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bstract

An amperometric biosensor for sensitive and selective detection of glucose has been constructed by using highly dispersed Pt nanoparti-
les supported on carbon nanotubes (Pt-MWCNTs) as sensing interface. The Pt-MWCNTs were synthesized by using the two-step pyrolysis
ethod. This composite shows good electrocatalytic activity towards the oxidation of glucose in alkaline and thus can be used to selectively

etect glucose. We found that detection potential and Nafion amount covered on the Pt-MWCNTs modified glassy carbon electrode had con-
iderable influence on the selectivity for amperometric detection of glucose. Under optimal detection conditions (detection potential of 0.0 V

ersus SCE and 10 �L 1.5% Nafion), selective detection of glucose in the glucose concentration range of 1.0–26.5 mM (correlation coeffi-
ient, >0.999) can be performed. The results demonstrate that the Pt-MWCNTs composite is promising for the fabrication of nonenzymatic
lucose sensors.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Determination of dissolved glucose is of great importance in
arious areas [1–4]. Many previous studies on glucose detec-
ion included the use of enzyme glucose oxidase [2,5], which
atalyzes the oxidation of glucose in the presence of oxygen to
ydrogen peroxide that can be amperometric detected. However,
ue to the intrinsic nature of enzymes, such enzyme-based sen-
ors suffer from the instability problem [6–8]. Studies have been
ttempted to detect glucose based on its direct electrochemical
xidation. However, conventional platinum or gold electrodes
ave the shortcoming of low electrocatalytic activity towards the
xidation of glucose due to the poisoning effect of reaction inter-
ediates (e.g., adsorbed CO) [6,9], resulting in low sensibility,
oor selectivity. On the other hand, the electrochemical detection
f glucose with conventional electrodes was influenced heavily
y the interfering electroactive species such as ascorbic acid
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nalysis

AA), uric acid (UA), and p-acetamidophenol (PP) under physi-
logical conditions [10,11]. Since the electrocatalytic oxidation
f glucose on platinum electrodes is a kinetic controlled reaction,
ts oxidation rate can be enhanced by increasing the real surface
rea. While the electrochemical responses of the common inter-
ering species of ascorbic acid, uric acid and p-acetamedophenol
ill not be changed significantly since their electrochemical
xidation are diffusion controlled. Therefore, porous platinum
lectrodes with high roughness factors can be used to sensi-
ively and selectively detect glucose without interference from
he common interfering electroactive species. We and others
eported that mesoporous platinum [12], three-dimensionally
rdered macroporous platinum [9], and highly ordered platinum-
anotubes arrays [11,13,14] could be the potential catalytic
nterfaces for construction of nonenzymatic glucose sensors with
igh selectivity and sensitivity.

Carbon nanotube (CNT) has been proven to be one of the

ost functional nanomaterials because of its remarkable elec-

ronic and mechanical properties [15]. Explorations of the CNTs
n biological and medical applications have become a rapidly
xpanding research field [16,17], especially in electrochemistry.

mailto:xhxia@nju.edu.cn
dx.doi.org/10.1016/j.talanta.2006.12.037
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e et al. [2] for the first time reported the nonenzymatic detection
f glucose using a CNTs modified Glass Carbon (GC) electrode.
lectrochemical detection of carbohydrates at carbon nanotube
odified glassy carbon electrodes was also reported [3]. How-

ver, Compton and his coworkers recently reported that the
reviously reported electrocatalytic activity of carbon nanotubes
ame from the metal impurities [18]. They also demonstrated
hat the electrocatalytic reduction of hydrogen peroxide at a

ulti-walled carbon nanotube modified electrode is due to the
ron oxide particles arising from the chemical vapor deposition
rocess rather than due to the intrinsic catalytic activity of the
arbon nanotubes [19].

We recently reported a method for the fabrication of noble
etallic nanoparticles supported on carbon nanotubes by using
two-step approach including adsorption and pyrolysis [20,21].

n this method, the functional groups of the carbon nanotubes
ct as nucleation sites for the growth of platinum particles, thus,
he platinum nanoparticles are highly dispersed on the side wall
f the carbon nanotubes (Pt-MWCNTs) and have good stability.
s mentioned above, glucose can be electrochemically oxidized

o gluconic acid at a platinum electrode. Parallel to this reaction,
oisoning intermediate (adsorbed CO) is formed, which poisons
he electrode surface. The total oxidation mechanism of glucose
t platinum electrode is similar to that of ethanol. The generally
ccepted dual-pathway mechanism of the electrooxidation of
thanol has been demonstrated [22–25]. The ethanol molecules
dsorb on a site which is initially covered by a water molecule.
dsorbed ethanol can dissociate to produce adsorbed CO and

ome other H-containing adsorbed residues. Platinum electrode
urface will be rapidly poisoned by the strongly adsorbed CO
nd ethanol electrooxidation is thus prevented before CO being
xidized at much higher overpotentials. In another oxidation
ay, ethanol is directly oxidized to form solvable intermediates
f acetaldehyde or acetic acid. We believe that the Pt-MWCNTs
omposite could be an active electrocatalyst towards the oxi-
ation of glucose and is promising for the fabrication of a
onenzymatic glucose sensor.

In this communication, we report the fabrication of a nonen-
ymatic biosensor for selective detection of glucose by using
latinum nanoparticles supported on multi-walled carbon nan-
tubes as the catalyst. The Pt-MWCNTs composite was prepared
s we reported previously [20,26] and characterized by Trans-
ission Electron Microscope (TEM). Electrochemical methods
ere used to characterize the electrocatalytic activity of the Pt-
WCNTs towards the oxidation of glucose. Selective detection

f glucose using the present catalyst was optimized by choosing
roper experimental conditions.

. Materials and methods

.1. Functionalization of multi-walled carbon nanotubes

Carbon nanotube is very hydrophobic and cannot be wetted

y aqueous solution for its high surface tension [27]. Surface
odification is of importance to improve metal ions adhesion to

he carbon nanotube. According to our previous report [20,21],
he multi-walled carbon nanotube (Shenzhen Nanotech Co. Ltd.)

p
P
m
r
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as purified by refluxing in a 5 M HNO3 aqueous solution for 5 h
o remove the metallic nickel particles that served as a catalyst
or the growth of MWCNTs, and then washed with deionized
ater for several times. The purified MWCNTs were refluxed in
mixture of HNO3 and H2SO4 (1:1) for 2 h and then filtrated and
ashed with deionized water until the solution pH approached
.0. FTIR analysis of the resulting MWCNTs shows that the
WCNTs surface has functional groups such as phenol, car-

onyl and carboxyl groups located at ca. 1720 and 3440 cm−1,
espectively [20].

.2. Deposition of Pt nanoparticles on the multi-walled
arbon nanotubes

The functional MWCNTs were stirred in 0.04 M
tCl4–C2H5OH solution for ca. 2 h. Then, they were fil-

rated and dried at room temperature. Pyrolysis of the pretreated
WCNTs adsorbed with platinum salts was carried out in a

elf-made furnace at 500 ◦C for 1 h to form black powder of
t-MWCNTs composite. The whole process was carried out
nder N2 atmosphere for avoiding the incursion of oxygen
nd at the meantime removing the gaseous byproducts formed
uring the pyrolysis process.

Infrared spectroscopic analysis of the functional carbon nan-
tube was carried out on a Tensor-27 Fourier IR spectrometer
Bruker, USA) equipped with a MCT detector. Transmission
lectron microscopic (TEM) images and X-ray diffraction pat-
erns were measured on JEM 200CX (JEOL, Japan), ESCALAB

KII (VG company, United Kingdom) using an Mg K� X-ray
ource, X’Pert X-ray diffraction spectrometer (Philips, USA),
espectively.

.3. Preparation of Pt-MWCNTs electrode

1.2 mg Pt-MWCNTs powder was dispersed in 300 �L
imethylformamide (DMF). Nafion solution (1.5%) was
repared by diluting 5% Nafion solution (Aldrich) with
thanol. 2.5 �L Pt-MWCNTs composite in DMF was cast
n a well-polished glassy carbon electrode (φ = 3 mm) twice
nder atmosphere. After the film was dried, Nafion solution
1.5% in ethanol) was pipetted on the catalyst surface for
rotection.

Electrochemical characterization of the Pt-MWCNTs-Nafion
odified GC electrode was performed on a CHI 800 Elec-

rochemical Station (CH Instrument, USA) with a modified
lectrode as the working electrode, a platinum sheet as the
ounter electrode and a Saturated Calomel Electrode (SCE) as
he reference, respectively. All potentials in this work refer to
he SCE. Amperometric measurements were carried out under
tirred condition, and the response currents were marked with the
hange value between the steady-state current and background
urrent.

All chemicals were of analytical grade and solutions were

repared with deionized water from a pure system (>18 M�,
urelab Classic Corp., USA). All the electrochemical experi-
ents were carried out in nitrogen saturated solutions and at

oom temperature.
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glucose in solution, the CV shows a very complicated electro-
chemical behavior. In the positive potential scan, three anodic
current peaks appear at −0.73, −0.25 and +0.11 V, respectively.
Fig. 1. (a) TEM image of the functional MWCNTs; (b) TEM

. Results and discussion

.1. Characterization of the Pt-MWCNTs composite

Fig. 1 shows the TEM images of the functional multi-walled
arbon nanotube (a) and the Pt nanoparticles supported on the
WCNTs (b), respectively. As shown in Fig. 1a, the functional
WCNTs has an outer diameter of ca. 40 nm and inner diameter

f ca. 5 nm. After deposition of Pt, the TEM image shows that
ighly dispersed Pt nanoparticles evenly distributed on the side-
all of the MWCNTs. The highly dispersed Pt nanoparticles
n the sidewall of the MWCNTs may provide large available
urface and enhance the electrocatalytic activity towards the
xidation of glucose.

Fig. 1c shows the X-ray diffraction pattern of the Pt nanopar-
icles supported on carbon nanotubes. The diffraction peaks
t around 2θ of 39.7◦ (1 1 1), 46.2◦ (2 0 0), 67.4◦ (2 2 0), and
1.2◦ (3 1 1) can be assigned to the Pt face-centered cubic (fcc)
tructure. The diffraction peak at 26.5◦ can be attributed to the
exagonal graphite structures (0 0 2). The average particle size
f the deposited Pt-catalysts was calculated to be ca. 9 nm from
he (1 1 1), (2 0 0) and (2 2 0) X-ray diffraction peaks of the Pt
ubic (fcc) lattice in terms of the Scherrer’s equation [28].

.2. Electrocatalysis of glucose at a Pt-MWCNTs

omposite modified electrode

The electrocatalytic activity of the Pt-MWCNTs composite
owards the oxidation of glucose in an alkaline solution was first

F
e
(

e of the Pt-MWCNTs; (c) XRD pattern of the Pt-MWCNTs.

emonstrated. Fig. 2 shows the cyclic voltammograms of the
t-MWCNTs-Nafion modified GC electrode in a 0.1 M NaOH
olution with (solid curve) and without (dashed curve) 5 mM glu-
ose at a scan rate of 100 mV s−1. In the alkaline solution, the CV
hows the characteristics of a platinum electrode including the
ydrogen region (−1.0 to −0.6 V), double layer region (−0.6 to
0.3 V) and the oxide formation region (−0.4 to +0.6 V). With
ig. 2. Cyclic voltammograms (CVs) of a Pt-MWCNTs-Nafion modified GC
lectrode in a 0.1 M NaOH solution in the presence (solid curve) and absence
dotted curve) of 5 mM glucose at a scan rate of 100 mV s−1.
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Fig. 3. Effect of the volume of 1.5 wt% Nafion solution on the amperometric
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of the Pt-MWCNTs-Nafion modified GC electrode for glucose
oxidation, CVs of glucose on MWCNTs that experienced the
same pyrolysis conditions as the Pt-MWCNTs was also car-
ried out. In this experiment, cyclic voltammograms (CVs) of
esponse of the Pt-MWCNTs modified GC electrode at 0.0 V in a solution of
.1 M NaOH containing 0.1 mM ascorbic acid (solid triangles) or 1 mM glucose
empty circle).

he first current peak should be due to the electrochemical
dsorption of glucose to form an adsorbed intermediate. At
otentials positive with respect to this peak, accumulation of
he intermediates (e.g., adsorbed CO) on the electrode surface
nhibits the further adsorption of glucose, resulting in a decrease
n current. At a potential of about −0.53 V, Pt–OH surface
pecies start to form in the NaOH solution (compare with the
V in alkaline solution without glucose). The Pt–OH species
an then oxidize the poisoning intermediates derived from the
lectrochemical adsorption of glucose to form the anodic cur-
ent peak at −0.25 V. This process releases free platinum active
ites for the direct oxidation of glucose, resulting in the third

nodic current peak at +0.11 V. The decrease in current after the
hird current peak could be due to the formation of thick plat-
num oxide which in turn inhibits the oxidation of glucose as
ell. In the negative potential scan, two cathodic current peaks

ig. 4. Amperometric responses of the Pt-MWCNTs-Nafion modified GC elec-
rode at different detection potential upon successive additions of 80 �L solution
ontaining 0.5 M glucose into 40 mL 0.1 M NaOH. The detection solution was
ontinuously stirred. Detection potential: −0.2 V (a), −0.1 V (b), 0.0 V (c),
0.1 V (d) and +0.2 V (e).
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ppear. The cathodic current peak at −0.40 V should be due
o the reduction of platinum oxide that is formed in the posi-
ive potential scan. The peak at −0.82 V could be due to the
eduction of the oxidized products of glucose or desorption of
he oxidation products (gluconic acid and any derivatives), since
his peak is only apparent in the presence of glucose.

In order to understand the observed electrochemical behavior
ig. 5. Selectivity of the modified electrode at 0.0 V (a), 0.1 V (b) and 0.2 V
c) in a solution of 0.1 M NaOH + 1.0 mM glucose upon continuous addition of
.02 mM UA, 0.10 mM AP, and 0.10 mM AA in 0.1 M NaOH. The current for
lucose on the modified electrode was taken as 100%, and the currents for the
nterfering electroactive species were normalized to the current for glucose.
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he MWCNTs-Nafion modified GC electrode in a 0.1 M NaOH
olution with and without glucose are almost the same, only
howing a peak pair located at around −0.4 V which is due to the
edox behavior of the carboxylic acid groups on the functional

WCNTs surface [29]. Obviously, the functional MWCNTs do
ot show obvious electrocatalytic activity towards the oxidation
f glucose in alkaline solution. Therefore, the observed electro-
atalytic oxidation of glucose on the Pt-MWCNTs composite
odified electrode is due to the presence of platinum nanopar-

icles, but not the MWCNTs itself or impurities such as iron
xide, which is in good agreement with that reported recently
18,19].

.3. Effect of Nafion on the electrochemical response of the
odified electrode

Curulli et al. [30] reported a glucose biosensor based on PB
upported on non-conventional conducting polymer nanotubes.
t had high selectivity for H2O2 and high rejection towards
he common interferences. Alternatively, we used Prussian
lue as electrocatalyst for the reduction of hydrogen perox-
de generated from an enzymatic reaction [31]. In addition,
e suggested a dual-electrode pair system with diffusion layer
istance gap to completely deplete interfering species, thus,
elective and sensitive detection of glucose can be realized
32,33]. In addition, Tang et al. [14] reported that Nafion film
as good anti-interferent ability to ascorbic acid during glucose
etection.

Fig. 3 indicates that the anodic response of the Pt-MWCNTs
odified GC electrode at 0.0 V in a solution of 0.1 M NaOH

ontaining 0.1 mM ascorbic acid or 1 mM glucose decreases
ith the increase of Nafion amount covered on the electrode

urface. As the Nafion volume increased from 0 to 10 �L, the
mperometric response of AA significantly decreased from 2.44
o 0.06 �A; while for glucose, it decreases slightly from 0.99 to
.43 �A. It is clear that the decrease in amperometric response

or ascorbic acid upon increase of Nafion is much faster than
or glucose. Therefore, we can selectively detect glucose simply
y increasing the Nafion amount. In the following experiments,
0 �L 1.5% Nafion solution was cast on the modified electrodes.

m

c
s

ig. 6. Hydrodynamic response (a) of the Pt-MWCNTs-Nafion modified gold elect
0 mL 0.1 M NaOH (volume correction considered) for each current step and the cor
72 (2007) 819–824 823

.4. Amperometric response to glucose and interfering
lectroactive species

In this section, the effect of detection potential on
he amperometric detection of glucose was investigated. In
he measurements, the amperometric responses of the Pt-

WCNTs-Nafion modified GC electrode at different detection
otential in a solution of 0.1 M NaOH upon addition of glu-
ose were recorded. The results are shown in Fig. 4. Addition
f glucose was marked with arrows to the concentrations men-
ioned. It is clear that the response current of the modified
lectrode abruptly increases to steady-state values upon addi-
ion of glucose. The response time is only about 10 s. In addition,
he response sensitivity of glucose increases significantly with
he potential increasing from −0.1 to 0.0 V. At more positive
etection potentials (0.0 to +0.2 V), it changes slightly.

The normal physiological level of glucose is 3–8 mM, which
s much higher than that of the interfering species, AA, UA and
P, ∼0.1 mM. Since the interfering species have higher electron

ransfer rates than glucose, their oxidation currents are compa-
able to that from highly concentrated glucose. Therefore, the
mperometric responses of the modified electrode at 0.0, 0.1 and
.2 V in solutions of 0.1 M NaOH + 1 mM glucose and 0.1 M
aOH with continuous addition of 0.02 mM UA, 0.10 mM AP,

nd 0.10 mM AA were evaluated, respectively. For a better com-
arison, the response current of 1 mM glucose is set as 100%,
nd the responses of the interfering species are normalized by
his value. The results are shown in Fig. 5. For all these three
etection potentials, the interference from UA is neglectable;
hile interferences from the AP and AA are significant and

hey increase with the increase of the detection potential. At the
etection potential of 0.0 V (Fig. 5a), the interferences from UA,
P and AA are only 0.72%, and 2.14% and 24.5%, respectively.
his indicates that at the detection potential of 0.0 V, the present
ensor has good anti-interfere ability towards the three interfer-
nts and the selective and sensitive detection of glucose on the
odified electrode can be achieved.

Based on the above measurements, the optimal detection

onditions of the modified electrode towards glucose can be
ummarized as: the volume of 1.5% Nafion is 10 �L and the

rode at 0.0 V upon addition of 80 �L solution containing 0.5 M glucose into
responding calibration curve (b).
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etection potential is 0.0 V. Under these optimal conditions,
mperometric determination of glucose was carried out. As
hown in Fig. 6a, the amperometric response of glucose on
his modified electrode shows good stability over long term
erformance. The corresponding calibration curve (Fig. 6b)
hows two linear regions of glucose concentration, respec-
ively, in 1.0–11.7 mM (correlation coefficient, 0.9993) and
1.7–26.5 mM (correlation coefficient, 0.9995).

. Conclusions

We have synthesized Pt-catalysts supported on carbon nan-
tubes by using the two-step process including adsorption and
yrolysis. The Pt nanoparticles disperse uniformly on the side-
alls of the carbon nanotubes. The resulting Pt-MWCNTs

atalyst shows high electrocatalytic activity towards the oxida-
ion of glucose in alkaline solution, and thus can be successfully
sed to selectively detect glucose. Results showed that the
t-MWCNTs catalyst modified electrode covered with 10 �L
.5% Nafion at a detection potential of 0.0 V versus SCE had
ood anti-interfere ability towards UA, AP and AA. Good
inear dependence of the amperometric response of the mod-
fied electrode on the glucose concentration range from 1 to
6.5 mM was achieved. The present communication shows that
he Pt-MWCNTs composite is promising for the fabrication of
onenzymatic glucose sensors.
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