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Abstract

CrossMark

This work presents a controllable synthesis of nanowire-networked tungsten oxide aerogels,
which was performed by varying the pH in a polyethyleneimine (PEI)-assisted hydrothermal
process. An enzyme—tungsten oxide aerogel co-modified electrode shows high activity and
selectivity toward glucose oxidation, thus holding great promise for applications in

bioelectronics.
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1. Introduction

Tungsten oxides, in particular transition metal oxides, are of
great interest and have been investigated extensively due to
their promising physical and chemical properties. With out-
standing electrochromic, optochromic, and gaschromic
properties, tungsten oxides have been used to construct flat-
panel displays, photoelectrochromic ‘smart’ windows, optical
modulation devices, write—read—erase optical devices, and so
forth [1-4]. Interest in WO, can be traced to the seventeenth
century, when the properties of LiWO;3 and techniques for
WO; and NaWOj; synthesis were first studied [5]. More
recently, renewed research interest in WO, was sparked by
the advent of nanotechnology.

It is well known that nanomaterials are governed by a
multitude of properties, such as structure, surface and textural
characteristics, dimensions and morphology, and pore size
distribution [6]. Therefore, controlling synthesis of materials
is always one of the most challenging issues for inorganic
chemists and material specialists. The ability to manage such
a difficult task provides opportunities to reveal the relation-
ships between material structures and properties and to aid the
exploration of material fabrication techniques as well as novel

0957-4484/15/115602+07$33.00

applications of advanced nanostructures. Three-dimensional
(3D) nanostructured aerogels have been the focus of a great
deal of research due to their combination of feasible proper-
ties, which include extremely low density, low mean free path
of diffusion, high specific surface area, low dielectric con-
stant, and slow speed of sound. These aerogels have been
used as a trapping medium for chemical analyses, especially
for catalytic and electrochemical applications [7-9]. Despite
the considerable need for aerogels, there are limited types of
materials that can actually be transformed into an aerogel
structure. These include metal oxide aerogels (SiO,, Al,O3,
TiO;) [10-13], carbon material aerogels (carbon, carbon
nanotubes, graphene) [10, 14-16], semiconducting chalco-
genide aerogels (CdS, CdSe, PbTe) [10, 17, 18], and, more
recently, polysaccharide [19] or protein-based aerogels [20].
With advancements in nanotechnology, more-sophisticated
preparation strategies are being pursued to create new aerogel
materials.

Commonly metal oxide aerogels have been synthesized
by a sol-gel process following supercritical drying or frozen
drying. In the first step, metal oxide hydrogels are prepared by
the sol-gel method; i.e., they are formed in a polymerization
process occurring between the metallic atoms M of the

© 2015 I0OP Publishing Ltd  Printed in the UK
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Figure 1. (Left) Optical image of tungsten oxides obtained at
different pH values in the hydrothermal process. (Right) XRD
patterns of tungsten oxides obtained at different pH values after
freeze-drying (a, pH=1; b, pH=3; ¢, pH=5; d, pH=9).

precursor molecules by the establishment of M—OH-M or M—
O bridges. Then, after supercritical drying or frozen drying,
the obtained hydrogels are transformed into aerogels. In this
paper, tungsten oxide hydrogel was prepared by a simple
hydrothermal process, which can reduce reaction time and
enhance the degree of polymerization compared with the sol—
gel method. The obtained hydrogel was freeze-dried to pro-
duce aerogels, which are non-stoichiometric WgO49 con-
sisting of interconnected nanowires. The as-prepared aerogel
is very different from the majority of tungsten-oxide aerogels
reported in the literature, which are WO,-containing compo-
sites composed of nanoparticles [21, 22]. The as-synthesized
tungsten oxides were explored for a direct electrochemistry-
based biosensor by immobilization of glucose oxidase
(GOD). In comparison with the materials obtained with dif-
ferent pH values, GOD immobilized in tungsten oxide formed
at pH =3 shows more facile direct electrochemistry and better
electrocatalytic performance without any electron mediator in
the glucose biosensor.

2. Experiments

2.1. Chemicals

Hydrochloric acid (Na,WO,4-2H,O) was purchased from
ChuanDong Chemical Reagent Co., (Chongqing, China). D
(+) glucose was purchased from DingGuo Biological Tech-
nology Co., Ltd (Shanghai, China). Polyethyleneimine (PEI),
glucose oxidase (GOD), and Nafion were purchased from
Sigma-Aldrich. Phosphate buffer solutions (PBSs) were pre-
pared with 0.1 M of NaH,PO, and 0.1 M of Na,HPO,. All
chemicals were used as received without any further pur-
ification. Distilled water was used in all experiments.

2.2. Synthesis of materials

2.2.1. Synthesis of tungstic acid. 30 g of Na,WO,4-2H,0 was
dissolved in 250 mL of deionized water to form a transparent

solution, and then hydrochloric acid (6 M) was dropped into
the solution under stirring until the pH value of the solution
was lower than 1. A yellow precipitate was formed after this
acidification process. The product was filtrated and washed
several times with deionized water and then oven-dried in air
at 50 °C.

2.2.2. Synthesis of tungsten oxide aerogel. 2.5g of the
aforementioned tungstic acid was dispersed into 20 mL of
deionized water. This tungstic acid suspension was then
added to 2.5 g of 50 wt% PEI aqueous solution. Subsequently,
the mixture was diluted with water to 35 mL and its pH value
was adjusted to 3 by hydrochloric acid (6 M) under stirring;
the mixture was transferred into a 50mL Teflon-lined
stainless steel autoclave and heated at 210 °C for 24 h. After
the mixture cooled to room temperature, the sample was taken
out and dehydrated by freeze drying. For comparison,
tungsten oxide was also synthesized following the same
procedure and adjusted to different pH values.

2.8. Physical characterization

The crystal structure of the materials was characterized by
powder x-ray diffraction (XRD, XRD-7000). The morphol-
ogy and microstructure of the synthesized materials were
investigated by field emission scanning electron microscopy
(FESEM, 7800F, Japan) and transmission electron micro-
scopy (TEM, JEM-2100).

2.4. Electrochemical measurement

GOD immobilization was achieved by immersing 1 mg of the
tungsten oxide (W;gO49) prepared earlier in 0.1 mL of GOD
solution (10 mg - mL ™, pH=7.4, 0.1 M PBS) under ambient
conditions and shaken for 20 min, and then stored at 4 °C for
1 day for protein adsorption. A glass—carbon electrode (GCE)
3mm in diameter was polished with 0.3 and 0.05 mm of
alumina powder, followed by thorough rinsing with deionized
water and slight sonication in deionized water. Subsequently,
the electrode was modified with chitosan by electrodeposition
in a 0.2% chitosan solution at —2.5V for a few seconds to
form a positively charged surface. The bioconjugates pre-
viously obtained were re-shaken, and 5 uL of this suspension
was deposited on the center of the pre-treated GCE. It was
then left to dry at room temperature, after which 10 uL of
0.5% Nafion was subsequently placed on the entire electrode
surface to form a Nafion membrane, which was used to fix the
GOD-impregnated W;gO49 materials. The electrochemical
measurements were carried out using a three-electrode sys-
tem, which employed a platinum wire as the counter elec-
trode, a saturated calomel electrode (SCE) as the reference,
and a W;gO49-modified GCE as the working electrode.

3. Results and discussion

During the hydrothermal process, 3D self-assembled samples
with cylindrical morphology were obtained at pH of 1 and 3,
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Figure 2. SEM, TEM, and HRTEM images of samples (al, b1, c1, and d1 are SEM of products obtained at pH=1, 3, 5, and 9, respectively;
a2-3, b2-3, c2-3, and d2-3 are TEM of products obtained at pH=1, 3, 5, and 9 with different magnification, respectively).

whereas only some watery precipitates were collected when
the pH value was higher than 5 (left side of figure 1). After
freeze-casting, the obtained samples were first checked by
XRD. As can be seen in figure 1, all the main peaks appearing
at 20.3°, 23.4°, 26.8°, and 36.0° of the samples obtained with
pH equal to 1 and 3 can be indexed undisputedly to the
monoclinic W;gOy49 phase [JCPDS No.05-0392], which cor-
responds to (—303), (010), (500), and (502), respectively. As
the pH value of the solution increased, the XRD of these
products displayed pronounced diffraction peak broadening.
This occurred due to the size of the crystal particles, and high
pH favors the formation of tungsten oxides of smaller size.
The average crystal particle size of the samples obtained at
pH=1, 3, 5, and 9 was 13.0, 9.8, 8.8, and 2.4 nm, respec-
tively, as estimated by the Scherrer equation. Judging from
the intensity of the peaks, the sample synthesized at pH 1 had
the best crystallinity. The crystallinity of the final products
decreased as the reaction pH value increased. Furthermore,
the peak intensity of the (500) plane (20=27°) decreased
sharply, which indicates that pH value has a significant effect
on the growth of the (500) plane.

The prepared products were further examined by FESEM
and TEM. As presented in figures 2(al)—(d2), the micro-
structure and morphology of the products synthesized with
different pH are very distinctive. The product obtained from
pH=1 (figures 2(al) and (a2)) was constructed by many short

bulky rods (d=20-100 nm) and long thin wires (about 5 nm
in diameter). Interestingly, the aerogels formed at pH =3 were
assembled by ~5nm uniform ultrafine nanowires
(figures 2(b1)—(b3)). Compared with the tungsten oxide
nanowires which have been reported [1], the diameter of the
product with pH 3 is finer, whereas the dimension distribution
is wider with pH 1. When the pH of the solution increased to
5, some nanoparticles appeared in the products and tangled
with the nanowires. With further increase in the solution’s
pH to 9, the nanowires disappeared completely, and irregular
blocks composed of nanoparticles became the dominant
products. After a review of the HRTEM results, it was dis-
covered that the materials obtained at higher pH values had a
smaller particle size, which is in agreement with the XRD
results.

The formation of many very different microstructures by
simply changing the solution’s pH raises much curiosity. To
understand the formation mechanism of the various micro-
structured samples, the experiments were also conducted
under different pH values without using PEL

As shown in scheme 1, the tungsten acid precursor used
in this work has random disklike morphology with a mean
thickness of ~60 nm. After hydrothermal treatment within a
pH range of 1 to 5, the products still display disklike mor-
phology but have a well-developed polygon shape with a
flake structure. At a pH of 9, the products consist of large
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Scheme 1. Schematic illustrations showing the mechanism of tungsten oxide-oriented growth (SEM images above and diagram below).

disklike flakes and small nanorods; however, the yield is far
less than that of the other three samples. By comparing the
SEM images of the samples obtained in different conditions,
it is found that the PEI plays an important role in controlling
the morphology of products. Linear PEI is a water-soluble
polycation polymer with high ionic charge density, meaning
that it has a very strong affinity with anionic materials like
polyanions and negatively charged solids. Based on other
literature, the protonation degree of PEI is strongly dependent
on the pH value of the solution in question. At a pH lower
than 3, at least 90% of PEI protonation occurs. When the
pH increases, the protonation degree decreases greatly, and at
a pH of 9, the protonation degree can reach only about 20%
[23]. Hence, as demonstrated in scheme 1, when tungstic acid
is added to the PEI solution under high temperatures in the
hydrothermal process, negatively charged tungsten acid
radicals are generated and can be easily adsorbed by the

Current (pA)

-0.5 -0.4
Potential (V)

Figure 3. CVs of the GOD-different tungsten oxide-modified
electrodes in pH 7.4 nitrogen—saturated PBS (tungsten oxide
synthesized at pH 1 (b), pH 3 (a), pH 5 (c¢), and pH 9 (d)).
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Figure 4. (a) Cyclic voltammograms of different electrodes in Nj-sai

turated 0.1 M PBS. The letters a, b, and ¢ stand for the CV of the

electrode, which is modified by Nafion/GOD/W 30,9, Nafion/W,30,49, and Nafion/GOD, respectively. (b) Cyclic voltammograms of Nafion/
GOD/W 3049-modified GCE in 0.1 M of PBS solution at different scan rates (from 5 to 250 mV s~', inside to outside). (c) Plots of peak
currents versus scan rate. (d) Cyclic voltammograms of Nafion/GOD/W 30 49-modified GCE in air-saturated (letter e) and N,-saturated (letter
d) PBS at 50 mV s™". () Typical steady-state response of the biosensor upon successive injections of 1 gmol of glucose solution into 10 ml of
0. 1 M PBS at —0.45 V. The inset is the calibration curve of the sensor. (f) Effect of the interfering species on the biosensor response.

ammonium sites of the PEI The surface of PEI provides a site
for tungstic acid nucleation, recrystallization, and eventually
dehydration to form tungsten oxide. In addition, the adsorp-
tion process is largely governed by the protonation degree of
the PEI and the concentration of negatively charged tungsten
acid radicals, which result in different morphology. When the
pH value increases, tungstic acid reacts in part with hydroxyl,
and the interaction between the negatively charged tungsten
acid radicals and the PEI weakens gradually. A 3D con-
tinuous network structure fails to fully develop, so the product
contains some blue precipitation instead of a hydrogel
column.

For a long time, the bioelectrocatalytic oxidation of
glucose has been the focus of much investigation. Its
importance stems from its potential use in sensing sugar in
human blood and also in biofuel cell applications. In this
work, GOD was used as an example to demonstrate the
bioelectrocatalytic application of tungsten oxide aerogels as
electrode modification materials. To investigate the bioactiv-
ity of adsorbed protein, the fabricated electrodes were
employed as a biosensor for glucose electrochemical oxida-
tion. Figure 3 shows the cyclic voltammograms (CVs) of the
GOD-different tungsten oxide—modified electrodes. The GOD
immobilized on tungsten oxide formed at pH=3 displayed
the strongest redox peaks. The results indicate that the unique
3D network structure consisting of uniform ultrafine nano-
wires is beneficial for immobilizing bio-enzymes and can help
GOD to achieve direct electron transfer. So the material
obtained at pH 3 was chosen for further detection of glucose.

Figure 4(a) shows the cyclic voltammograms of different
electrodes prepared under the same conditions in 0.1 M of
pH 7.4 nitrogen—saturated PBS solution at S0mV s™'. A pair
of well-defined redox peaks were observed for the Nafion/
GOD/W 3049-modified GCE (curve a), but no obvious redox
peaks for either W;3049-modified or GOD-alone-modified
electrodes (curves b and c), which suggested that the Nafion/
GOD/W 3049-modified GCE clearly demonstrated direct
electron transfer capability. The effect of the scan rate on the
electrochemical response of the immobilized GOD is dis-
played in figures 4(b) and (c). The redox peak current
increases linearly with the increase in the scan rate from 5 to
250 mV s}, which indicates that the GOD redox reaction is a
surface-controlled electrochemical process. The peak-to-peak
separation of the CVs increases with the increase in the scan
rate due to the resistance of the modified layer [24].
Figure 4(d) displays the cyclic voltammograms of the Nafion/
GOD/W 3049-modified GCE in N,- and air-saturated 0.1 M
PBS solution. A pair of well-resolved redox peaks can be
observed in both the N,- and the air-saturated PBS. In the
presence of oxygen, the reduced enzyme (GOD-FADH,) can
be further oxidized by dissolved oxygen very quickly at the
surface of the electrode, as in the following [25]:

GOD - FADH, + O, - GOD — FAD + H,0,

Figure 4(e) shows a typical current-time plot for the
Nafion/GOD/W 3049 GCE with successive injections of a
glucose solution into 0.1 M pH 7.4 PBS solutions at —0.45 V.
Each successive increase of 0.1 mmol L™" of glucose results
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in a decrease in the steady-state current, which shows a
sensitivity of 2.69x10™*mA mmol™'cm™ and a fast
response of about 10 s (figure 4(b)). The calibration curve of
the electrode (inset of figure 4(b)) shows a linear response
range from 0.01 mM to 1.0 mM, with a correlation coefficient
of 0.999. The biosensor also shows good selectivity for glu-
cose (figure 4(f)). In a PBS solution that contains 0.1 mM of
glucose, there is no significant change in the amperometric
response owing to the addition of 0.05 mM of AA, DA, and
UA. Additional injections of 0.1 mM and 0.3 mM of glucose
confirm that the sensor maintains performance in the presence
of the interfering species. The sensor modified by W;gOyo
aerogel shows a lower detection limit (10 uM) and a similar
response time (10s) compared with other nano metal oxides
of ZnO and TiO, [24, 26].

4. Conclusions

In summary, a tungsten oxide aerogel with a unique 3D
network consisting of uniform ultrafine nanowires was fab-
ricated by a PEl-assisted hydrothermal method. Following
comparison of the experimental results in the presence of PEI
and without PEI at different pH, a reasonable formation
mechanism for tungsten oxide aerogel was proposed. The
W 5049 aerogel obtained at pH =3 showed excellent sensing
performance in terms of high sensitivity, low detection limit,
and fast response based on the direct electrochemistry of
GOD. Our work not only provides an effective route for
preparing metallic oxide aerogels but also provides a good
example of broadening the application of tungsten oxides.
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