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Here  is  described  a  new  method  for titanate  nanofibers  (TNF)  modification  with  nanocrystalline  semi-
conducting  bismuth  sulphide  (Bi2S3) nanoparticles  in order  to obtain  new  materials  with  innovative
electrocatalytic  properties.  The  TNF  surface  modification  was achieved  by  in  situ  nucleation  and  growth
of  nanocrystalline  metal  sulphide  particles  through  a single-source  approach.  Using  bismuth  diethyl-
dithiocarbamate  complex  as  the  metal  chalcogenide  precursor,  nanocrystalline  of Bi2S3 particles  were
obtained  over  the  TNF  surface.  The  prepared  materials  were  characterized  and  the  results  evidence  that
itanate nanofibers
anocrystalline Bi2S3

lectroactive nanocomposites
scorbic acid oxidation
lectrochemical sensors

a thin  layer  of  crystalline  Bi2S3 nanosheets  is  covering  the  TNF’  entire  surface.  After  immobilization  on a
glassy  carbon  electrode,  the  nanocomposite  structured  surface  was  electrochemically  characterized.  The
ability  of  the  modified  electrodes  for sensor  applications  was  tested towards  the  electrocatalysis  for  the
ascorbic  acid  oxidation  reaction.  The  results  obtained  indicate  that  these  are  very interesting  materials  to
be used  for  sensing  at  pH  7, displaying  a vitamin  C linear  response  in  the 1–10  mM  concentration  range.
. Introduction

L(+)-Ascorbic acid (AA, vitamin C) is the main antioxidant
ound in both animals and plants. For humans, AA is an essen-
ial nutrient due to its participation in several metabolic reactions.
onsequently it has been widely used in foods, beverages and phar-
aceutical products [1–4].
For diagnostic and food safety applications, the development

f a simple and rapid method for AA determination with high
electivity and sensitivity is desirable. AA analytical quantification
as been reported by many methodologies, such as enzymatic [5],
hromatographic [6], fluorimetric [7] and electrochemical methods
8–11]. Among them, electrochemical sensing has proven to be an
nexpensive and simple analytical method with remarkable detec-
ion sensitivity, reproducibility, low detection limits, and liable of

iniaturization [12]. The use of nanoparticles modified electrodes
ave been described as a very promising route for electrochemi-
al AA sensor fabrication [13–15]. Recently, poly(xanthurenic acid)
nd multi-walled carbon nanotubes hybrid composite [16] and
itrogen doped graphene [17], have been reported as interest-
ng advanced electrode materials for AA electrochemical sensing.
imultaneously an electrochemical ascorbic acid sensor was also

∗ Corresponding author. Tel.: +351 217500865; fax: +351 217500088.
E-mail address: ocmonteiro@fc.ul.pt (O.C. Monteiro).
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© 2014  Elsevier  Ltd. All  rights  reserved.

successfully achieved using a glassy carbon electrode modified with
palladium nanoparticles supported on graphene oxide [18].

Among the nanotubular materials that have been synthesised
during the last two decades, titanate nanostructures have attracted
increasing attention in recent years [19–22]. By conveniently com-
bining the properties of TiO2 nanoparticles with the ones of layered
titanates, wide potential applicability of the TNF can be envisaged,
including photocatalysis [23], as substrate to different active cat-
alysts decoration [24], dye-sensitized solar cells [25], and sensors
[26]. TNF has been proven to be an attractive matrix to immobi-
lize and study the redox process of biomolecules, e.g. myoglobin,
showing potentialities to be incorporated in the third generation
of biosensor devices [27]. The use of titanate nanotubes as direct
electron transfer promoter in order to develop an electrochemical
biosensor for lactate detection has also been described [28].

Semiconducting bismuth sulfide (Bi2S3) is an important mem-
ber of V-VI group and it is a direct band gap material (Eg = 1.2 eV).
Nanocrystalline particles of this material have been described for
several optical [29] and electrochemical applications [30–32]. The
preparation of nanocrystalline Bi2S3 particles have been reported
using several methods [33–38]; lamellar particles with enhanced
adsorbent and photocatalytic properties have been described by a
single-source approach using bismuth(III) dialkyl-dithiocarbamate

as the Bi2S3 precursor [29]. Surface-modified Bi2S3 urchin-like
nanospheres have been intensively investigated for electrochemi-
cal DNA detection analysis [39]. A simple electrochemical method
based on a Bi2S3 modified glassy carbon electrode was  successfully
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sed to determine antipyrine in pharmaceutical formulations [40].
urthermore, electrochemical measurements show that hierarchi-
al Bi2S3 architectures can display high electrochemical hydrogen
torage and electrochemical Li+ intercalation ability [41].

In this work, the preparation, by synergeticallly combining
anocrystalline lamellar Bi2S3 and TNF, of a new nanocomposite
tructured material with improved electrochemical sensor proper-
ies was aimed. A swift synthesis approach was used to prepare
omogeneous and stable titanate nanofibers and afterwards a
ingle-source approach was  employed to accomplish the Bi2S3 sen-
itization. After structural and morphological characterization, the
anocomposite materials were successfully immobilized in a glassy
arbon electrode and the modified, and very stable, surface was
sed as catalyst for the AA oxidation reaction. The results indicate
hat the Bi2S3/TNF nanocomposite is a very promising material for
urface modification, which exhibits high electrocatalytic activity
owards the AA oxidation reaction, enhanced stability, displaying a
inear response for the AA concentrations in the 1–10 mM range.

. Experimental

.1. Materials and Methods

All reagents were of analytical grade (Aldrich and Fluka) and
ere used as received. The solutions were prepared with Millipore
illi-Q ultra-pure water.

.1.1. TNF precursor synthesis
The TNF precursor was prepared using a reported procedure

42]. A titanium trichloride solution (10 wt.% in 20-30 wt.% HCl)
iluted in a ratio of 1:2 in standard HCl solution (37%) was  used as
he titanium source. A 4 M ammonia aqueous solution (∼ 350 mL)
as added drop-wise to this solution, under vigorous stirring, until

omplete precipitation of a white solid. The obtained suspension
as kept overnight at room temperature and then filtered and

igorously rinsed with deionised water in order to remove the
emaining ammonium and chloride ions.

.1.2. TNF synthesis
Synthesis of the TNF samples was performed in an autoclave

ystem using 6 g of precursor in ca. 60 ml  of NaOH 10 M aque-
us solution. Samples were prepared at 200 ◦C, using an autoclave
well time of 12 hours. After cooling, the samples were washed
ith water until pH 7 was  reached on the filtrate solution. After

eing washed the solid was dried and stored.

.1.3. Bi2S3 precursor synthesis
The metal chalcogenide precursor, {Bi2[S2CN(C2H5)2]3}, was

repared as previously reported [43]: 40 mmol  of the diethylamine
nd 50 mmol  of carbon disulphide were added to a suspension
ontaining 6 mmol  of bismuth(III) oxide in methanol (20 mL). The
ixture was stirred over 24 h and a yellow solid was obtained. The

olid was crystallized in hot chloroform/methanol (3:1); the Bi(III)
omplex was identified by IR spectroscopy.

.1.4. TNF sensitization

The Bi2S3/TNF nanocomposite particles were pre-

ared by adding drop-wise ethylenediamine (2.5 mL)  to an
Bi2[S2CN(C2H5)2]3} acetone solution (0.125 mmol; 50 mL)  con-
aining 0.250 g of TNF particles [29]. The suspension formed was
hen refluxed with stirring during four hours. The obtained dark
rey solid was collected by centrifugation, washed with acetone
nd dried at room temperature in a desiccator over silica gel.
 Acta 135 (2014) 121–127

2.1.5. Bi2S3 nanocrystals synthesis
The semiconductor nanocrystalline particles were prepared

using the procedure described above (Section 2.1.4) without the
presence of the TNF particles.

2.2. Characterization

X-ray powder diffraction was  performed in a Philips X-ray
diffractometer (PW 1730) with automatic data acquisition (APD
Philips v3.6B), and a Cu K� radiation (� = 0.15406 nm)  and work-
ing at 40 kV/30 mA.  The diffraction patterns were collected in
the range 2� = 7-60◦, with a 0.02◦ step size and an acquisition
time of 2.0 s/step. Transmission electron microscopy (TEM and
HRTEM) was  carried out in a JEOL 200CX microscope operating at
200 kV.

The electrochemical experiments were carried out in a
computer-controlled CHI620A electrochemical workstation using
a conventional three-electrode cell, using a platinum foil as counter
electrode and a saturated calomel electrode (SCE) as reference
electrode. All potentials are reported with respect to the SCE. The
redox potential of the SCE is +0.244 V vs. SHE at 25 ◦C. The work-
ing electrode used was  a glassy carbon electrode (GCE, geometric
area AGCE = 0.57 cm2). Before each experiment the GCE was hand-
polished in aqueous suspensions of successively finer grades of
alumina (from 5 down to 0.3 �m),  until a mirror-finishing sur-
face was  obtained; subsequently, copiously rinsed with Millipore-Q
water and then dried using a N2 flow.

The GCE surface was modified with the TNF, Bi2S3 (bulk and
nanoparticles) or Bi2S3/TNF samples. The immobilization was  per-
formed by a drop-cast methodology, typically 30 �L of a 1 mg  mL−1

suspension (52.6 �g cm−2), overnight, to allow slowly solvent
evaporation, resulting in a uniform coverage of the GCE surface. Fast
dry of the TNF suspension resulted in poorly attached material to
the GCE surface, whilst the experimental circumstances employed
here (i.e. slow overnight drying) ensures stable attachment of the
TNF, Bi2S3/TNF and Bi2S3 particles to the surface and no detach-
ment of materials was observed during the time of the experiments.
No other thermal treatment was  performed before electrochemical
characterization.

The electrocatalytic performance of the CGE surfaces, before and
after Bi2S3/TNF film coating, towards the AA oxidation in a 0.1 M
phosphate buffer solution (PBS) was  evaluated by cyclic voltam-
metry (E = [-0.40 to +0.80] V vs.  SCE with a scan rate of 0.05 V s−1)
and by chronoamperometric measurements (successive injections
of AA) at a working potential of +0.25 V vs. SCE.

3. Results and discussion

3.1. Decorated Bi2S3/TNF characterization

After preparation at 200 ◦C during 12 hours, the TNF were ana-
lysed by XRD. As can be seen in Fig. 1, the diffraction peaks at
2� = 10.6◦, 24.5◦, 28.6◦ and 48.6◦ are in agreement with the exist-
ence of material with a titanate layered structure, type Na2Ti3O7
[42]. After treatment with [Bi2(S2CN(C2H5)3], the TNF sample was
also characterized by XRD. The obtained XRD pattern (Fig. 1) indi-
cates the presence of a second semiconductor crystalline phase
on the Bi2S3/TNF sample, and this is in accordance with the
nanocrystalline structure of Bi2S3 bismuthinite (JCPDS file 17-0320).
Nevertheless the undoubted identification of this new phase was
difficult only by using the XRD data since the peaks are broaden

and poorly defined. In order to overcome this problem, sam-
ples of nanocrystalline Bi2S3 powder were also prepared (sample
nanoBi2S3). The presence of nanocrystalline Bi2S3, in the Bi2S3/TNF
sample, was  accomplished by comparing the XRD patterns of the
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Fig. 2. TEM images of the TNF (a), Bi2S3/TNF (b) and nanoBi2S3 (c) samples. Inset in
(b): Bi2S3/TNF detail.
Fig. 1. XRD patterns of the TNF, Bi2S3/TNF and nanoBi2S3 powders.

NF sample, before and after Bi2S3 sensitization, with the one of
he nanoBi2S3 powder.

The morphology of the decorated Bi2S3/TNF powder was
nalysed by transmission electron microscopy (TEM). From the
icrographs shown in Fig. 2a it can be seen that the TNF sample,

rior to sensitization, is morphologically homogeneous and com-
rises thin elongated nanostructures with a high length/diameter
spect ratio. Fig. 2b shows a image of the Bi2S3/TNF nanocompos-
te sample, showing Bi2S3 nanocrystals, with sheet-like network

orphology, grown at the TNF surface. No evidence of segregation
f secondary phases was observed. A TEM image of the nanoBi2S3
ample is also presented for comparative purposes. This powder
resents also a sheet-like network morphology although in this
ase the formation of spherical agglomerates is clearly seen (Fig. 2c).
he Bi2S3 thin sheet-like morphology, covering completely the TNF
urface, was confirmed by a close inspection using HRTEM (Fig. 2b

 inset).
The EDS analysis performed over one Bi2S3/TNF single particle

howed peaks for Bi and S, as well for Ti and Na. These peaks can be
elated with the existence of Bi2S3 and TNF in the nanocomposite
aterial; being this result in agreement with the existence of Bi2S3

anosheets over the TNF surface.

.2. Bi2S3/TNF electrochemical characterization

The combination of titanate nanofibers with nanocrystalline
amellar Bi2S3 to construct new electro-active composite archi-
ectures, for instance for sensor applications, is a very interesting
esearch subject. Based on this and on previous published results
oncerning the catalytic activity of nanocrystalline Bi2S3 based
aterials [29,44,45], the Bi2S3/TNF sample was evaluated for the

atalytic ascorbic acid oxidation reaction, considering the possibil-
ty of future sensor applications.

The overall reaction of the AA oxidation can be expressed by the
ollowing equation:

C6H8O6 → 2H+ + 2e− + C6H6O6
(ascorbic acid) (dehydroascorbate)
Fig. 3 shows the electrochemical characterization of the GCE

lectrodes before and after modification with Bi2S3/TNF, in the
bsence and in the presence of 1 mM ascorbic acid in buffer
edium at pH 7 (PBS). The GCE electrode is electroactive for the
A irreversible oxidation reaction, with an oxidation peak occur-
ing at +0.37 V. Upon modification with Bi2S3/TNF a significant

otential shift towards less positive values (ca. 63 mV)  is visualized
nd attributed to the electrocatalytic activity of the Bi2S3/TNF
owards the AA oxidation reaction. Thus, confirming that the
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Table 1
Ep ox. and jox. experimental values obtained for the different modified electrodes.

Modified electrode [AA]/mM pH E pox./V j ox./�A cm−2

GCE 1 7 0.37 43.4
Bi2S3/TNF/GCE 0.31 95.2
TNF/GCE 0.42 36.4
nanoBi2S3/GCE 0.39 27.8
bulkBi2S3/GCE 0.39 27.5
Bi2S3/TNF/GCE 1 4 0.42 172.7

10 0.66 40.0
Bi2S3/TNF/GCE 0.1 7 0.34 6.4

0.5  0.37 23.6
1  0.31 97.1

2 3
ig. 3. Cyclic voltammograms of the GCE and Bi2S3/TNF/GCE modified electrodes in
 0.1 M PBS, pH 7 solution; � = 50 mV s−1.

anocomposite Bi2S3/TNF film, deposited on the GCE surface,
atalyzes the AA oxidation, better than the GCE surface itself.

Under the employed experimental conditions, the higher AA
xidation current density observed for the nanocomposite, as com-
ared with the one for GCE electrode (95.20 and 43.40 �A cm−2,
espectively) could be attributed, in a preliminary analysis, to the
ncreased surface area conferred by the presence of the Bi2S3/TNF.
n order to clarify this point, the GCE surface was  also modified

ith identical amounts of TNF, nanocrystalline Bi2S3 (nanoBi2S3
ample) and bulk Bi2S3 particles (bulkBi2S3 sample). The electro-
hemical performance of these modified electrodes, evaluated in
he presence of AA under identical conditions, as depicted in Fig. 4
nd the results summarized in Table 1. Additionally, these experi-
ents allow also to assign the nanocomposite catalytic activity of

ach of the Bi2S3/TNF components and to study the influence of the
article size on the Bi2S3 electrochemical response.

Apart from the Bi2S3/TNF/GCE material, no enhanced electro-
atalytic activity, towards the studied reaction, was found with any
ther of the tested modified electrodes: nanoBi2S3, bulkBi2S3 and
NF. It is interesting to note that, in spite of the increased surface
rea, the AA oxidation current density is lower for these modified
urfaces when compared with the GCE surface, suggesting an elec-
ric blocking effect produced by the semiconductors presence over
he electrode surface. These results indicate that the Bi2S3/TNF/GCE

lectrocatalytic activity is a result of the synergetic combination of
he nanocrystalline Bi2S3 with the TNF particles. Moreover, taking
nto account the results obtained, it is reasonable to assume that

ig. 4. Cyclic voltammograms of the GCE, TNF/GCE, Bi2S3/TNF/GCE, nanoBi2S3/GCE
nd bulkBi2S3/GCE modified electrodes in a 1 mM AA solution, in PBS pH 7;

 = 50 mV  s−1.
5  0.39 461.5
10  0.43 766.2

the higher current density observed at the Bi2S3/TNF/GCE surface,
outcomes from the combination of the nanostructured materials
properties in the composite and is not a surface area effect, since
the same behavior was  not detected for the other samples with
identical/superior surface area.

3.2.1. Effect of experimental parameters
In order to evaluate the pH range applicability of the

Bi2S3/TNF/GCE modified surface, experiments using pH = 4, 7 and
10 were carried out. According to literature, the pKa of AA is near
4.17 and 11.57 [46]. At pH= 4, the AA molecules are expected to be
in their neutral form and for pH higher than 4.17 the AA molecules
will possess a negative charge due to the protons loss.

Although TNF are well known by their ability to adsorb cationic
dyes from solution [19,21,47], those are not expected to increase
the electrochemical response towards the AA oxidation through
an adsorption effect since in the pH range used the AA is in its
anionic form (pKa = 4.17) as ascorbate anion, and the TNF prepared
under the experimental conditions employed here present a neg-
atively charged surface (p.z.c ∼ 3.1) [23]. In fact, the possibility of
acid ascorbic acid adsorption in the TNF and Bi2S3 surfaces was
experimental evaluated and no adsorption occurs.

The cyclic voltammograms (CV) recorded for the Bi2S3/TNF/GCE
modified electrode in the presence of AA, in solutions with the
different pH values are presented in Fig. 5. As reported, the voltam-
metric response is strongly pH dependent [48,49]. The peak current
density from the electrocatalytic oxidation of AA in acid solution
(pH 4) is higher than that in neutral (pH 7) or alkaline condi-
tions (pH 10). The highest current density was  observed using the
Bi S /TNF/GCE modified surface under pH 4. However and apart

from the AA redox behavior a small oxidation peak at -0.1 V is vis-
ible for this medium. This peak is due to the Bi2S3/TNF existence
over the GCE surface since it is also visible in a CV recorded using

-0.3 0.0 0.3 0.6 0.9

0

100

200

pH 10

pH 4

j /
 μ

A
cm
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E / V vs. SC E

pH 7

Fig. 5. Cyclic voltammograms of the Bi2S3/TNF/GCE modified electrode in 1 mM AA
solutions with different pH values.
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earity between the anodic peak current with the square root of the
scan rate reveals a diffusional controlled mass transport process.
No specific studies were performed on the stability of the films
but during the experimental work no detachment of the films or
ig. 6. (a) Cyclic voltammograms of the Bi2S3/TNF/GCE modified electrode; 0.1 M P
−1; (b) detail of the CV of the Bi2S3/TNF/GCE modified electrode for the 0.1 and 0.5

n electrolyte solution without AA, at the same pH. No similar oxi-
ation peak was observed for pH 7 and pH 10. At pH 10, the AA
xidation occurs at a higher potential (∼ 0.66 V) and with the low-
st current density, comparatively to pH 7 and pH 4 experiments.
hese results are in agreement with previous works [12] and are
ttributed to the AA instability in alkaline media.

The AA oxidation peak potential shifts towards more negative
otential values (∼ 0.31 V) for pH 7 and the current density is higher
95 �A cm−2) than the one found for pH 10.

To study the effect of the AA concentration in the Bi2S3/TNF/GCE
lectro-catalytic response, experiments using 0.1-10 mM AA solu-
ions were performed (Fig. 6). As can be seen, the anodic peak
urrent density linearly increases with the AA concentration and
he oxidation peak potential shifts to higher values. For the
i2S3/TNF/GCE modified electrode, a linear relationship was  found
etween the AA concentration and the current density. The increase
bserved in the current density with the AA concentration indicates
hat the modified electrode possess good sensitivity and stabil-
ty in the AA presence. This novel Bi2S3/TNF film modified GCE
emonstrated to be an efficient electrocatalyst towards the AA oxi-
ation in a broader concentration range (0.1–10 mM)  regarding
ther systems reported in the literature [9,50–52]. For the reaction

nder study, a graphene modified GCE sensor proved to have good
lectrocatalytic response over the same concentration range, how-
ver, besides AA oxidation occurred at less positive potentials the

ig. 7. Cyclic voltammograms of the Bi2S3/TNF/GCE modified surface in 1 mM AA
olution, at pH 7, using different scan rates. Inset: relationship between oxidation
eak current and scan rate.
lution (pH 7) with different AA concentration (0.1, 0.5, 1, 5 and 10 mM); � = 50 mV
A; (c) relationship between current density and AA concentration in solution.

correspondent catalytic currents were much lower than the ones
observed in the present work [11].

To study the AA oxidation reaction kinetics, over the
Bi2S3/TNF/GCE surface, CVs were recorded at different scan rates
as shown in Fig. 7. The plot of peak current vs.  scan rate showed
linearity with good correlation (inset - Fig. 7). The linear increase
of the anodic peak current with the scan rate indicates fast charge
transfer between AA and the modified electrode. Moreover, the lin-
Fig. 8. (a) Amperometric curve i vs.  t of Bi2S3/TNF/GCE, in a stirring 0.1 M PBS pH 7
solution, at +0.25 V, for successive additions of 0.1-0.5 and 1-10 mM AA; (b) relation-
ship between current density and AA concentration. Inset: detail of the 0.1-0.5 mM
AA range.
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ignificant loss of activity were visualized during several consecu-
ive runs (sometimes more than 30).

.3. Bi2S3/TNF/GCE amperometric response

The amperometric determination of AA using the Bi2S3/TNF/GCE
odified electrode was studied via successive injections of Vita-
in  C aliquots (0.1–10 mM)  to an AA stirring solution (0.1 M

BS, pH 7), under an applied potential of +0.25 V. Fig. 8 depicts
he Bi2S3/TNF/GCE amperometric response obtained upon the
A injections. As can be observed, for AA concentrations lower

han 1 mM a quasi-exponential behavior was observed for the
i2S3/TNF/GCE modified electrode surface response. A linear fit
f the amperometric signal was observed for AA concentrations
etween 1 and 10 mM,  with a sensitivity of 38 �A mM−1 cm−2, indi-
ating that the Bi2S3/TNF/GCE surface has a high potential to be
sed for AA sensor applications in this concentration range.

Experimental work related with the use of Bi2S3/TNF/GCE mod-
fied surfaces for determination of AA in the presence of interfering
pecies is now in progress.

. Conclusions

Crystalline Bi2S3/TNF nanocomposite materials were success-
ully obtained by a new synthesis methodology. Through XRD and
EM characterization, nanocrystalline thin sheets of Bi2S3 covering
he entire TNF surface were observed for the new Bi2S3/TNF mate-
ial. A higher catalytic activity for the AA oxidation reaction was
bserved for the Bi2S3/TNF/GCE modified surface, when compared
ith the GCE, TNF, nanocrystalline and bulk Bi2S3 particles. The

est pH medium found was pH 7. A sensitivity of 38 �A mM−1 cm−2,
long with high stability and a linear response of the Bi2S3/TNF/GCE
ere observed for the AA amperometric determination in the

–10 mM range. These results show that Bi2S3/TNF materials have
lectrocatalytic activity towards AA oxidation, are stable and can
e seen as promising materials for future AA sensor devices fabri-
ation.
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