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Nonenzymatic Glucose Detection by Using a Three-Dimensionally Ordered,
Macroporous Platinum Template

Yan-Yan Song, Dai Zhang, Wei Gao, and Xing-Hua Xia*!*!

Abstract: A three-dimensionally or-
dered, macroporous, inverse-opal plati-
num film was synthesized electrochem-
ically by the inverted colloidal-crystal
template technique. The inverse-opal
film that contains platinum nanoparti-
cles showed improved electrocatalytic
activity toward glucose oxidation with
respect to the directly deposited plati-

interconnected porous structure and
the greatly enhanced effective surface
area. In addition, the inverse-opal Pt-
film electrode responds more sensitive-
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ly to glucose than to common interfer-
ing species of ascorbic acid, uric acid,
and p-acetamidophenol due to their
different  electrochemical  reaction
mechanisms. Results showed that the
ordered macroporous materials with
enhanced selectivity and sensitivity are
promising for fabrication of nonenzy-
matic glucose biosensors.

num; this improvement is due to the

Introduction

Recycling, accurate, rapid, selective, and inexpensive glucose
detection in biological fluids is nowadays extremely impor-
tant for the diagnosis and management of diabetes mellitus.
Electrochemical glucose sensors, especially amperometric
biosensors, hold a leading position among various biosen-
sors. The majority of known amperometric biosensors for
glucose monitoring are based on immobilized specific ox-
idase and electrochemical detection of enzymatically liberat-
ed hydrogen peroxide, or are based on the use of redox me-
diators such as derivatives of ferrocene."! Although enzy-
matic detection usually shows good selectivity and high sen-
sitivity,”! the enzyme is easily denatured during its immobili-
zation procedure. The most serious problem of such sensors
is their lack of stability due to the intrinsic stability of en-
zymes.[”] Therefore, numerous studies have been performed
to overcome or alleviate the drawbacks of enzymatic glu-
cose sensors.® 11

Amperometric measurements allow observation of the
electrochemical oxidation of glucose on a bare platinum
(Pt) surface.”™ Therefore, many nonenzymatic biosensors
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have been advocated, especially, amperometric glucose sen-
sors free from enzymes.®”!? However, even the state-of-
the-art technology for glucose sensing with Pt electrodes is
not free from poisoning by adsorbed intermediates," result-
ing in poor selectivity for direct glucose detection. It was re-
ported for the first time in 1985" that the electrooxidation
of glucose is strongly subject to poisoning by adsorbed inter-
mediates, which can be subsequently oxidized by electro-
chemical formed surface OH species at higher potentials.
The kinetically controlled electrooxidation of glucose on a
smooth platinum electrode has low sensitivity and poor se-
lectivity. On the other hand, the electrooxidation of interfer-
ing electroactive species of ascorbic acid (AA), uric acid
(UA), and p-acetamidophenol (AP) is diffusion-limited.'"
Since Faradaic currents associated with kinetically control-
led electrochemical events depend on the real surface area
of an electrode, rather than its geometric area, an electrode
with a high real surface area can be used to enhance selec-
tively the Faradaic current of a sluggish reaction (e.g., a ki-
netically controlled electrochemical reaction). Evans et al.
pioneered this idea for analytical purposes.!'*]

Porous materials with three-dimensionally (3D) intercon-
nected ordered structures are technologically important for
a variety of applications, including photonic crystals, cata-
lysts, supports, separation systems, sensors, adsorbents, elec-
tronic materials, double-layer capacitors, and hydrogen-stor-
age materials. The size of the pores and the periodicity of
the porous structures can be precisely controlled and readily
tuned by changing the size of the colloid and thickness of
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the template.“ﬂ Furthermore, the open, interconnected, pe-
riodic large porous structures, on the one hand, ensure ac-
cessibility of reactants to the surface active sites of elec-
trodes, thereby increasing mass-normalized activity by de-
creasing the “hidden Pt” in the bulk materials. On the other
hand, the stable macropore walls can be tailored to desired
compositions by co-sedimentation,’® electrochemical depo-
sition,'”! electrophoresis,"® and so on. As far as we know,
there are few reports on the application of 3D-interconnect-
ed macroporous materials in the area of nonenzymatic glu-
cose detection.'”? Although reference [19a] reports on the
use of 3D macroporous materials for glucose detection, the
method is not electrochemical, but colorimetric.

Here, we report on the preparation of highly ordered,
macroporous, inverse-opal Pt films with predetermined pore
sizes. These films consist of Pt nanoparticles. Direct sensing
of glucose with such ordered macroporous platinum films,
which have a considerable real surface area, was studied.
Preparation of the structured macroporous metal films was
carried out by electrochemical reduction of H,PtCly in the
voids of silica crystalline template, followed by chemical re-
moval of the template by using HF. The resulting highly or-
dered, macroporous Pt film was introduced as a promising
nonenzymatic glucose biosensor. After the study of the glu-
cose electrooxidation on such nanomaterials, potential appli-
cations of these electrodes in direct sensing of glucose with
high sensitivity and high selectivity are discussed.

Results and Discussion

Figure 1 schematically describes the whole procedure for
the fabrication of 3D-ordered, macroporous, inverse-opal Pt
films. Monodisperse SiO, spheres were firstly assembled on
gold slides forming a (111) close-packed crystal (Figure 2a)
by using the vertical deposition technique reported previ-
ously.?! SEM characterization of the silica template showed
that the template consisted of close-packed silica spheres
with polycrystalline orientations in different domains. Some
cracks appeared on the surface of the template after the sin-
tering process. Platinum was electrodeposited into the inter-
spaces of the silica template at a potential of 0.05V (vs
SCE) (Figure 2b). The highly ordered, macroporous, in-
verse-opal Pt film was obtained after chemical removal of
the silica template by using aqueous HF (Figure 1). As
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Figure 1. Scheme of the procedure for fabrication of 3D platinum film electrodes.
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Figure 2. a) SEM image of the silica template, b) SEM image of the mac-
roporous Pt network after removal of the silica template, ¢) X-ray diffrac-
tion pattern of the macroporous Pt film (pore size 200 nm), and d) CV
for the as-synthesized macroporous Pt-film electrode in a solution of
0.5m H,SO, at a scan rate of 50 mVs™.

shown in Figure 2b, the electrodeposited Pt framework con-
sisted of interconnected periodic hexagonal array of mono-
dispersed pores. X-ray diffraction results showed that the
macroporous catalyst mainly consisted of (111) and (200)
crystalline orientations (Figure 2¢). The average particle size
of the Pt deposited in 200 nm hole size was calculated to be
approximately 5.36 nm from a (111) X-ray diffraction peak
of the Pt fcc lattice in terms of the Scherrer equation.”” The
3D platiunum film was characterized electrochemically in a
0.5m H,SO, solution (Figure 2d). The cyclic voltammogram
shows the typical features for a platinum electrode. The cur-
rent in the potential range from —0.172V to 023V (vs
SCE) is due to the adsorption/desorption of hydrogen ad-
atoms. The anodic oxidation of the 3D platinum film start-
ing at about 0.53V is due to the formation of platinum
oxide that is subsequently reduced, as indicated by the ap-
pearance of a reduction peak at 0.51 V in the negative po-
tential scan. By integration of the charge required for the
adsorption of the hydrogen adatoms, the real surface area of
this electrode with pore size of 200 nm was calculated to be
9.48 cm?.

The performance of glucose
biosensors or glucose-based
biofuel cells is usually tested
under physiological conditions,
that is, the effective ampero-
metric response to glucose is
usually characterized in neutral
media simulating physiological
conditions. Therefore, the elec-
trocatalytic  activity of the
highly ordered, Pt-film elec-
trode toward glucose was inves-
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tigated in a phosphate-buffered saline (PBS) solution. The
cyclic voltammograms (CVs) of the 3D platinum-film elec-
trode (pore size of 200 nm, real surface area: 9.48 cm?, and
the roughness factor R—the ratio of the real surface area to
the geometric area:®! 32.5) in a PBS solution with (solid
curve) and without (dotted curve) 50mm glucose at a scan
rate of 2mVs™" are shown in Figure 3. The current-poten-
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Figure 3. Current density versus potential profiles of a 3D inverse-opal
Pt-film electrode, with pore size of 200 nm, in a PBS solution (pH 9.18)

in the presence (solid curve) and absence (dotted curve) of 50 mm glu-

cose at a scan rate of 2mVs™'.

tial profile for a 3D platinum-film electrode in the PBS is
almost featureless. The cathodic current at potentials less
than about 0.3 V is due to the reduction of oxygen dissolved
in solution. The increased current at about +0.3 V is due to
the formation of Pt—OH and the rapid increase in current at
potentials greater than 0.90 V is due to the formation of sur-
face oxide and the evolution of oxygen. The platinum oxide
formed in the positive potential scan can only be reduced at
potentials less than 0.30 V. The electrochemistry of glucose
at the macroporous Pt-film electrode (solid curve) is compli-
cated. The CV in the positive potential scan shows two
anodic current peaks located at 0.038 and 0.580 V (Figure 3,
solid curve). The first current peak should be due to the
electrosorption of glucose to form an adsorbed intermediate,
releasing one proton per glucose molecule. At potentials
positive with respect to this peak, accumulation of the inter-
mediates on the electrode surface inhibits further the elec-
trosorption of glucose, resulting in a decrease in current. At
a potential of about 0.30 V, Pt—OH surface species start to
form in the PBS solution (pH 9.18). The Pt—OH species can
then oxidize the poisoning intermediates derived from the
electrosorption of glucose, as in the case of electrochemical
oxidation of methanol,”>*! releasing free platinum active
sites for the direct oxidation of glucose. Therefore, the elec-
trooxidation current for glucose again increases due to the
direct oxidation of glucose on the oxidized Pt surface, form-
ing the second current peak at 0.580 V. The decrease in cur-
rent after the second anodic current peak could be due to
the evolution of oxygen on the Pt film. In the negative po-
tential scan, there is almost no current observed for glucose
oxidation due to the blockage of the previously formed plat-
inum oxide in the positive potential scan. Only at potentials
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negative with respect to the reduction potential of the sur-
face platinum oxide (at approximately 0.30 V) will surface
active sites be available for the electrosorption of glucose,
resulting an anodic current peak at the potential corre-
sponding to the first peak in the positive potential scan. At
potentials negative with respect to this peak the accumula-
tion of intermediates and adsorption of H adatoms occur
again, resulting in a decrease in current.

The pore size of the 3D inverse-opal Pt films plays an im-
portant role in electrocatalytic activity and in turn in the
biosensor performance. Figure 4 shows the current density
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Figure 4. Current density versus potential curves of the directly electrode-
posited Pt (solid curve, real surface area: 6.00 cm?, R;=20.5), 3D-ordered
Pt-film electrodes with pore sizes of 200 nm (dashed curve, real surface
area: 9.48 cm?, R;=32.5), 320nm (dotted curve, real surface area:
12.99 cm?, R;=44.5), and 500 nm (dash-dotted curve, real surface area:
18.75 cm?, R;=64.9) with the same geometric area of 0.292 cm® in a so-
lution of PBS+50 mm glucose at a scan rate of 2mVs™".

versus potential profiles of the 3D inverse-opal Pt-film elec-
trodes with different pore size in a glucose-containing PBS
solution. The Pt electrode (real surface area: 6.00 cm* R;=
20.5) deposited directly without using the template tech-
nique shows the lowest catalytic activity toward the electro-
oxidation of glucose (solid curve, Figure 4). In the case of
the 3D inverse-opal Pt-film electrodes, the currents corre-
sponding to the two anodic peaks observed in Figure 3 in-
crease with decreasing of pore size (Figure 4). Of the three
electrodes, the one (real surface area: 9.48 cm?, R;=32.5)
with pore size of 200 nm has the highest electrocatalytic ac-
tivity toward the oxidation of glucose. The roughness factors
of the inverse-opal Pt films with pore sizes of 500, 300, and
200 nm were determined to be 64.9, 44.5, and 32.5, respec-
tively. The electrooxidation current of glucose should, in
principle, increase with the increase of the real surface area
of an inverse-opal electrode, since the electrochemical reac-
tion of glucose on Pt electrode is kinetic controlled. Howev-
er, the results in electrooxidation current in Figure 4 dis-
plays the opposite trend. It has been reported that the elec-
trocatalytic activity of Pt electrodes toward the oxidation of
methanol depended on the particle size of Pt.?”) Such a par-
ticle-size-dependent phenomenon could also be operative in
the case of glucose oxidation. X-ray diffraction measure-
ments showed that the size of Pt nanoparticles in the in-
verse-opal film deposited directly and the 3D materials with
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pore sizes of 500, 300, 200 nm were 6.13, 6.07, 5.98, and
5.36 nm, respectively. Since the estimated particle sizes were
around 6 nm for all the samples due to existence of meas-
urement error of 0.5nm in X-ray diffraction experiments,
the observed electrocatalytic activity toward the electrooxi-
dation of glucose in our manuscript could not be attributed
to the effect of grain size. The difference in electrocatalytic
activity may due to the different pore size of the inverse-
opal film. More detailed investigation is evidently required
for understanding this different electrocatalytic activity of
the opal film.

Detailed experiments on the influence of the solution pH
on the sensitivity of the 3D platinum film electrode with
pore size of 200 nm were also carried out. The current densi-
ty of the second peak (from Figure 4) displayed in Figure 5
reveals that the pH profile of the electrode was almost bell
shaped with an optimum value at around pH 9.18. Further
experiments were performed using 0.05M phosphate-buf-
fered solution at pH 9.18.
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Figure 5. Influence of solution pH on the second peak current density of

the 3D-ordered Pt-film electrode with pore size of 200 nm in a solution

(pH 5.91-12.0) containing 50 mm glucose. The scan rate was 2mVs™'.

Under optimized experimental conditions of solution
pH 9.18 and detection potential at 0.50 V versus SCE, the
amperometric response of the 3D platinum-film electrode
with a pore size of 200 nm is linear (see Figure 6) in a glu-
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Figure 6. Calibration curve of the 3D-ordered Pt-film electrode with pore
size of 200 nm on successive injection of 1mm glucose into 50 mL PBS
(pH 9.18). The current was obtained at an electrolyzing potential of 0.5 V
versus SCE in a stirred solution. Inset: amperometric response of the bio-
sensor (at 0.5 V) to successive addition of 1 mm glucose.
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cose concentration in the range from 107 to 107 molL™,
with a detection limit of 10" molL™" and a sensitivity of
31.3 pAcm ?mm ! estimated at a signal-to-noise ratio of 3.
This value is much larger than the value of 9.6 pAcm >mm
reported previously in reference [12a], indicating that our
sensing material can give higher sensitivity for glucose de-
tection.

The normal interference to glucose oxidation under phys-
iological conditions comes from ascorbic acid (AA), uric
acid (UA), and p-acetamidophenol (AP); the normal phys-
iological level of glucose is 3-8 mm, which is much higher
than that of AA and AP, ~0.1 mm. Figure 7 shows the re-
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Figure 7. Sensitivity and selectivity of the 3D-ordered Pt-film electrode
with pore size of 200 nm (real surface area: 9.48 cm?, R;=32.5) and di-
rectly electrodeposited Pt electrode (real surface area: 6.00 cm?, R;=
20.5) obtained in the detection of 1mM glucose in the presence of 0.2mm
UA, 0.2mM AP, and 0.1 mm AA in PBS (pH 9.18). The currents were ob-
tained by electrolyzing at 0.5 V versus SCE. The current density for glu-
cose on the 3D-ordered Pt-film electrode was taken as 100%, and the
current densities for glucose on directly deposited Pt electrode and the
current densities for interfering electroactive species on both electrodes
were normalized by the current of glucose at the 3D-ordered Pt-film
electrode.

sponse of a 3D inverse-opal Pt-film electrode (pore size:
200 nm) and a directly deposited Pt electrode to glucose
upon addition of 0.2mm UA, 0.2mmM AP, and 0.1mm AA.
For a better comparison, the current density of the 3D plati-
num-film electrode to 1mm glucose was set at 100 %, and
the other electrochemical responses were normalized by the
electrochemical response of 1mm glucose on the 3D plati-
num-film electrode. For a 3D platinum-film electrode, inter-
ferences from UA, AP, and AA are only 5.0, 4.1, and 3.9%,
respectively. This result demonstrated that electrochemical
detection of glucose on the 3D platinum-film electrode
could be performed with negligible interferences from UA,
AP, and AA under the present conditions. For a directly de-
posited Pt electrode, the glucose response is much lower
than that of the 3D platinum-film electrode, while the elec-
trochemical responses from the interfering electroactive spe-
cies are approximately 20 times higher than that for glucose.
Evidently, the electrochemical detection of glucose with a Pt
electrode directly deposited will be heavily hampered by the
presence of the interfering electroactive species. The high
selectivity is attributed to the porous structure of the 3D
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platinum films with higher real surface area; these acceler-
ate the kinetically controlled electrooxidation reaction of
glucose. In addition, the high selectivity of the 3D platinum-
film electrode to glucose also proves that the oxidation of
UA, AP, and AA are diffusion-controlled electrochemical
processes, while the oxidation of glucose is a kinetically con-
trolled electrochemical process. The results demonstrate
that the present 3D inverse-opal Pt-film electrode is promis-
ing for fabrication of nonenzymatic glucose biosensors.

Conclusion

In summary, we have studied the electrocatalytic activity for
the electrooxidation of glucose at a porous Pt electrode with
a highly ordered 3D inverse-opal film structure. The 3D-or-
dered Pt-film electrode is mechanically and chemically
stable and could be easily prepared by an inverted colloidal-
crystal template technique. Because of its large effective sur-
face area, interconnected microenvironments, and optimal
particle size, such a 3D platinum film gives a higher electro-
catalytic activity toward glucose oxidation and a higher se-
lectivity for glucose detection than a directly electrodeposit-
ed Pt electrode. These ordered macroporous Pt materials
with enhanced selectivity and sensitivity are promising for
fabrication of nonenzymatic glucose biosensors. Further de-
tailed work on the properties and practical applications of
3D-ordered structures are in progress.

Experimental Section

Reagents and instrumentals: Ascorbic acid, uric acid, and p-acetamido-
phenol (Sigma) were used without further purification. Phosphate-buf-
fered solutions (0.067 M) with pH value from 4.0 to 9.0 were prepared by
varying the ratio of KH,PO, to Na,HPO,. The buffer solutions with pH
values exceeding 9.0 were adjusted by adding 1M NaOH solution. All
other chemicals such as anhydrous ethanol, sodium hydroxide, tetra-
ethoxysilane (TEOS, 98 %), sulfuric acid, chloroplatinic acid, and glucose
were of analytical grade. All solutions were prepared using deionized
water (>18 MQ, Purelab Classic Corp., USA).

The electrochemical experiments were carried out on a CHI650 electro-
chemical workstation (CH Instrument, USA). A traditional three-elec-
trode system involved a Pt wire as counter electrode, a saturated calomel
electrode (SCE) or reversible hydrogen electrode (RHE) as reference,
and an ordered, macroporous Pt film on gold substrate as working elec-
trode. The working electrodes with a geometric area of 0.292 cm? were
prepared by using an inverted colloidal-crystal template technique, or
was formed by direct electrodeposition. For clarity, all potentials in this
paper refer to the SCE reference electrode. All the current densities
(ratio of electrochemical currents to real surface area) were reported.

The morphology of the 3D platinum films was examined with a XL30
Environment scanning electron microscope (ESEM, Philips). Structural
characterization was performed by means of X' Pert Pr X-ray diffraction
(Rigaku, Japan).

Preparation of 3D inverse-opal platinum films by using an inverted col-
loidal-crystal template technique: Monodisperse SiO, spheres were syn-
thesized on the basis of the Stober method.’” The vertical deposition
technique®® was used to self-assemble the silica spheres on gold slides,
forming (111) close-packed crystals. Before metal deposition, the silica
colloidal crystals were sintered at 200°C under nitrogen atmosphere for
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2 h. For Pt deposition, the silica template self-assembled on gold slides
was immersed into a H,PtClg (0.04m) + NaAc (0.1m) solution (deaer-
ated with N, and flowing N, over the solution throughout the deposition
process insured that the electrons only be used to reduce Pt ions). Elec-
trodeposition was carried out at a potential of 0.05V (vs SCE) for each
sample. This potential was chosen to ensure deposition of metal within
the interspaces of the silica template without damaging its highly ordered
structure. The amount of metal deposited in the template was be deter-
mined and controlled by the charge passed the cell. A charge of 0.8 C
(the geometric area of all samples was 0.292 cm?) was used in all experi-
ments. After the deposition, the silica template was etched by using 5%
aqueous HF for 2 min to leave behind a highly ordered, macroporous, in-
verse-opal metal film.

Electrochemical experiments: All electrochemical measurements were
carried out in a three-electrode system. The macroporous platinum elec-
trode was evaluated as a glucose sensor in a phosphate-buffered saline
(PBS) solution at desired potentials. The current in each experiment was
recorded after the transient reached steady state. Amperometric curves
were obtained after adding desired concentration of glucose with the so-
lution stirred constantly.

Before the glucose oxidation experiments, the macroporous Pt network
film was electrochemically cleaned by using a reversible hydrogen elec-
trode as reference to avoid the specific adsorption of chloride ions and
obtain valid and reproducible results. Cyclic potential scans in the poten-
tial regions of the onset of oxygen and hydrogen evolutions in a solution
of 0.5m H,SO, at a scan rate of 50 mVs™" were performed until a stable
voltammogram was obtained. The real surface area of the as prepared
macroporous Pt-film electrodes were determined by graphical integration
of the area under the hydrogen adsorption peak from —0.172 V (vs SCE)
to the double-layer region in a 0.5m H,SO, solution. A fractional cover-
age of 0.77 was taken, and the real surface area was calculated assuming
that a monolayer of H adatoms requires 210uC per square centime-
ter.”>?! The current density in this paper was reported as the ratio of the
recorded current to the real surface area.
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