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a b s t r a c t

A film of niobium oxide was immobilized on a SiO2/C carbon–ceramic matrix (specific surface area
270 m2 g−1) and characterized by N2 adsorption–desorption isotherms, scanning electron microscopy,
X-ray photoelectron spectroscopy and atomic force microscopy. This new carbon–ceramic material,
ccepted 8 September 2010
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SiO2/C/Nb2O5, was used for construction of electrodes, and it shows ability to improve the electron-
transfer between the electrode surface and ascorbic acid. The electrocatalytic oxidation of ascorbic acid
was made by differential pulse and cyclic voltammetry techniques, making it potentially useful for
developing a new ascorbic acid sensor.

© 2010 Elsevier B.V. All rights reserved.
itamin C sensor
ol–gel

. Introduction

Due to physical and chemical properties such as high refractive
ndex, wide band gap, chemical stability and corrosion resistance,
b2O5 films dispersed on porous solid matrices have been widely
sed as optical and electronic devices [1,2], catalysts [3–7], and

on exchange materials [8,9]. Among the porous solid matrices that
erve as supports, silica has attracted attention because the deposi-
ion of Nb2O5 on the surface occurs by formation of Si–O–Nb bonds,
orming a thermally very stable thin film [10]. Additionally, Nb2O5
s known for its affinity to adsorb species containing the carboxylic
cid group, and it has been proposed as a potential interface for
he immobilization of organic molecules and biomolecules to be
pplied in the development of electrochemical sensors [10–14].

The development of silica based carbon–ceramic electrodes
CCEs) is now a wide field of investigation. These electrodes present
he mechanical rigidity of the inorganic framework and the con-
uctivity of graphite; furthermore they have a wide operational
oltage window and present renewable surfaces, making possible

heir use in electroanalysis and electrocatalysis [15–19]. Recently
t was reported the use of carbon–ceramic electrodes for detection
f organic species such dopamine, uric acid and ascorbic acid [20].

∗ Corresponding author. Tel.: +55 19 3521 3053; fax: +55 19 3521 3023.
E-mail address: gushikem@iqm.unicamp.br (Y. Gushikem).

039-9140/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2010.09.014
Ascorbic acid (H2AA) is one of the most important water solu-
ble components present in fruits and vegetables. H2AA is used in
large scale as an antioxidant in food, animal feed, beverages, phar-
maceutical formulations and cosmetic applications. Because of its
biological and technological importance, the development of elec-
trochemical sensors for H2AA has received a great attention in the
last years, where the search for new materials that can improve the
electrochemical analyses has been enhanced [21–26].

In this work, Nb2O5 film was immobilized by a grafting
reaction on a carbon–ceramic matrix obtained by the sol–gel
method. The material SiO2/C/Nb2O5 was characterized using N2
adsorption–desorption isotherms, scanning electron microscopy,
X-ray photoelectron spectroscopy and atomic force microscopy
techniques. Differential pulse voltammetry (DPV) and cyclic
voltammetry (CV) were employed to study the electrochemical
behaviour of this electrode in the oxidation of ascorbic acid, H2AA.

2. Experimental

2.1. Preparation of the carbon–ceramic SiO2/C

The carbon–ceramic matrix was prepared by the sol–gel

method according to the following procedure: 0.11 mmol of TEOS
(tetraethylorthosilicate, Acros 98%), was hydrolyzed in a mixture
of 25 mL of ethanol, 4.0 mL of water and 0.86 mL of 37% HCl. After
vigorous stirring at 343 K for 4 h, 3.3 g of graphite powder (99.99%
Aldrich) was then added and the mixture was ultrasonicated for
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0 min. To this mixture 4.0 mL of water was added and ultrasoni-
ated at 333 K until gelation of the material occurred. It was then
llowed to stand for 5 days at 313 K for solvent evaporation. This
erogel was comminuted to a fine powder and then washed with
thanol in a Soxhlet extractor for 6 h. Finally, the xerogel was dried
nder vacuum (1.0 × 10−2 kPa) at 340 K during 4 h.

.2. Nb2O5 immobilization on SiO2/C

To prepare the starting solution for deposition of niobium oxide
n SiO2/C, initially 1.9 g of NbCl5 was dissolved in 80 mL of dry
thanol under a nitrogen atmosphere and gently shaken for 24 h
o eliminate gaseous HCl. The following reaction may take place
uring solution preparation [27].

bCl5 + nHOC2H5 → Nb(OC2H5)nCl5 − n + nHCl(solutionA)

Separately, about 20 mg of the dried and powdered SiO2/C was
ressed under 4 ton pressure in a disk format with diameter of
mm and a thickness of 1 mm. On the clean disk surface of SiO2/C
drop of a solution A (0.05 mL) was spread on the disk surface

Scheme 1B) and then exposed to room wet atmosphere for 30 min
o eliminate the ethanol and remaining HCl (Scheme 1C). The disk
as then washed with water and heated at 353 K for 3 h for drying

nd consolidation of the Nb2O5 on the SiO2/C surface (Scheme 1D).

.3. N2 adsorption–desorption isotherms

The nitrogen adsorption–desorption isotherms of the SiO2/C
erogel previously degassed at 423 K, were determined at the liquid
itrogen boiling point on a Quantachrome Autosorb 1 Instrument.
he specific surface area was determined from the BET (Brunauer,
mmett and Teller) multipoint method [28]. The pore size distri-
ution was obtained using the BJH (Barret, Joyner, and Halenda)
ethod [29].

.4. Scanning electron microscopy (SEM)

SEM images were obtained using a JEOL JSM 6360LV scanning
lectron microscope connected to a secondary electron detector
ith energy dispersive X-ray spectroscopy (EDS) for elemental
apping. The micrograph was obtained with a magnification of

200× operating at an accelerating voltage of 20 kV. The sample
as dispersed on double faced conducting tape on an aluminum

upport and carbon-coated in a Bal-Tec MD20 instrument.

.5. Electrical properties

Solid state electrical conductivities of the SiO2/C and
iO2/C/Nb2O5 disks were calculated by the equation: � = �−1,
here � is the conductivity and � is the resistivity. The � was

btained according to a procedure described elsewhere [30],
ssuming that the graphite and Nb2O5 were dispersed on a non-
onductor substrate, and calculated by the equation � = R w F2 F4,
here R is the electrical resistance, w is the thickness of the disk

0.10 cm), F2 and F4 are correction factors which were taken from
he literature (0.5 and 0.9816 respectively) [30]. The R values of
he samples were measured at room temperature using a National
nstruments NIPXI-1033 four-point probe.

.6. X-ray photoelectron spectroscopy
The X-ray photoelectron (XPS) spectra of the samples were
btained by using an aluminum anode (Al K = 1486.6 eV) at a pres-
ure of 2.63 × 10−5 Pa on a McPherson ESCA-36 spectrometer. The
inding energies were calibrated against the Si 2p level (103.5 eV)
Fig. 1. N2 adsorption–desorption isotherms of SiO2/C. Inset figure: the respective
BJH pore size distribution.

2.7. Atomic force microscopy (AFM/EFM)

AFM/EFM measurements were carried out on a Nanoscope IIIa
(Digital Instruments) apparatus at room temperature. The surface
topography was determined with the tapping mode. Upon retrace
over the same line, the electrical force was monitored under a non-
contact mode at a set lift height of 200 nm from the sample surface.
A dc bias voltage of 3 V was applied between across the tip and the
sample

2.8. Electrochemical study

Electrochemical measurements were carried out using a
PGSTAT-20 Autolab potentiostat–galvanostat with GPES software
for collection and analysis of data. A three-electrode system was
used, including a saturated calomel electrode (SCE) as reference
electrode, a platinum wire as counter electrode and a SiO2/C or
SiO2/C/Nb2O5 disk as working electrode. The disks were glued to a
glass tube with glue and the electrical contact was made by a copper
wire inserted inside the glass tube. In order to improve the connec-
tion between the metal and the disk surface, pure graphite powder
was added to the tube. The electrolyte solution was 0.5 mol L−1 KCl
in a 0.1 mol L−1 Tris–HCl buffer. Experiments were conducted at
room temperature under a nitrogen atmosphere.

3. Results and discussion

3.1. Characterization

3.1.1. Specific surface area and pore size distribution
The SiO2/C ceramic prepared by the sol–gel method resulted in

a porous material with a specific surface area of 270 m2 g−1 and
pore volume of 0.07 cm3 g−1. N2 adsorption isotherm obtained for
this material shows a type I curve (Fig. 1), typical of microporous
material [31]. Pores with diameters lower than 20 Å were observed
in the pore size distribution curve obtained from BJH method (inset
Fig. 1).
3.1.2. Micrograph
Fig. 2 illustrates the backscattering SEM image of the disk surface

of SiO2/C immobilized with Nb2O5 oxide film and the correspond-
ing C, Si, and Nb EDS mapping images. Two different distribution
areas are seen: light-gray and dark-gray zones. In the mapping
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cheme 1. (A) Pressed SiO2/C disk; deposition of Nb(V) on pressed SiO2/C disk; (B)
iO2/C/Nb2O5 disk.

mages these zones correspond to silica and carbon particles,
espectively. In the niobium mapping images, the Nb2O5 particles
re uniformly dispersed on the disk surface, at the sub micrometric
evel, considering the magnification used.

.1.3. X-ray photoelectron spectroscopy (XPS)
To determine the chemical state of the components, the

urface of the SiO2/C/Nb2O5 material was analyzed by XPS.
ig. 3 shows the XPS spectra and the respective decon-
olution curves of the C 1s, O 1s, Si 2p, and Nb 3d
ore levels. The XPS binding energy values (BE), full-width
t half maximum of the peaks, the areas under peaks,
nd atomic percentages of the elements are summarized in
able 1.

The broad asymmetrical C 1s peak (Fig. 3(a)), consists of four

ontributions related to the graphitic structure. The main peak is
etected at 284.2 eV and attributed to the carbon of the planar
raphite network [32]. The other contributions located at 285.8,
87.6 and 289.9 eV corresponding to oxidized graphite [33–35],
–OH, C–O–C and COOH, respectively. In the O 1s deconvoluted

Fig. 2. SEM image of SiO2/C/Nb2O5, and the corresponding ED
on with Nb(OC2H5)nCl5 − n; (C) exposition to wet atmosphere and (D) the modified

spectrum (Fig. 3(d)) three peaks with different binding energies
appear, indicating that oxygen atoms are involved in three distinct
chemical bonds. The peaks located at 530.3 and 532.4 eV corre-
spond to O–Nb and O–Si, respectively, [36,37] and the third peak
centered at 534.3 eV could be attributed to the O–C bond on the
oxidized graphite surface.

The Si 2p spectra (Fig. 3(b)) show a peak at 103.3 eV assigned
to silicon in Si–O, Si–OH and Si–O–Si bonds and the other peak
at 105.8 eV due to the protonated oxide surface, Si–OH2

+ [38]. In
the Nb spectrum (Fig. 3(c)), the Nb 3d5/2 and Nb 3d3/2 peaks are
observed at 207.4 and 210.1 eV, respectively. These values match
those obtained for niobium oxide [36,39], evidencing the formation
of the Nb2O5 film on the SiO2/C surface. The Nb/Si atomic ratio
obtained by XPS was 1.61.
3.1.4. Atomic force microscopy
The SiO2/C/Nb2O5 surface was examined by AFM/EFM,

and the images are shown in Fig. 4. Significant changes
in contrast are observed before (a) and after film forma-
tion (b), the smoother appearance originated by the presence

S mapping of C, Si and Nb. The magnification was 200×.
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Fig. 3. X-ray photoelectron spectra of the C 1s (a), Si

f niobium oxide demonstrated its ability to improve the
onductivity of the electrode by facilitating a more uni-
orm charge of distribution on the carbon–ceramic mate-
ial.

.1.5. Conductivity of the pressed disk
Electrical conductivity measurement of the pure

arbon–ceramic matrix SiO2/C shows 0.9 ± 0.3 S cm−2, indicating

hat graphite particles are well dispersed and interconnected in
he silica network, as seen by the SEM image. However, after
he deposition of the Nb2O5 film, the conductivity increased to
.5 ± 0.3 S cm−2. This increase is evidence that the oxide presence

mproves the conductivity of the solid.

able 1
PS data for SiO2/C/Nb2O5 disk.

Binding energies (eV)
C 1s O 1s
i ii iii iv i

SiO2/Nb2O5/C 284.2 285.8 287.6 289.9 530.3
(1.7)a (2.0) (2.1) (2.1) (2.0)
[53]b [33] [9] [5] [67]
{46.3}c {36.3

SiO2
d 532.5

Nb2O5
e 530.4

a Full-width at half maximum of the peaks.
b Relative areas of the peaks.
c Relative atomic relative percentages.
d BE reference data for SiO2 [25].
e BE reference data for Nb2O5 [25].
, Nb 3d (c) and O 1s (d) regions for the SiO2/C/Nb2O5.

3.2. Electrochemical characterization and electrocatalytic
properties

Potassium ferrocyanide and potassium ferricyanide solutions
(1 mmol L−1) were employed as redox probe for characterization of
SiO2/C/Nb2O5 by cyclic voltammetry at a scan rate of 40 mV s−1. A
peak potential separation (�Ep) of 78 mV was observed indicating
a quasireversible redox process. The active area of the electrode was
estimated by applying the Randles–Sevcik equation as described in

−2
the literature [40] and 0.26 cm was found.
The electrocatalytic activity of the SiO2/Nb2O5/C electrode in

the oxidation of ascorbic acid (H2AA) was studied. Fig. 5 shows the
differential pulse voltammograms (DPV) of 1.0 × 10−3 mol L−1 of
H2AA on the SiO2/C electrode (Fig. 5(a)) and on the SiO2/C/Nb2O5

Si 2p Nb 3d
ii iii i ii

532.4 534.3 103.3 105.8 207.4
(2.0) (2.0) (2.5) (2.5) (1.8)
[28] [5] [80] [20]

} {6.6} {10.8}
103.3

207.4
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ig. 4. 3D EFM images (5 �m × 5 �m × 25 Hz) of (a) carbon–ceramic SiO2/C and (b)
he image.

lectrode (Fig. 5(b)). It can be seen that the presence of Nb2O5
t the SiO2/C surface reduces the overvoltage of H2AA oxidation,
hifting the potential of oxidation to a value more negative by
bout 0.18 V. The peak current is considerably enhanced compared
ith the response of H2AA on the SiO2/C electrode surface. This

ehaviour clearly demonstrates the electrocatalytic function of the
iO2/C/Nb2O5 electrode toward ascorbic acid oxidation.

The voltammetric response of H2AA on the SiO2/C/Nb2O5 elec-
rode may be ascribed to the interaction between the Nb2O5 and

AA. The interaction includes the formation of covalent bonds
2
etween the niobium oxide and H2AA [41], as shown in Scheme 2,
hich might lead to a very fast kinetics of H2AA oxidation on the

iO2/C/Nb2O5 surface. Moreover, niobium oxide is an n-type semi-
onductor; the conduction band is built from the 3d orbital of the

ig. 5. Differential pulse voltammograms of 1.0 × 10−3 mol L−1 H2AA, in pH 6.0
buffer Tris–HCl) and 0.5 mol L−1 KCl solutions. Scan rate 10 mV s−1. (a) The
arbon–ceramic SiO2/C electrode and (b) the SiO2/C/Nb2O5 electrode.
/Nb2O5, and the respective horizontal cross section analysis taken at the middle of

Nb atoms and the valence band from the 2p orbitals of oxygen [42],
it is certain that the electrical conductivity at potentials above the
conduction band edge may facilitate transfer of electrons in the oxi-
dation of H2AA. Scheme 2 shows the possible reaction mechanism,
where H2AA is initially adsorbed on the electrode surface by forma-
tion of covalent bond with the niobium oxide, and then oxidized to
dehydro ascorbate involving two electrons and two protons [43].

The cyclic voltammograms of SiO2/C/Nb2O5 at various scan
rates (10–100 mV s−1) in the presence of 2.0 × 10−3 mol L−1 of
H2AA was studied (Fig. 6(a)). The oxidation current, ip (anodic
peak current), for H2AA increased linearly with the scan rate
(Fig. 6(b)), according to the equations ip (�A) = (2.05 ± 0.01)v
(mVs−1) + (17.68 ± 1.02), with a linear correlation, r = 0.999, con-

firming an adsorption-controlled process. In addition, there is
a linear relation between log ip and log v, corresponding to
the following equation: log ipa = (0.71 ± 0.02) + (0.82 ± 0.012)log v;
r = 0.991. The slope value of 0.82 may be considered as closed to the

Scheme 2. Adsorption of ascorbic acid on the electrode surface and its oxidation.
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In the analysis of H2AA, some coexistent electroactive species
might affect the sensor response for example, dopamine (DA), uric
acid (UA), paracetamol (PA), etc. These species should be consid-
ered because their oxidation peaks can overlap the H2AA peak. Fig. 9
ig. 6. Cyclic voltammograms obtained at different scan rates (2 at 100 mV s−1) f
.5 mol L−1 KCl). Relationship between peak current and scan rate (b).

heoretical expected value of 1.0 for an ideal case of the surface-
dsorbed species with some contribution from diffusion [44].

The pH effects on the potential and current peaks were investi-
ated by cyclic voltammetry (Fig. 7). The anodic peak of the H2AA
nder different pH values shows potential shift to more negative
alues when the pH increases approximately from 3 to 5. Above
his value, the potential remained constant. The anodic peak cur-
ent intensity is not affected by the pH solution change in the pH
ange between 3 and 8. For practical applications we selected pH
.0 to carry out the voltammetric determination of H2AA.

In order to improve the sensitivity for the quantitative deter-
ination, DPV has been adopted to record the oxidation current

f H2AA at different concentrations. Fig. 8 shows the voltammo-
rams from 0.0 to 2.38 × 10−3 mol L−1 of H2AA acid in 0.5 mol L−1

Cl (0.1 mol L−1 Tris–HCl buffer, pH 7). In this range of ascor-
ic acid concentration, a linear correlation was observed (Fig. 8,

nset), demonstrated by the equation i (�A) = (23.76 ± 0.10)[H2AA]
mmol L−1) with a linear correlation, r = 0.999 for N = 16. The
chieved detection limit (3 standard deviation of the blank divided

y the slope of calibration curve) was 25.03 �mol L−1 and sensitiv-

ty was 23.76 �A L mmol−1. This result shows the potentiality of the
iO2/C/Nb2O5 electrode to be utilized as an electrochemical sensor
or ascorbic acid.

ig. 7. Plots of the solution pH against E (�) and against i (�) for the SiO2/C/Nb2O5

lectrode, obtained by cyclic voltammetry, in 4.0 × 10−4 mol L−1 H2AA in 0.5 mol L−1

f KCl with pH 3–8 solutions (The pH of the solution of H2AA was set to the same
H as the KCl solution).
2/C/Nb2O5 electrode (a), in 2.0 × 10−3 mol L−1 H2AA, pH 6.0 (buffer Tris–HCl and

Table 2 shows some examples of the different electrodes for
ascorbic acid determination. It can be seen that the SiO2/C/Nb2O5
material is a competitive electrode for this analysis.

The SiO2/C/Nb2O5 electrode presented good repeatability for
ascorbic acid determinations. The relative standard deviation (RSD)
of the peak current by DPV for 7 determinations in Tris–HCl buffer
(pH 7.0) solution, containing 1.50 × 10−3 mol L−1 of the ascorbic
acid, was 3.5%. A set of 3 sensors prepared in the same manner was
also tested and the relative standard deviation observed was only
5.5%. Additionally, the electrode indicated prolonged operational
and storage stability. When the electrode was stored in air and
occasionally used over 9 months, the current response decreased
by about 4%. These experiments indicate that the SiO2/C/Nb2O5
electrodes have good stability and repeatability.
Fig. 8. Differential pulse voltammograms with SiO2/C/Nb2O5 electrode, in
0.1 mol L−1 buffer Tris–HCl at pH 7 with 0.5 mol L−1 of KCl at scan rate 10 mV s−1,
containing different concentrations of H2AA: 0.0, 9.98 × 10−5, 1.99 × 10−4,
2.98 × 10−4, 3.97 × 10−4, 4.95 × 10−4, 5.93 × 10−4, 6.90 × 10−4, 8.84 × 10−3,
1.08 × 10−3, 1.27 × 10−3, 1.46 × 10−3, 1.64 × 10−3, 1.83 × 10−3, 2.02 × 10−3,
2.20 × 10−3 and 2.38 × 10−3 mol L−1. Inset shows the plot of the electrocatalytic
peak current as a function of H2AA concentration.
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Table 2
Comparative performance of different electrodes for ascorbic acid determination.

Electrode Method Dynamic range (mmol L−1) Limit of detection (�mol L−1) Sensitivity (�A mmol−1 L) Reference

CPE modified with
copper(II) phosphate
immobilized in a
polyester resin

CV 0.02–3.2 10 – [21]

GC modified with
multiwalled carbon
nanotubes grafted onto
silica electro
electrodeposited with
gold nanoparticles

CV 1.0–5.0 – 8.59 [22]

Naphthol green B doped
polypyrrole film

CV 0.24–25 110.00 7.3 [23]

CPE modified with
polypyrrole/ferrocyanide
films

CV 0.45–9.62 58.62 – [24]

Gold modified with
3,4-dihydroxybenzoic
acid and aniline

Amperometry 0.10–10.00 50 0.004 [25]

Graphite/propylpyridinium
silsesquioxane

Amperometry 0.25–2.5 25 2.5 [26]

SiO2/C/Nb2O5 material PDV 0.099–2.38 25.03 23.76 This work

Table 3
Determination of ascorbic acid in commercial samples.

Commercial sample Stated contents (g) PDV method using the electrode (g) Standard iodometric method (g)

999 (0
015 (0

s
b
t
t
D
t
t
0
f
s
T
H

F
a

Tablet A 1.0 0.
Tablet B 1.0 1.

a RSD, % for n = 4.

hows the DPV responses of H2AA, DA, UA, PA in pH 7.5 (Tris–HCl
uffer). The oxidation of these species at the SiO2/C electrode shows
hree broad overlapped anodic peaks (Fig. 9, curve b), suggesting
hat the oxidation peaks of DA, UA and PA are overlapped. Thus,
A, UA and PA could influence the oxidation signal of H2AA at

he unmodified SiO2/C electrode. However, for SiO2/C/Nb2O5 elec-
rode, it was observed four separated peaks at −0.06 V, 0.11 V,
.21 V and 0.31 V (Fig. 9, curve a). The oxidation peak potential dif-

erence between the species is about 100 mV, indicating that the
pecies oxidations take place independently at the SiO2/C/Nb2O5.
herefore, SiO2/C/Nb2O5 is suitable for the selective detection of
2AA.

ig. 9. DPV curves of 0.50 mmol L−1 H2AA, 0.056 mmol L−1 DA, 0.20 mmol L−1 UA
nd 0.11 mmol L−1 PA in pH 7.5 buffer Tris–HCl. (a) SiO2/C/Nb2O5 and (b) SiO2/C.
.631)a 0.998 (0.492)

.871) 1.020 (0.590)

3.3. Use of the SiO2/C/Nb2O5 electrode to determine ascorbic acid
in vitamin C tablets

In order to evaluate the applicability of this electrode
for catalytic oxidation of H2AA in real samples, efferves-
cent tablets of vitamin C were examined by voltammetric
determination of H2AA. The results for these analyses with
DPV, using SiO2/C/Nb2O5 electrode, were compared to the
standard iodometric method [45] and they are presented
in Table 3. As can be observed, the obtained results are
very close, showing that the electrode could be efficiently
used for determination of ascorbic acid in commercial sam-
ples.

4. Conclusions

Nb2O5 was immobilized on the microporous carbon–ceramic
matrix SiO2/C. The Nb2O5 shows a homogeneous dispersion in
micrometric level, and it improves the conductivity of the solid.
The SiO2/C/Nb2O5 material shows electrocatalytic activity in the
oxidation of ascorbic acid and this property can be attributed to
the interaction between Nb2O5 and ascorbic acid, forming a chem-
ical bond and also due the semiconductor property of Nb2O5. This
electrode showed stable, selective and reproducible response for
ascorbic acid for several months, and it can be efficiently used for
determination of ascorbic acid in commercial samples.
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