between 350 and 450 pA). As a result, the average sensitivity is
very close to the theoretical limit of 59.2 mV/pH [37]. Figure 5 shows that the EGFET exhibits good linearity,
giving evidence of a constant behavior independent of the pH values.

Changes in the pH of the solution can alter the concentration of one of the species involved in the reaction,
thus resulting in a shift in the redox potential. Voltammetrics studies were carried out to examine the pH depen-
dence. Figure 6 shows a number of voltammograms as a function of pH, in buffered electrolytes.

The cathodic peak region was selected, in order to ensure that the main features were preserved and to facili-
tate voltammogram analyses. Figure 6 shows that the potential shifts to more negative values as the pH increas-
es as predicted by the Nernst equation [38]. The pH dependence of potential (£) can also be seen in Figure 7,
where F is plotted against the pH. The slope of the line is 47.8 mV/pH. From the Nernst equation, the slope of
the plot of £ vs. pH should be 59.2 mV/pH, which is very close to values obtained from EGFET study. There-
fore, the EGFET-pH sensor based on titanium oxide nanorods is a promising set-up and it might be suitable as a
device for use in disposable sensors.

As a sensing film on a pH-EGFET configuration, the NRTiO material demonstrated a linear behavior and a
high sensitivity (49.6 mV/pH) for the pH range 2 - 12, a value 16% below the theoretical limit (59.2 mV/pH).
The sensitivity was also studied by cyclic voltammetry, which led to a value of 47.8 mV/pH. Both techniques
give very close results. Therefore, these results suggest that the material is a good candidate as pH sensor and
may be even further employed as a biosensor for urea and glucose detection.
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Figure 3. SEM image of NRTiO.
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Figure 4. Response of a NRTiO-EGFET sensor in the linear
region when immersed into solutions with pH values ranging
from 2 to 12.
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Figure 6. Voltammograms of NRTiO in buffer solution with pH val-
ues ranging from 2 to 12.
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Figure 7. Potential range as a function of pH values for the NRTiO.

4. Conclusion

Titanium oxide nanorods were prepared in an autoclave at a temperature of 150°C, for time scales up to 50 h.
The X-ray diffraction data showed that the NRTiO presents anatase and rutile phases. The SEM shows the for-
mation of numerous stacking of nanorods with an average diameter of 70 nm, thus indicating that the route em-
ployed was successful. As a sensing film on a pH-EGFET configuration, the NRTiO material demonstrated a li-
near behavior and a high sensitivity (49.6 mV/pH) for the pH range 2 - 12, a value 16% below the theoretical
limit (59.2 mV/pH). The sensitivity was also studied by cyclic voltammetry, which led to a value of 47.8 mV/pH.
Both techniques give very close results. Therefore, these results suggest that the material is a good candidate as
a pH sensor and may be even further employed as a biosensor for urea and glucose detection.
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