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The MoO,/AuNPs composite film modified glassy carbon electrode was fabricated by
electro-depositing simultaneously gold nanoparticles and molybdenum oxides using cyclic
voltammetry. The morphology and topography of the MoO,,/AuNPs composite were char-
acterized by scan electron microscopy and X-ray photoelectron spectroscopy respectively,
and the electrocatalytic oxidation of glucose at the MoO, /AuNPs composite film was inves-
tigated and analyzed in detail. It was shown that the MoO, /AuNPs composite was of strong
electrocatalytic activity towards oxidation of glucose as well as other saccharides, so that an
attempt was made for direct voltammetric determination of glucose. Then the positive scan
polarization reverse catalytic voltammetry was proposed for the first time. Based on this
method, the pure oxidation current was extracted by subtraction of the blank current in the
reverse scan. The current sensitivity was enhanced tremendously and the signal to noise ra-
tio was improved adequately. The electrocatalytic oxidation of glucose at the MoO, /AuNPs
modified electrode was performed in alkaline medium, a wide linear range from 0.01 mmol/L
to 4.0 mmol/L of glucose, a higher current sensitivity of 2.35 mA/(mmol/L-cm?), and a
lower limit of detection of 9.01 pmol/L (at signal/noise=3) were achieved. In addition, the
electrocatalytic oxidation of other saccharides such as lactose, fructose and sucrose was also
evaluated.
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I. INTRODUCTION

Highly sensitive detection toward glucose is very
desirable due to its widespread application in the
fields of clinical chemistry, biochemistry, environmen-
tal, glucose-oxygen fuel cells, and food chemistry [1—4].
The sensing of saccharides finds widespread exploita-
tion in analytical and forensic applications [5]. Since
the first glucose sensing platform was reported by Clark
and Lyons [6], glucose oxidase (GO) based and glucose
dehydrogenase (GDH) based glucose sensing platform
have been widely used in the detection of blood glucose
[7—10]. However, a number of critical drawbacks hinder
its further development. In view of the nature of the
enzymes, the most common and serious problem con-
cerning the enzymatic glucose sensing platforms lies in
their rigorous operational conditions (such as solution
acidity, temperature, etc.) and the intrinsic instability.
In addition, the use of expensive enzyme is also unfavor-
able in term of cost-effectiveness. In the hope of improv-
ing the electrocatalytic activity and selectivity towards
the oxidation of glucose, many non-enzymatic glucose
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sensing platforms have also been explored [11—14].

Direct non-enzymatic electrocatalytic oxidation of
glucose varies considerably depending on the electrode
material used, such as transition metal nanomaterials,
nanostructured metal oxides and complexes, alloy nano-
materials and carbon based materials [15—18]. Among
these materials, precious metals such as gold, platinum,
palladium and transition metals including copper and
nickel are well known to be good electrocatalysts due
to their ability to adopt multiple oxidation states and
adsorb other species on their surfaces to form interme-
diates. Recently, much attention has been paid to Au
nanomaterials modified electrodes such as Au nanowire
[19], nanoporous Au [20], and Au nanotube [21], be-
cause of their highly catalytic activity for glucose oxi-
dation.

Enhancement of electrocatalytic activity of gold elec-
trodes is usually actualized by dispersing gold into small
or even nano-scale sized metal oxide particles or alloy-
ing gold with other metals. Many heterogeneous metal
based electrodes were widely studied because they have
the same high electro-conductivity as carbon materials
such as carbon nanotube and graphene. In contrast to
noble metal based electrodes, the heterogeneous metal
based electrodes show an excellent electrocatalytic ac-
tivity for glucose oxidation without observable self-pois
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oning. Recently various attempts have been made
and modified electrodes made from NiO/Au [22], Nano
Au/TiOq [23], Au/Ni(OH)y [24], and Au/MnOs [25]
were widely investigated.

It has been demonstrated that MoO, has good
electro-catalytic properties for oxidation of different or-
ganic molecules. For example, molybdenum oxide mod-
ified electrode was reported to detect iodate in salt sam-
ples [26]. Cakar et al. investigated the monitoring of
oxygen consumption using glucose oxidase (GO) as the
model enzyme on a glassy carbon electrode modified
with platinum and molybdenum oxide (Pt/MoO,) [27].

In this work, a new type of electrocatalytic platform
for glucose oxidation based on MoO,/AuNPs compos-
ite film was prepared by cyclic voltammetric deposi-
tion process in order to find a convenient non-enzymatic
electrode for direct determination of glucose and other
saccharides with voltammetry.

Il. EXPERIMENTS
A. Reagents and apparatus

NaMoOy4, HAuCly, NaySO4, H>SO4, NaOH, and
glucose were analytical grade and were all purchased
from Shanghai Chemical Reagent Company (Shang-
hai, China) and used without further purification.
All electrochemical experiments were carried out on a
LK2005 electrochemical work station (LANLIKE, Tian-
jing, China). The three-electrode system consisted of a
MoO, /AuNPs modified glass carbon electrode (GCE,
3 mm in diameter) as working electrode, a reference
electrode (saturated calomel electrode), and a counter
electrode (platinum wire). Cyclic voltammetry was em-
ployed for preparation of the modified electrodes and
voltammetric determination of analytes. All experi-
ments were performed at room temperature, and high
purity nitrogen was used to de-aerate the solution if
necessary. Scanning electron microscope (SEM) images
were obtained on a JEOL JSM-6700F SEM system. X-
ray photoelectron spectroscopy (XPS) measurements
were performed on an ESCALAB MK2 spectrometer
(VG Co., UK) with Mg Ko radiation as the excitation
source.

B. Preparation of AuNPs, MoO., and MoO, /AuNPs
modified GCE

The GCE was polished on a piece of faux suede cloth
with alumina slurry and then rinsed with pure water.
After that it was placed into a beaker containing deion-
ized water in an ultrasonic bath for 5 min. The MoO,,
AuNPs, and MoO,./AuNPs films were electrodeposited
on GCE respectively in different electrolytes with cyclic
voltammetry in the potential range of —0.8 V to 0.3 V
at 50 mV/s for 5 cycles. For MoO, film, it was
in 0.5 mmol/L. NaMoOy, 50 mmol/L NaySO, and
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FIG. 1 SEM images of different modified electrodes.
(a) AuNPs/GCE, (b) and (c) MoO./GCE, (d) MoO./
AuNPs/GCE.

18.4 mmol/L H2SO4 aqueous solution, for AuNPs film
it was in 10 mmol/L HAuCly and 18.4 mmol/L HySO4
aqueous solution, and for MoO, /AuNPs film it was in
10 mmol/L HAuCly, 0.5 mmol/L NaMoOy,, 50 mmol/L
NaySO4 and 18.4 mmol/L H2SO4 aqueous solution.

C. Determination of glucose using the positive scan
polarization reverse catalytic voltammetry

A novel method, the positive scan polarization re-
verse catalytic voltammetry (PSPRCV), was developed
based on cyclic voltammetry for determination of glu-
cose. For PSPRCV, like cyclic voltammetry, the poten-
tial is firstly scanning positively from initial (—0.8 V)
to switching potential (+0.6 V), the working electrode
is anodic polarized, then the potential is scanning re-
versely (negatively) to the initial, meanwhile the glu-
cose will be catalytic oxidized by the electrode reac-
tion intermediate products, and the voltammogram is
recorded. Finally, the blank data (without glucose) is
deducted from the sample data (with glucose). The dif-
ference value peak current is proportional to the bulk
concentration of glucose.

I1l. RESULTS AND DISCUSSION
A. Characterization of the MoO. /AuNPs composite film

The SEM images of morphologies and crystal
phase structures of the prepared AuNPs, MoO, and
MoO,,/AuNPs thin films electrodeposited on GCE are
shown in Fig.1. The pure AuNPs sample (Fig.1(a))
consists of nanoparticles with the diameter range from
~20 nm to 200 nm, and the surface of the nanoparticles
were cracked which increased the surface area efficiently.
Note that this surface topography was critical since it
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FIG. 2 XPS spectra of Mo3d scan chart of (a) MoO, and
(b) MoO,/AuNPs.

improved the adsorption capability for small molecules
and defined the inherent reproducibility and electro-
chemical performance of the platform. The MoO, sam-
ple (Fig.1 (b) and (c)) shows a combination of spherical
and cake-like sediments resembling that of two differ-
ent crystal structures which indicated that the MoO,
film could be a composite of MoOs and MoOg3. How-
ever, the co-electrodeposited MoO, /AuNPs showed a
completely different surface topography compared to
MoO, and AuNPs (Fig.1(d)). It was revealed there
were some effect forces between molybdenum oxides
and gold nanoparticles, as a result, the mixed irreg-
ular nanoparticles formed in the range of 40—100 nm
which was finer and tighter than MoO, and AuNPs. It
means that MoO,/AuNPs composite film may possess
synergistic effect to enhance its electrocatalytic activity.

XPS is a powerful technique for the study of transi-
tion metal compounds having localized valence-orbitals.
The MoO,, and MoO,/AuNPs thin films were further
characterized by XPS as shown in Fig.2. In the Mo3d
region, the band showed a single peak at 232.95 eV cor-
responding to the 3dy /5 spin system of MoO,. Whereas
the corresponding peaks for the MoO,,/AuNPs film ap-
pears spin system of Mo 3dy/5 at 232.6 eV (Fig.2(b)),
and that the peak strength was about twenty-five times
higher than that in MoO,,, so much higher binding en-
ergy illustrates a strong interaction existing between Au
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and Mo, which may be combined by an alloyed inter-
metallic compound.

B. Electrocatalytic behavior of the MoO, /AuNPs
towards glucose oxidation

The electrochemical behavior of MoO,, AulNPs, and
MoO,,/AuNPs film modified GCE was studied by cyclic
voltammetry in alkaline electrolyte solution. Figure 3
shows the cyclic voltammograms in absence and pres-
ence of 5 mmol/L glucose in 0.10 mol/L NaOH solution
at the AuNPs modified GCE, the MoO, modified GCE,
and the MoO, /AuNPs composite modified GCE.

It was shown from Fig.3(A), in absence of glucose,
there was two pairs of redox peaks at the AuNPs modi-
fied electrode in alkaline solution (curve a). In the pos-
itive scan, Au was oxidized consecutively from Au(0) to
Au(I), then to Au(III), which was subsequently reduced
back from Au(III) to Au(I), then to Au(0) in the rever-
sal scan. Two anodic peaks at —0.08 and 0.45 V can be
assigned to the oxidation of Au(0) to Au(I) and Au(I)
to Au(IIl), respectively. And two cathodic peaks at
+0.16 and —0.18 V can be considered as the reduction
of Au(III) to Au(I) and Au(I) to Au(0), respectively.
In presence of glucose (curve b), two oxidation peak
potentials of Au were shifted negatively from —0.08 V
to —0.38 V and 0.45 V to 0.20 V respectively, and the
peak currents were increased tremendously. This is as-
cribed to the strong catalytic activity of the intermedi-
ate product Au(I) towards glucose oxidation. Similarly,
in the reverse scan, due to generation of Au(I) from the
reduction of Au(III), a strong oxidation peak of glucose
was observed at around 0.05 V. The electrocatalytic
mechanism could be described as follows.

In the positive scan:

Au — Au(l) + e~
Au(T) +glucose —Au+glucose acid
Au(Il) —» Au(IIl) + e~

(—0.38 V) (1)
(+0.20 V) (2)
(+0.45 V) (3)

In the reverse scan:

Au(IIl) 4~ — Au(l) (+0.16 V) (4)
Au(I) +glucose — Au + glucose acid (40.05 V) (5)
Au(l) ¢~ — Au (—0.18 V) (6)

)

Reaction (2) makes the oxidation reactions (1) and (3
easier, resulting in the peak potentials shifting nega-
tively and the peak currents increased remarkably. Op-
positely, due to reaction (5), the reduction peaks of re-
action (4) and (6) almost disappeared, instead, a strong
oxidation peak corresponding to reaction (5) appeared.

At the MoO, modified GCE (Fig.3(B)), the redox
peaks were very weak (curve c¢), and had slight change
with the addition of glucose (curve d) because of the
limited catalytic capability of MoO,.

The cyclic voltammograms at the MoO,/AuNPs
modified GCE are demonstrated in Fig.3(C). Although
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FIG. 3 Cyclic voltammograms at (A) AuNPs, (B) MoO,, and (C) MoO,/AuNPs modified GCE in absence (a, c, e) and
presence (b, d, f) of 5 mmol/L glucose in 0.10 mol/L NaOH solution. (D) Comparison of the cyclic voltammograms of the
AuNPs and the MoO,/AuNPs modified GCE in presence of 5 mmol/L glucose. Scan rate: 100 mV/s.
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FIG. 4 The cyclic voltammograms in different concentra-
tions of glucose. From bottom to top: 0, 0.1, 0.2, 0.3, 0.4,
0.5, 0.6, 0.7, 0.8, 0.9, and 1.0 mmol/L.

the gold reaction mechanism is similar to the AuNPs
modified GCE, due to the doping of molybdenum ox-
ides, there appeared two weak peaks in the positive scan
at ca. 0.2 and 0.35 V respectively, resulting from the
oxidation of molybdenum from lower valence state to
higher state (Fig.3(C), curve e). In the reverse scan, the
reduction peak current was enhanced due to existence
of the intermediate products of molybdenum oxides. So
that, with the addition of glucose, the catalytic oxida-
tion peak currents of glucose were increased ca. 40%
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both in the positive and reverse scans (Fig.3(D)). It was
indicated clearly, for MoO, /AuNPs composite, there
was a synergetic effect on the catalytic oxidation of glu-
cose.

The oxidation current of glucose both in the positive
and reverse scan, was dependant on the bulk concentra-
tion of glucose, the peak currents were increased with
the concentration increasing. Figure 4 gives the cyclic
voltammograms of the MoO,, /AuNPs modified GCE in
different concentrations of glucose solution. It can be
seen from Fig.4, in the reverse scan, when the concen-
tration of glucose was lower, the reduction peak current
(corresponding to reaction (4)) was decreased gradually
with the concentration increasing, meanwhile the oxida-
tion peak current (corresponding to reaction (5)) was
increased steadily.

C. Analytical performance of the MoO,/AuNPs towards
glucose detection

Although the oxidation peak current both in the pos-
itive and reverse scan increased with the concentration
of glucose increasing, the oxidation peak in the pos-
itive scan (corresponding to reaction (2)) is complex
and poor reproducible because it was completely over-
lapped with the oxidation of molybdenum oxides as well
as with that of Au(I) (corresponding to reaction (3)),
so it was not suited for the quantitative detection of
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TABLE I Comparison of performances of various glucose sensing platform.

Electrode composition Sensitivity® Linear range/(mmol/L) LOD/(pmol/L) Reference
Au nanowire array 0.04 0.1-20 0.003 [28]
Au NPs/Indium tin oxide 0.1835 0.004—-0.5 [29]
Cu NPs/MWCNTs 0.714 0.01-0.3 0.5 [30]
Mn3z04/3D graphene 0.36 0.1-8 10 [16]
Pd/CuO nanofibers 1.061 0.2—2.5 0.019 [32]
MnO2/AuNPs composite 0.096 0.1-20 1 [25]
Pt/MoO, /GCE/GO 0.05-0.5 25 [27]
MoO,/AuNPs 2.35 0.01-4 9.01 This work
2 Sensitivity is in unit of mA/(mmol/L-cm?).

glucose. The oxidation peak in the reverse scan was The reproducibility and the stability of the

simple and well reproducible, and can be used to detect
glucose quantitatively. Here, in order to obtain pure
oxidation current, the cyclic scan polarization reverse
catalytic voltammetry is proposed. In the reverse scan,
in absence of glucose, the current is cathodic, which is
considered as the blank current. While in presence of
glucose, the current is net current consisting of the re-
duction current of the modified layer and the catalytic
oxidation current of glucose, from which the blank cur-
rent is subtracted, the pure oxidation current of glucose
is achieved.

The difference value voltammograms of PSPRCV
in different concentrations of glucose are shown in
Fig.5(a). Figure 5(b) shows the original voltammo-
grams in the reverse scan. Clearly, the resulting
pure catalytic oxidation peak of glucose was a well
defined symmetrical peak, and the potential was al-
most unchanged with the varying concentration of glu-
cose, and the peak current was in direct proportion
to the glucose concentration. Figure 5 (c) and (f)
show the linear responses in two different concentra-
tion ranges, from 0.1 mmol/L to 1.0 mmol/L and
0.01 mmol/L to 0.1 mmol/L, respectively. When the
glucose concentration was beyond 4.0 mmol/L, the
peak shape would become wide and flatheaded, indi-
cating the maximum catalytic current was achieved.
Two linear regression equations were i=2.554+166.29¢
(0.01—-0.1 mmol/L) with a relative coefficient of 0.9972,
and $=4.414+67.97¢ (0.1—1.0 mmol/L) with a relative
coefficient of 0.9974, respectively. According to the sig-
nal/noise=3, a lower limit of detection (LOD) was cal-
culated to be 9.01 pmol/L. Based on the experimen-
tal results, the current sensitivity of the MoO, /AuNPs
composite film modified electrode is estimated to be
2.35 mA /(mmol/L-cm?) which is much larger than that
of any non-enzymatic biosensors. As a biosensor, the
performance of the MoO,,/AuNPs modified electrode is
compared with those of other reported transition metal
nanomaterials, nanostructured metal oxides, metal het-
erogeneous based complexes, AuNPs and MoO, based
non-enzymatic platform (Table I).
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MoQO,/AuNPs composite film were also investigated.
The response peak current of the MoO, /AulNPs mod-
ified GCE remained 91% of the initial value after 100
cycles of CV scan in 0.10 mol /L NaOH solution contain-
ing 0.5 mmol/L glucose at 100 mV/s. In contrast, the
AuNPs modified GCE only remained 85% of the initial
value after 10 cycles scan. Six different MoO,/AuNPs
modified GCEs were prepared in same conditions, and
used in the same solution containing 0.5 mmol/L glu-
cose. For measurement of peak currents, the relative
standard deviation was calculated to be only 2.5%.
These results exhibit that the MoO,/AuNPs modified
GCE has a high stability as well as good reproducibility
that makes it possible for practical applications.

D. Electrocatalytic oxidation of other saccharides

Figure 6 depicts the PSPRCV difference value
voltammograms obtained at the MoO,/AuNPs modi-
fied GCE in different solutions of 0.010 mol/L NaOH
containing lactose, glucose, fructose, and sucrose re-
spectively. Significant voltammetric responses were ob-
served for all saccharide compounds at almost the same
peak potential, this is because they possess similar alde-
hyde base functional groups. Since the sucrose is a non-
reducing sugar which contained no anomeric hydroxyl
groups, it had the weakest response. For fructose, the
free ketone groups can isomerizate to aldoses in alkaline
solution, which indicated the similar oxidation activity
with glucose. For lactose, which was a disaccharide de-
rived from the condensation of galactose and glucose,
had more active aldehyde groups than glucose and fruc-
tose, and was more sensitive to the electrocatalytic ac-
tion of the MoO, /AuNPs composite. It was shown, as
an electrocatalyst, that the MoO,/AuNPs composite
had no selectivity for any single saccharide compound.

IV. CONCLUSION

The MoO,/AuNPs composite film was successfully
synthesized on GCE for the first time by coelectrode-
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FIG. 5 (a) The PSPRCV difference value voltammograms in different concentrations of glucose solution and (b) original
voltammograms in the reverse scan, from bottom to top: 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 1.0 mmol/L.

(c) The calibration curve of the peak current versus glucose concentration corresponding to (a).

(d) The difference value

voltammograms of PSPRCYV in different concentrations of glucose solution and (e) the original voltammograms in the reverse

scan, from bottom to top: 0, 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.09, and 0.1 mmol/L. (f) The calibration curve of
the peak current versus glucose concentration corresponding to (d).
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FIG. 6 The PSPRCV difference value voltammograms of
saccharides at the MoO,/AuNPs modified GCE in different
solutions of 0.01 mol/L NaOH and 50 mmol/L Na3SO4 con-
taining (a) 0.5 mmol/L lactose, (b) 0.5 mmol/L glucose, (c)
0.5 mmol/L fructose, and (d) 0.5 mmol/L sucrose, respec-
tively.

position of gold nanoparticles and molybdenum oxides
using cyclic voltammetric method. The MoO,,/AuNPs
composite showed higher electrocatalytic activity to-
wards saccharides oxidation in alkaline solution, so that
an attempt was made to fabricate the non-enzymatic
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glucose sensing platform, indicating its potential abil-
ity for preparation of the non-enzymatic biosensor. The
positive scan polarization reverse catalytic voltammetry
was proposed for determination of glucose with higher
sensitivity and lower LOD. The difference value cur-
rent peak of glucose was of a well defined symmetric
shape, which was easy to be measured and improved
effectively the signal to noise ratio. The major problem
was that the MoO,. /AuNPs composite has no selective-
ness for catalytic oxidation of glucose due to similar
aldehyde groups of the saccharides. Here, it should be
stressed that the positive scan polarization reverse cat-
alytic voltammetry will become a brand new and useful
method for analysis of catalytic current, and the exper-
iments showed that PSPRCV could not be replaced by
the anodic polarization then cathodic scan method, like
cathodic stripping voltammetry.
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