
This article appeared in a journal published by Elsevier. The attached
copy is furnished to the author for internal non-commercial research
and education use, including for instruction at the authors institution

and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party

websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/copyright

http://www.elsevier.com/copyright


Author's personal copy

Biosensors and Bioelectronics 25 (2010) 1803–1808

Contents lists available at ScienceDirect

Biosensors and Bioelectronics

journa l homepage: www.e lsev ier .com/ locate /b ios

Nonenzymatic amperometric sensing of glucose by using palladium
nanoparticles supported on functional carbon nanotubes

Xiao-mei Chena, Zhi-jie Lina, De-Jun Chena, Tian-tian Jiaa, Zhi-min Caia, Xiao-ru Wanga,
Xi Chena,b,∗, Guo-nan Chenc, Munetaka Oyamad

a Department of Chemistry and Key Laboratory of Analytical Sciences of the Ministry of Education, College of Chemistry and Chemical Engineering, Xiamen University,
Xiamen 361005, China
b State Key Laboratory of Marine Environmental Science, Xiamen University, Xiamen 361005, China
c Ministry of Education Key Laboratory of Analysis and Detection Technology for Food Safety, Fuzhou University, Fuzhou 350002, China
d Division of Research Initiatives, International Innovation Center, Kyoto University, Nishikyo-ku, Kyoto, 615-8520, Japan

a r t i c l e i n f o

Article history:
Received 26 October 2009
Received in revised form
10 December 2009
Accepted 29 December 2009
Available online 6 January 2010

Keywords:
Nonenzymatic
Amperometric sensor
Palladium nanoparticles
Glucose

a b s t r a c t

A nonenzymatic electrochemical method was developed for glucose detection using an electrode
modified with palladium nanoparticles (PdNPs)-functional carbon nanotubes (FCNTs). PdNPs were
homogeneously modified on FCNTs through a facile spontaneous redox reaction and characterized
by transmission electron microscopy. Based on the voltammetric and amperometric results, PdNPs
efficiently catalyzed the oxidation of glucose at 0.40 V in the presence of 0.2 M NaCl and showed
excellent resistance towards poisoning from such interfering species as ascorbic acid, uric acid, and
p-acetamidophenol. This anti-poisoning ability was investigated using analysis of the electrocatalytic
products by in situ subtractively normalized interfacial Fourier transform infrared reflection spec-
troscopy, and the results indicated that no strongly adsorbed COad species could be found in the oxidation
products, which was obviously different from the results obtained using Pt-based electrodes. In order to
verify the sensor reliability, it was applied to the determination of glucose in urine samples. The results
indicated that the proposed approach provided a highly sensitive, wide linear range, more facile method
with good reproducibility for glucose determination, promising the development of Pd-based material
in nonenzymatic glucose sensing.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Diabetes mellitus is a chronic but treatable disease affect-
ing about 200 million people around the world (Sljukic et al.,
2006). For these patients, regular measurements of blood glu-
cose levels are required to confirm whether the treatments
are working effectively (Wang, 2008). As a result, there is an
ever-growing demand to create high sensitivity, high reliabil-
ity, rapid, recyclable and low cost glucose sensors (Sljukic et al.,
2006). Electrochemical glucose sensors, especially nonenzymatic
amperometric biosensors, hold a leading position among various
biosensors.

Direct electrocatalytic oxidation of glucose at a nonenzymatic
electrode would exhibit conveniences and advantages to avoid the
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enzyme electrode drawbacks. Recently, the interest in a practical
nonenzymatic glucose sensor has been centered on the efforts to
find a breakthrough in the electrocatalysis. In this context, differ-
ent substrates, such as platinum (Vassilyev et al., 1985), gold (Li et
al., 2007), copper (Luo et al., 1991), alloys (containing Pt, Pb, Au,
Pd, Ir and Ru) (Sakamoto and Takamura, 1982; Sun et al., 2001;
Aoun et al., 2003; Aoun et al., 2004), and metal oxidates (IrO2,
MnO2 and CuO) (Irhayem et al., 2002; Chen et al., 2008; Zhuang
et al., 2008), have been studied. On the basis of this research, two
important clues came to our attention, first, a highly active surface
area of the electrode material plays a key role in the electrooxida-
tion of glucose; and second that the poor measurement stability
caused by the surface poisoning from adsorbed intermediate prod-
ucts or the effect from co-existing electroactive species such as
ascorbic acid (AA), uric acid (UA), and p-acetamidophenol (AP), is
still a serious problem in the application of nonenzymatic elec-
trodes (Song et al., 2005; Yuan et al., 2005; Jena and Raj, 2006).
Therefore, efforts need to be made to find materials with high elec-
trocatalytic activity and good stability in glucose sensing (Park et
al., 2003; Bai et al., 2008; Holt-Hindle et al., 2008; Wang et al.,
2008a).

0956-5663/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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Palladium nanoparticles (PdNPs) are one of the most effi-
cient catalysts in the formation of the C–C bond and chemical
transformations such as hydrogenation, hydrodechlorination, car-
bonylation and oxidation (Lim et al., 2005). Furthermore, the
abundance of Pd on the earth is at least 50 times more than
that of Pt, which has raised the interest for intensive research
on PdNPs in areas of catalysis (Xu et al., 2007). The immobiliza-
tion of metal nanoparticles to nanotubes is of interest to obtain
nanoparticles/nanotube hybrid materials with useful properties
(Yang et al., 2007; Wang et al., 2008b). In our previous study, we
discovered a facile spontaneous redox method to prepare PdNPs-
FCNTs (Chen et al., 2009a), and found that the novel material could
catalyze glucose oxidation which enhanced luminol’s ECL in neu-
tral solution (Chen et al., 2009b). In the further research, based
on voltammetric and amperometric results, we are amazed that
the electrocatalytic activity of PdNPs-FCNTs toward glucose oxi-
dation is more excellent in alkaline solution. The results showed
that PdNPs-FCNTs revealed high electrocatalytic activity and excel-
lent stability for glucose determination. To further investigate the
reason for the high stability achieved on the PdNPs-FCNTs-Nafion
modified electrode, we applied a technique called in situ subtrac-
tively normalized interfacial fourier transform infrared (SNIFTIR)
reflection spectroscopy working with a thin-layer IR cell to monitor
the electrooxidation process of glucose on the modified electrode,
and found that the oxidation product, CO2 without adsorbed CO
(COad) species, was quite different from that obtained on a Pt elec-
trode (Beden et al., 1996). To the best of our knowledge, this is the
first time that a PdNPs-FCNTs-Nafion electrode has been employed
in the development of nonenzymatic amperometric biosensors.
This result demonstrated that the applications of a PdNPs-FCNTs-
Nafion modified electrode was feasible in glucose detection and
indicated a breakthrough in nonenzymatic sensors using Pd-based
electrodes.

2. Experimental section

2.1. Materials

K2PdCl4 was purchased from Wake Pure Chemicals, Co. Ltd.
(Osaka, Japan); multiple wall CNTs (MWCNTs) were obtained from
Shenzhen Nanotech Port Co. Ltd. (Shenzhen, China); 5% Nafion
ethanol solution was from Aldrich Chem. Co. (USA); glucose,
AA, UA and AP were from Sinopharm Chemical Reagent Ltd. Co.
(Guangzhou, China); and rod glassy carbon electrodes (GCEs) were
from BAS Co. Ltd. (Tokyo, Japan). All other reagents were of ana-
lytical grade and used without further purification. The pure water
for solution preparation was from a Millipore Autopure WR600A
system (Millipore, Ltd., USA).

2.2. Instrumentations

Morphologies of PdNPs-FCNTs were examined using a high res-
olution transmission electron microscope (HRTEM, FEI Tecnai-F30
FEG). Energy dispersive X-ray spectroscopy (EDX) analysis was
used to identify the elemental composition of the complex. Elec-
trochemical SNIFTIR reflection spectroscopic studies were carried
out on a Nexus 870 spectrometer (Nicolet) equipped with a liquid-
nitrogen-cooled MCT-A detector and an EverGlo IR source. The
configuration of the thin-layer IR cell was described previously
by Zhou et al. (2008) (see the details in Supporting Information).
Electrochemical measurements were performed with a CHI 660B
Electrochemical Analyzer (CHI Co. Shanghai, China). The con-
ventional three-electrode system included a GCE coated with
PdNPs-FCNTs-Nafion film, a platinum auxiliary electrode and a sat-
urated calomel reference electrode.

2.3. Procedure

Decoration of PdNPs onto FCNTs was achieved using the sponta-
neous redox method based on our previous studies (Tao et al., 2008;
Chen et al., 2009a). A vial containing FCNTs (0.5 mL 0.5 mg mL−1)
and K2PdCl4 (0.5 mL 10 mM) aqueous solution was kept in an oil
bath at 70 ◦C under vigorous stirring for 30 min. Then, the reaction
mixture was washed with pure water and centrifuged to remove
the remaining reagents. Finally, the PdNPs-FCNTs were dispersed
in pure water (0.5 mL). Before the preparation of the PdNPs-FCNTs-
Nafion modified GCE, the GCE was polished with 1, 0.3 and 0.05 �m
�-Al2O3, sequentially. After ultrasonic concussion, the polished GC
electrode was dried at room temperature. During the coating of the
PdNPs-FCNTs nanocomposite onto the GCE surface, PdNPs-FCNTs
suspension (30 �L) was dispersed into Nafion (30 �L 0.5%) ethanol
solution, 2 �L PdNPs-FCNTs-Nafion suspension was then dropped
onto the GCE surface, and it was subsequently dried in the air for 4 h
at room temperature. During electrochemical measurements, the
working area of the modified GCE was 7.0 mm2, and the density of
PdNPs-FCNTs deposited on the electrode was 7.1 �g cm−2.

3. Results and discussion

3.1. Characterization of the PdNPs-FCNTs

Direct morphological observation of the as-prepared PdNPs
attachment to the surface of the FCNTs was made using a TEM.
A typical TEM picture is shown in Fig. 1. In the figure, we can see
that many Pd dots grow on the broken or peristome positions of the
FCNTs, in which there is a higher density of hydroxyl groups (Xing
et al., 2005). It is surprising that PdNPs congregated together to
form several spheres on the surfaces of the FCNTs, giving them the
appearance of a tree in bloom. From the HRTEM image (Fig. 1b), it is
quite clear that PdNPs formed in the spheres were well separated
and the average size of the dots was around 3–4 nm. This image
revealed that PdNPs were well attached onto the FCNT surfaces. In
addition, an obvious Pd peak found from the EDX experiment, as
shown in Fig. 1a (inset), further confirmed this result.

3.2. Electrocatalytic oxidation of glucose

The cyclic voltammogram (CV) method was used to com-
pare and investigate the catalytic activity of the as-prepared
PdNPs-FCNTs-Nafion modified electrodes. Fig. 2a presents the CV
responses on a PdNPs-FCNTs-Nafion modified electrode in 0.1 M
NaOH-0.2 M NaCl solution with and without 100 mM glucose.
The current–potential profile of the modified electrode in the
NaOH–NaCl solution was almost featureless. The current at a poten-
tial of −0.1 V was due to the formation of Pd–OH and the rapidly
increased current around a potential above 0.6 V corresponding
with the metal oxide formation. The single cathodic peak (which
started from −0.34 V) was related to the reduction of dissolved oxy-
gen in solution and the Pd oxide formed in the positive scan at 0.6 V.
This deduction could be confirmed by the result that the cathodic
peak decreased obviously (Figure S1) when the solution was bub-
bled with N2 for 20 min. In comparison, the CV curve for glucose in
the solution was complicated. In the positive direction scan of the
applied potential, two anodic peaks located at −0.12 V and 0.45 V
were shown in the curve. The former could be attributed to the
glucose electroadsorption causing the generation of an adsorbed
intermediate, and per glucose molecule lost one proton in this
electrochemical reaction. As the reaction continued, the accumula-
tion of the intermediates on the electrode surface inhibited further
the electroadsorption of glucose, resulting in a decrease in current.
When the applied potential was larger than 0.30 V, Pd(OH)x species
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Fig. 1. TEM (a) and HRTEM (b) image of PdNPs-FCNTs. The inset shows the EDX
spectra of PdNPs-FCNTs.

were generated in the alkaline solution. Pd(OH)x is beneficial in
oxidizing the poisoning intermediates derived from the glucose
electroadsorption. This process released free active PdNP sites for
the direct oxidation of glucose, which was similar to the case with
the electrochemical oxidation of ethanol (Xia et al., 1996; Xia et al.,
1997). Therefore, the electrooxidation current for glucose increased
again due to the direct oxidation of glucose on the oxidized PdNP
surfaces, and simultaneously, the second current peak appeared at
0.45 V. The current decreased at a higher applied potential owing to
the evolution of oxygen on the Pd surface, and oxygen covered the
active sites on the PdNPs. In the negative scan, two peaks appeared
in the curves. In the range +0.70 to −0.34 V, the oxidation of glucose
was suppressed due to the oxidation of PdNP surfaces. The oxidized
Pd surfaces were reduced at a potential around −0.34 V, and their
activity began to show more recovery. With the continuing neg-
ative scan, more surface-active sites were renewed and became
available for the oxidation of glucose, resulting in a large anodic
peak in the potential range from −0.40 to −0.55 V. Synchronously,
at a potential of −0.45 V, the accumulation of intermediates and the
adsorption of H adatoms again occurred, inducing current decrease.

Fig. 2. (a) CV curves of the PdNPs-FCNTs-Nafion electrode in the solution with and
without glucose. (b) CV curves in NaOH–NaCl glucose solution on different elec-
trodes. Scan rate: 60 mV s−1; glucose: 100 mM; NaCl: 0.2 M; NaOH: 0.1 M.

It should be pointed out that the catalytic peak here was only
obtained at higher concentrations of glucose (>1 mM) and could
not be observed in the micromolar range. The above results could
be further confirmed by comparing the responses of the solution
under an N2 atmosphere and applying various initial potentials dur-
ing negative scans (Figure S1 and Figure S2). With N2 insufflated,
the catalytic peak at around −0.45 V obviously increased since oxy-
gen concentration decreased in the solution. This result revealed
that the catalytic peak appearing in CV curves was the additive
result of the electrocatalytic oxidation of glucose. Different initial
potential toward negative scans, from 0.0 to 0.8 V, caused a dif-
ferent LSV curve. Higher initial potential applied during negative
scans seemed helpful in the oxidation of the intermediate products
accumulating on the electrode. In the experiment, the electrocat-
alytic peak increased when an initial potential from 0.0 to 0.6 V was
selected. In the LSV scan, a greater amount of Pd oxide was produced
when a positive initial potential (>0.6 V) was applied, and more dis-
tinct reduction behavior could be found from −0.3 V. This means
that the catalytic peak appearing in the CV curve should counteract
more reduction current, and finally, the catalytic peak decreased
when the applied initial potential was more positive than 0.6 V.

We further investigated the effect of different electrode mate-
rials on glucose oxidation. Fig. 2b compares the voltammograms
obtained from the oxidation of glucose by a bare GC, a Nafion-GC,
a FCNTs/Nafion-GC, a bare Pd and a PdNPs-FCNTs-Nafion modified
electrode. As can be seen from the CV curves, no obvious oxidation
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currents for glucose could be found on the first three electrodes.
However, both the bare Pd and the PdNPs-FCNTs-Nafion modi-
fied electrode exhibited typical voltammetric responses for glucose,
suggesting that Pd played a key role in the CV feature. In Fig. 2b,
two obvious oxidation peaks in the anodic scan and one peak in
the cathodic scan indicated the catalytic ability of the two kinds
of electrodes toward glucose oxidation. The current density of the
oxidation peak achieved at 0.45, −0.1 and −0.45 V on the PdNPs-
FCNTs-Nafion modified electrode was about 3.5, 10 and 15 folds
than those obtained on the bare Pd electrode. Generally, a higher
electrooxidation current intensity of glucose could be obtained by
a larger real surface area of the electrode (Frelink et al., 1995),
since the electrochemical reaction is kinetically controlled. It could
be considered that PdNPs in the glucose oxidation process had a
surface-like behavior, and that their large ratio of area-to-volume
could effectively enhance the reaction. Moreover, as a bifunctional
mechanism in biometallic nanoparticles, hydroxyl groups on FCNTs
could benefit the oxidization of the poisoning intermediates derives
from the glucose electroadsorption, resulting in the improvement
of the sensor stability. The results illustrate that a PdNPs-FCNTs-
Nafion modified electrode presented the best catalytic performance
among the five electrodes tested.

3.3. Amperometric sensing of glucose

In the evaluation of an amperometric sensor, current responses
were measured under different concentrations of the objective
analyte at a fixed potential and at fixed times. To improve the
performance of the glucose sensor, several factors such as NaOH
concentration (Figure S3) and the applied potential (Fig. 3) were
optimized. In the alkaline solution, Pd played its catalytic role effi-
ciently. This deduction could be further confirmed from the CV
result of the glucose solution containing 0.5 M H2SO4 where no
obvious catalytic peak could be found in the CV curve, which indi-
cates that OH− plays an important role in glucose oxidation on the
PdNPs-FCNTs-Nafion modified electrode. Although a higher con-
centration of OH- in the solution caused higher electrocatalytic
activity of Pd, on the contrary, too much OH- blocked the further
electroadsorption of glucose anion (per glucose molecule lost one
proton at about −0.12 V, the accumulation of glucose anions could
enhance the current responses), resulting in a decrease in current.
As a result, 0.1 M NaOH was selected for the electrocatalytic oxida-
tion of glucose.

Based on the above results, successive addition of 20.0 �L 1.0 M
glucose (final volume 10.0 mL) to the solution was performed at
applied potentials of 0.40 and −0.06 V, and the corresponding elec-
trochemical response was recorded while the solution was stirred
constantly. As shown in Fig. 3a, at −0.06 V, the current density
increased during the first 13 injections of glucose (2 mM increase
for each injection) and then became unstable when more glucose
was injected; whereas, at 0.40 V, the current density increased
with the increase of glucose from 0 to 46 mM (Fig. 3b). In addi-
tion, the current density at 0.40 V was much higher than that at
−0.06 V for each glucose addition. The current density ratio came
up to around 50. From this feature, shown in Fig. 3a, it can be rea-
sonably interpreted that glucose cannot be completely oxidized
at the potential of −0.06 V, resulting in the formation of inter-
mediates on the electrode surface. The intermediates poison the
active catalytic sites of the PdNPs, and cause the amperomet-
ric response to become unstable and to decrease. In contrast, as
shown in Fig. 3b, the higher response to glucose oxidation at 0.40 V
indicated a better sensitivity in glucose sensing. In the inset of
Fig. 3b, the linear dependence of current density with glucose con-
centration at 0.40 V gives 11.4 �A cm−2 mL mol−1, revealing that
it is more sensitive than that at−0.06 V (0.24 �A cm−2 mL mol−1).
Moreover, the current density at 0.40 V presented a better lin-

Fig. 3. Chronoamperometry curves of the PdNPs-FCNTs-Nafion electrode with the
successive addition of 2 mM glucose. The applied potential was −0.06 V (a) and
0.40 V (b). The inset shows the calibration curve of glucose concentration and plateau
currents at −0.06 V (a) and 0.40 V (b). NaCl: 0.2 M; NaOH: 0.1 M.

earity with glucose concentration ranging from 0 to 46 mM with
a correlation coefficient of 0.9987. To the best of our knowl-
edge, the amperometric responses of the PdNPs-FCNTs-Nafion
modified electrode at 0.40 V has the highest sensitivity and the
widest detection range so far seen in the literature on Pd-based
electrodes. The advantages could also be supported by com-
parison with other nonenzymatic glucose sensor as showed in
Table S2.

We further investigated the amperometrtic responses in glu-
cose sensing with different weight ratios between Pd and FCNTs on
PdNPs-FCNTs-Nafion modified electrodes at the optimum potential
of 0.40 V. As shown in Fig. 4, the bare Pd electrode showed the worst
sensitivity among all the electrodes tested with the successive
addition of 5 mM glucose because of the poisoning by electroad-
sorption intermediates and chloride ions. The PdNPs-FCNTs-Nafion
modified electrodes revealed much higher current responses than
those from the bare Pd electrode since (1) the high active surface
area on PdNPs noticeably enhanced glucose electrooxidation; (2)
FCNTs might enhance the mass transport of glucose to active PdNP
surfaces, which would also benefits glucose electrooxidation. The
results in Fig. 4 display that all the PdNPs-FCNTs-Nafion modified
electrodes presented linear amperometric responses and the sensi-
tivity increased in the following order: Pd-FCNTs (2:1) > Pd-FCNTs
(8:1) > Pd-FCNTs (1:10), indicating that the Pd-FCNTs (2:1) gave the
optimal composition for glucose sensing and detection.
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Fig. 4. Chronoamperometry curves of glucose at PdNPs-FCNTs-Nafion electrodes
with different weight ratios between Pd and FCNTs. NaCl: 0.2 M; NaOH: 0.1 M;
potential: 0.4 V; the successive addition of glucose: 5 mM.

3.4. Evaluation of the modified electrode

As mentioned in the introduction, one of the major challenges in
nonenzymatic glucose detection is the interfering electrochemical
signals caused by some easily oxidizable compounds such as AA,
UA, and AP. It has been reported that the overall kinetics of glucose
electrooxidation is too sluggish to produce significant faradaic cur-
rents on a smooth Pt electrode (Lei et al., 1995). In addition, despite
the fact that glucose concentration (3–8 mM) is much higher than
those of AA (0.1 mM), UA (0.02 mM) and AP (0.1 mM) in a normal
physiological sample, these interfering species can generate oxida-
tion currents comparable to that of glucose, because their electron
transfer rates are considerably faster than that of glucose (Park et
al., 2003). On the other hand, high active surface area favors faradaic
currents associated with kinetically controlled sluggish reactions
(the oxidation of glucose) to a greater extent than a diffusion con-
trolled reactions (the oxidation of interfering species) (Park et al.,
2003; Yuan et al., 2005). This characteristic indicates that nanos-
tructure electrodes can be applied to conquer the poor selective
problem met with in nonenzymatic glucose sensing. To test this, we
further studied the CV behaviors of the PdNPs-FCNTs-Nafion mod-
ified electrode in the presence of 0.1 mM AA, and 1.0 mM glucose
in 0.1 M NaOH containing 0.2 M NaCl. From the CV curves shown in
Fig. 5, the current density peak at 0.45 V of glucose is about 5 fold
higher than that of AA, which shows its ability to avoid the interfer-
ing current signal contributed by AA. For further comparison, we
investigated the amperometric response on PdNPs-FCNTs-Nafion
modified electrodes with successive additions of UA, AP, AA, and
glucose. As presented in the inset, glucose produced remarkable
signals comparing to the other three interfering species. If the cur-
rent density of glucose was set as 100%, the interference current
density from UA, AP or AA was only 1.8%, 2.0% or 6.5%, respectively.
This result demonstrated that electrochemical detection of glucose
on PdNPs-FCNTs-Nafion modified electrodes could be performed
with negligible interference from UA, AP, and AA under the present
conditions.

Most electrochemical glucose sensors are based on metals or
alloys which easily lose their activity due to poisoning by chlo-
ride ions (Aoun et al., 2003; Li et al., 2007). In order to understand
whether chloride ions poison the electrocatalytic ability of the
PdNPs-FCNTs-Nafion modified electrode for glucose oxidation, we
studied the amperometric responses in solutions containing var-
ious concentrations of NaCl (0, 0.05, 0.1, 0.15, 0.2 and 0.3 M)
(Figure S4). It has been reported that in the presence of Cl−, part of

Fig. 5. CV curves of the PdNPs-FCNTs-Nafion electrode in glucose (solid line) and AA
(dashed line) solutions. The inset shows chronoamperometry curves of the PdNPs-
FCNTs-Nafion electrode with the successive addition of 0.02 mM UA, 0.1 mM AP,
0.1 mM AA and 1.0 mM glucose. NaCl: 0.2 M; NaOH: 0.1 M.

the surface-active sites could be preferentially blocked, causing less
chance of reactive species approaching the electrode surface (Aoun
et al., 2004). However, in our experiment, the PdNPs-FCNTs-Nafion
modified electrode could still make a rather strong and stable cur-
rent signal even in a concentration of 0.3 M Cl−, which is larger than
the physiological value (0.16 M). Although this phenomenon was
also reported by other researchers, its mechanism is still unclear
(Song et al., 2005; Wang et al., 2008a; Bai et al., 2008). In the mod-
ified electrode, Nafion containing sulfonic groups may be useful
in preventing the poisoning of PdNPs by Cl− and OH− in alkaline
solution so can be helpful in resisting poisoning by Cl−.

The long-term storage and operational stability of the electrode
is essential for the continuous monitoring of glucose. The stability
of the present electrode was examined using the same PdNPs-
FCNTs-Nafion modified electrode for 10 repetitive measurements
in successive additions of 2 mM glucose at 0.40 V. The relative
standard deviation was 4.31%, confirming that the as synthesized
electrode for glucose sensing was stable. The long-term storage
was evaluated by measuring its sensitivity to glucose over a 10 day
period. The sensor was stored in air and the sensitivity was tested
every 2 days. The result demonstrated that the sensitivity was 90%
of its initial sensitivity after 10 days. These results indicated that
the PdNPs-FCNTs-Nafion electrode displays good long-term stor-
age ability and excellent stability, promising a desirable glucose
sensor for most routine analyses.

In order to verify the sensor reliability, the recovery of glucose in
urine samples was testified. Varying amounts of glucose was added
to the urine samples, the potential was hold at 0.40 V with pH 13.
As shown in Table S3, the results showed that the PdNPs-FCNTs-
Nafion glucose biosensor could be used for the determination of
glucose, with satisfactory recoveries of 95.1–105.0%.

3.5. Proposed mechanism of glucose electrooxidation

For further study of the high resistant ability of the PdNPs-
FCNTs-Nafion modified electrode against poisons, we employed
SNIFTIR reflection spectroscopy working with a thin-layer IR cell
to monitor the electrooxidation process of glucose on the elec-
trode. Fig. 6 illustrates the SNIFTIR spectra of glucose oxidation on a
PdNPs-FCNTs-Nafion electrode at potentials varying from −0.30 V
to 0.50 V. The assignments of IR bands are listed in Table S1. Five IR
bands at 1063, 1092, 1136, 1347 and 1411 cm−1 can be assigned to
the characteristic IR absorption of glucose, which is consistent with
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Fig. 6. SNIFTIR spectra of glucose electrooxidation on the PdNPs-FCNTs electrode at
different potentials. ES was varied from −0.30 V to 0.50 V. Glucose: 100 mM; NaCl:
0.2 M; NaOH: 0.1 M; ER: −0.65 V; 1000 scans; 8 cm−1. The inset shows potential
dependence of the change in relative concentration of CO2.

glucose oxidation on a Pt electrode (Beden et al., 1996). The down-
ward band at 2344 cm−1 is ascribed to IR absorption of CO2, which
is the oxidation product of glucose. Interestingly, there is no peak
at about 2041 cm−1, indicating that linearly bonded CO (COL) could
not be produced in glucose oxidation on the PdNPs-FCNTs-Nafion
modified electrode. It is different from the SNIFTIR spectra achieved
on a Pt electrode (Beden et al., 1996). Unlike CO2, COL is a strong-
absorption species on noble metal, which blocks the active sites
seriously during catalysis processes (Fukuoka et al., 2007). Accord-
ing to this result, the glucose sensor as synthesized was revealed
to be more stable than Pt-based sensors. The dissolved product
of CO2 at different potentials can be analyzed quantitatively from
SNIFTIR spectra (Fig. 6 inset). In brief, the contribution of CO2 to the
SNIFTIR spectra was evaluated by subtracting its individual trans-
mission spectrum collected in the same liquid-film thickness on an
electrode. Thus, the change in relative concentration of CO2 in the
thin-layer solution was obtained. At 0.00 V, CO2 could be detected,
which was more negative than that on the Pt electrode (Beden et
al., 1996), illustrating the high electroactivity of glucose oxidation
achieved on the PdNPs-FCNTs-Nafion modified electrode. Along
with increasing electrode potential, the intensity of CO2 increased
quickly and reached a maximum at around 0.50 V, demonstrating
that glucose exhibited its highest reactivity at 0.50 V. In addition,
when the potential was higher than −0.10 V (Fig. 6 inset), the pro-
duction of CO2 was obviously different from the current increase of
glucose electrooxidation. This result indicated that glucose oxida-
tion should contain a process of decarbonization. Further study of
the mechanism of glucose oxidation on PdNPs-FCNTs-Nafion mod-
ified electrodes at the molecular level is in progress.

4. Conclusion

In summary, we developed a nonenzymatic glucose sensor
based on a PdNPs-FCNTs-Nafion modified electrode. TEM images
showed that PdNPs were separated well on the spheres growing
on the FCNTs. Direct glucose oxidation on the modified electrode
was investigated using voltammetric and amperometric methods.
As a result, we found that the modified electrode exhibited high
electrocatalytic ability to glucose oxidation in alkaline solution.
There are many advantages in employ the modified electrode for
glucose sensing detection including (1) it is easy to synthesize
PdNPs-FCNTs; (2) the sensing approach had high sensitivity even in

the presence of Cl− and excellent ability to resist some interfering
species such as AA, UA, and AP; and (3) without adsorbed CO (COad)
species in the oxidation product, it avoids the strong adsorption of
COad on the active sites of PdNPs, resulting in long-term stability
for glucose sensing. In view of the physiological level of glucose,
the wide linear concentration range of glucose (0–46 mM) with a
sensitivity of 11.4 �A cm−2 mL mol−1 was obviously good enough
for clinical application.
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