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Abstract Vanadium oxide/hexadecylamine (V,0s/HDA)
sensing membrane was deposited on the glassy carbon
substrate and used as the sensing layer of the extended gate
H-ion sensitive field effect transistor (EGFET) device. The
structural and morphological features of V,Os/HDA were
studied by X-ray diffraction, Fourier transformed-infrared
spectroscopy and Scanning electronic microscopy images;
and the electrochemical behavior was analyzed by cyclic
voltammogram. V,05/HDA presents a lamellar structure as
well as several rod formations. The material stabilizes
electrochemically after several cycles and leads to repro-
ducibility of Li* ion insertion/de-insertion into the vana-
dium oxide structure. The material was investigated as a pH
sensor in the pH range 2—12 and presented a sensitivity of
38.1 mV/pH. The sensitive membrane structure is simple to
fabricate and the measurement is fast for application as a
disposable sensor.

Keywords Vanadium oxide - Hexadecylamine -
EGFET - pH-sensor

1 Introduction

Since Bergveld [1] employed the first field effect transistor,
many papers have presented how to design and develop pH
sensors [2—4]. Ion sensitive field-effect transistors (ISFETSs)
have been developed on the basis of MOSFET (metal oxide
semiconductor field effect transistor) to measure pH and a
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variety of other ions [5]. The difference between ISFET
and MOSFET is that there is no metal gate electrode, given
the gate is directly exposed to the buffer solution [6]. As
described by Chang K.-M. et al. [7], the measurement is
made when there is a change in the surface potential
between the gate insulator and the electrolyte, the electric
field at the insulator semiconductor interface will be
changed and the channel conductance that affects the drain
current will also be modulated. Since the channel con-
ductance and drain current can be modulated, it is possible
to measure the changes by applying a fixed source to drain
voltage. By means of this method, one can plot a standard
linear line between gate voltages and various pH values,
and a standard linear line can be taken to measure an
unknown acid or an alkaline solution.

The development of ISFET has been going on over than
35 years, and the first sensitive membrane to be used was
silicon dioxide (SiO,), which showed an unstable sensitivity
and large drift. Several dielectric membranes, including
SizNy, Al,O3, SnO, and Ta,05 [1], have been used as pH-
sensitive membranes because of their higher pH response as
ISFET-pH sensor. Some problems of the ISFET configu-
ration can be overcome by using the structure of the
extended gate field effect transistor (EGFET). The flexible
shape of the extended gate structure is another advantage of
the EGFET. The EGFET has better long-term stability
because ions from the chemical environment are excluded
from any region close to the FET gate insulator [8]. The
sensitive layered structure of the EGFET is fabricated on the
end of the signal line extended from the FET gate electrode
[9]. There are several kinds of ion-sensing membranes
applied in the pH-sensing dielectric layers of pH-EGFET,
such as ruthenium oxide [10], carbon nanotube [11], SnO,
[12], ZnO [13] and V,0Os xerogel [14]. In the search
for other alternatives for ion-sensing membranes to be
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employed in pH sensors, one can point out to the vanadium
oxide after thermal treatment. The importance of the
development of this transition-metal is the fact that they
present a large number of oxidation states with possible
redox-active properties [15]. Actually, the electrochromism
and electrochemical properties as well as applications in
electrochemical sensors have been developed [16]. Another
interesting subject related to vanadium oxide is the struc-
tural versatility, which allows insertion of a wide variety of
guest species, such as polymers and surfactants [17, 18], and
this combination is known as hybrid material [19, 20]. The
combination of different organic/inorganic components in a
single material may lead to unique electrical, optical, and
mechanical properties that may not be present in the starting
components alone. [21]. The synergic effect resulting from
the combined properties of hybrid material can give rise to
very interesting features, especially in what concerns elec-
trochemical, electrochromic and conduction properties [22].

In this context, our interest is to investigate the electrical
response of V,Os/HDA to fabricate a pH-EGFET sensor
and to try to explore the interaction of the ion-sensitive
membrane with charges in solution, find out the sensor
sensitivity, and verify whether it is suitable as a pH sensor.
Further on the electrical response as pH sensor, V,0s/HDA
was characterized by various techniques, such as X-ray
diffraction (XRD), infrared spectroscopy (FTIR), scanning
electronic microscopy (SEM) and cyclic voltammetry (CV).

2 Experimental procedure
2.1 Synthesis

In a typical synthetic procedure, the molar ratio of V,0s/
hexadecylamine was 1:1, which corresponded to 0.017 M
(3.09 g) of crystalline V,05 (Acros), which was slowly
added to a beaker containing a transparent ethanolic solu-
tion (5.7 mL) of 0.017 M hexadecylamine (HDA) 90%
(4.55 g, Aldrich). The mixture was maintained under vig-
orous stirring for 2 h. Then, 16.7 mL of purified water
(Milli-Q-Millipore system) was added. This material was
aged for 48 h. Finally, a hydrothermal reaction was carried
out in a homemade autoclave apparatus at 180 °C for
7 days. The final product was washed with water and
absolute ethanol and dried under vacuum.

2.2 Characterization

The X-ray diffraction (XRD) data were recorded on a
SIEMENS D5005 diffractometer using a graphite mono-
chromator and CuK, emission lines (1.541 A, 40 kV,
40 mA). To this end, the sample (in the powder form) was
deposited onto a glass plate and data were collected at
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room temperature over the range 2° < 20 < 50°, with a
resolution of 0.020°.

Fourier-transform infrared spectra (FTIR) were recorded
from 4,000 to 400 cm~! on a Bomem MB 100 spectrome-
ter. 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. The material obtained
after thermal treatment were measured by the Image Tool
software.

Cyclic voltammograms were measured using an AUTO-
LAB (EcoChemie) model PGSTAT30 (GPES/FRA)
potentiostat/galvanostat interfaced with a computer. The
electrode arrangement consisted of a glassy carbon as the
working electrode, a platinum wire auxiliary electrode, and
saturated calomel electrode (SCE) as reference [22]. The
V,0s/HDA was deposited, ~5 pL, on the electrode surface
and dried at room temperature (25 °C). The supporting
electrolyte 1.0 M LiClO, was studied in acetonitrile med-
ium. In addition, all the experiments were carried out in
deoxigenated solutions by bubbling N,, at room temperature.

The electrical response of the sensor was measured
using solutions of various pH values, and the curves were
obtained by an Agilent 34970A parameter analyzer. To this
end, ~5 pL of the V,0s/HDA was deposited on the glassy
carbon substrate at room temperature (24 °C), to establish
electric contact with the gate.

3 Results and discussion

FTIR measurements were carried out in order to charac-
terize the material and verify whether the surfactant used
during the synthesis was present. Figure 1 shows the FTIR
spectrum of vanadium oxide and it is possible to observe the
four characteristic bands of the vanadium oxide at 994, 748
and 550-450 cm ™", corresponding to the vibrational modes
of the V> species in the vanadyl group (V=0), V-O-V
asymmetric stretch, and V-O-V symmetric stretch mixed
with the deforming vibrations of the vanadium oxygen
polyhedra, respectively [23]. The band at 909 cm ™' in the
spectrum of the vanadium oxide is close to that of o-V**
which is considerably less ordered due to a distorted octa-
hedron-shaped vanady] unit-cell arrangement [24]. In order
to remove the excess hexadecylamine, vanadium oxide was
washed with water and absolute ethanol and dried under
vacuum. It is possible to observe that the presence of the
bands around 2,920, 2,840 and 1,467 cm~! could be
assigned to v,;(C-H), vy(C-H), 6(CH,), vibration modes of
CH;(CH,);5 NH,. Several bands, in weak transmittance, are
observed between 3,400 and 3,500 cm_l, which can be
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Fig. 1 FTIR spectra of a V,05 powder, b HDA and ¢ V,0s/HDA

related to symmetric out of plane angular deformation of
N-H species from the surfactant, indicating that HDA can
be present in the V,Os.

The X-ray diffraction pattern of V,0s5 powder and
V,0s/HDA are showed in Fig. 2(a) and (b), respectively.
After the insertion of HDA, it was observed that the
reaction leads to a crystalline product, which is a typical
layered compound. It exhibits two series of reflections. The
first is a 00¢ set of reflections with high intensity
(20 < 10, corresponding to the stacking of the layers
perpendicular to the substrate, which is typical of layered
structures (the 001 peak directly relates to the distance
between the vanadium oxide interlayer). Therefore, the
presence of the typical diffraction peaks (00f) in the XRD
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Fig. 2 X-ray diffraction patterns of a V,05 powder, b V,0s/HDA

patterns of vanadium oxide can also indicate the presence
of the intercalated amine groups between these layers as
observed in FTIR spectrum. The analysis of the 001
reflection indicates an increase in the interlayer spacing to
3.24 nm, which is consistent with the presence of the
surfactant species in the vanadium oxide (d-spacing of
1.17 nm) [21]. The second set of reflections (h00) with
lower intensity (20 > 10°), corresponds to the two-dimen-
sional structure of the layers, as also observed in the lit-
erature [25]. The 00/ series provides the distance between
the vanadium oxide layers in lamellar distance with dygy,
doo2, dooz and doos values of 3.24, 1.60, 1.10 and 0.80 nm,
respectively. It also shows that the HDA did not cause a
collapse after insertion and the lamellar structure of the
vanadium oxide was maintained. The characteristic 7200
reflections, shown in Fig. 2, indicate high structural order
of the vanadate layers. The plane lattice must come from a
double sheet of vanadium atoms, containing vanadium
mostly in distorted octahedral coordination [24, 26].

The V,0s/HDA synthesis was carried out during
10 days, as described above. From the SEM image, it is
possible to observe the arrangement of the rods. Figure 3a
shows a very irregular surface after 3 days of synthesis
indicating formation of few rods with diameter between 200
and 300 nm. Figure 3b displays the image of the oxide after
10 days of synthesis, showing that a rod arrangement took
place with a diameter around 270 nm. The synthesis of this
material can be occuring in two steps: in the first one, the
intercalation of HDA ions in the lamellar precursor pro-
vokes a diminution of the van der Waals strengths between
the layers; the second step is the hydrothermic treatment,
where enough energy is supplied to the system provoking
the rolling up process of layers (in order to maintain a
minimum contact) [27]. In addition, Fig. 3c gives evidence
that the rods are arranged almost parallel to each other.

The electrochemical performance of V,0s/HDA as
cathodic membrane was carried out by cyclic voltammetry
(CV). The cyclic voltammograms of the V,0Os/HDA
material displays peaks in the potential range —0.5 to
+1.5V (SCE), in 0.1 mol/dm® LiClO, in acetonitrile
solution, which were obtained at a scan rate of 20 mV s~ ..
There is one cathodic peak at +0.79 V and one anodic peak
in —0.18 V (Fig. 4). These peaks correspond to the VY%
redox pair with concomitant occurrence of lithium ion
insertion/de-insertion as a consequence of vanadium oxi-
dation/reduction process (xe~ + xLi" + V,05 s LixV,0s).
In addition, the width and asymmetric pattern of the peak
can be related to the heterogeneity of the film surface,
suggesting a more difficult lithium diffusion to reach active
sites more internal into the film [21]. In a series of vol-
tammetric scans between —0.5 and 1.5 V (Fig. 5), the
cathodic peak was broadened and slightly shifted toward
more negative (cathodic scans) potentials over 50 cycles.
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Fig. 3 SEM image of V,0s/HDA a after 3 days, b 10 days and ¢ 10 days in another region

This result could be explained by modifications in the
structure of the vanadium oxide sheets, which allow inter-
calation/deintercalation of more lithium ions in different
sites, thus compensating for the charge in the film [26, 28].
However, the presence of HDA into the V,0s5 causes an
expansion between the layers and, as result, can facilitates
the electromigration and accommodation of lithium ions
during the intercalation and deintercalation processes.

The cyclic voltammograms of the V,0s/HDA shows
that the first cycle presents a total charge value of

—1® cycle
"""""" 25" cycle

~1000 ~ 50" cycle

T T T T T T T
-0.5 0.0 0.5 1.0 15
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Fig. 4 Cyclic voltammograms of V,0s/HDA in 0.1 M LiClO, in
acetonitrile medium and v = 20 mV/s
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107 mC cm ™2, which decreases to 59 mC cm ™2 in the 25th
cycle (a decrease of 55% in relation to the first cycle).
However, it is possible to note that the decrease in total
charge from the 25th cycle to the 50th (48 mC cm™?) is
18%. Theses values indicate that the vanadium oxide
material exhibits reasonable electrochemical stability,
since the percent total charge values very little after the
25th cycle. This can be associated with the presence of the
rods and the presence of surfactant, which open the pos-
sibility of improving the stability of the vanadium
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Fig. 5 Total charge as a function of the number cycles of V,0s/HDA
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framework. In addition, the presence of these rods enables
improvement of the Li% insertion/deinsertion process,
causing an increase in the voltammetric stability as a
function of the total charge leading to structural accom-
modation after several cycles, resulting in better perfor-
mance. This characteristic can also influence the electrical
behavior and, consequently, promote a good sensitivity to
the vanadium oxide as sensing membrane.

Before the electrical behavior of the V,0s/HDA mem-
brane as pH sensor was investigated, a study of the current
variation as a function of time was performed. Figure 6
shows that there is a large variation in current until 150 s.
After 250 s, the current does not change significantly.
Additionally, the current interval between pH 2 and 12 is
27 pA at 0 s. After 300 s this interval increases to 46 pA
indicating that time can influence the final results. There-
fore, the sensitivity studies were measured after the V,0s/
HDA had been submerged in the buffer solutions for 300 s.
The different shapes of the curves in Fig. 6 are due to the
fact that each pH solution is composed of different con-
stituent ions (buffer solutions).

Figure 7 shows drain-current, Ip, as a function of the
gate-source voltage, Vs, while source-drain voltage, Vpg,
is kept at 0.3 V. There is a clear shift toward higher volt-
ages as a function of increasing of pH values. The sensi-
tivity value (Fig. 8) was obtained from the relationship
between Vs as a function of pH (for Ipg fixed at 200 pA)
from Fig. 7. As a result, the sensitivity of the sensor cal-
culated, from a linear fit was 38.1 mV/pH, and it presented
a good linearity. From the Nernstian law, it is known that
the theoretical value, [29] is 59.2 mV/pH, so our experi-
mental arrangement presented a reasonable response
(deviation of 35%).

In general, the sensitive membrane structure is easily
fabricated and the measurement is simple for application as
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Fig. 6 Current variation as a function of time for V,0s/HDA
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175

1.70 A
1.65
1.60

1.55

V.V

1.50

1.45

V=03V
I, =200 pA
Sensitivity = 38.1 mV/pH

1.40

1.35

pH

Fig. 8 Sensitivity of the pH sensor: saturation response from pH 2 up
to pH 12 in the linear region

a disposable sensor. However, the experimental conditions,
such as polymer insertion, must be improved so that values
closer to the theoretical one are achieved. The device might
be further tested as a urea and glucose sensor.

4 Conclusion

The synthesis, structural and electrical study of V,0Os/HDA
has been described. The X-ray diffraction data showed that
the vanadium oxide presents a lamellar character as well as
the presence of HDA into the layers indicating an inter-
calation reaction. The surface into the film promotes the
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formation of rods with diameter around 270 nm, and these
rods are arranged almost parallel to each another. The
cyclic voltammetry technique demonstrated that V,0s/
HDA is highly stable after the 25th cycle, which occurs
with little decrease in total charge during successive redox
cycles. V,05/HDA as a membrane on a pH-EGFET sensor
demonstrated a linear behavior and a sensitivity of
38.1 mV/pH for the pH range 2—12. This value suggests
that the material might need an increase in the number of
actives sites, which can make vanadium oxide a potential
component of an optimum device in the future.
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