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Regulation of Electrochemical Oxidation of Glucose by lonic Strength-Controlled
Virtual Area of Nanoporous Platinum Electrode
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Abstract : Electrochemical reaction of glucose was regulated by the electrochemically active area of nanoporous plat-
inum, which is controlled by ionic strength. The profile of the oxidation current of glucose vs. ionic strength was
identical with that of the eectrochemicaly active area This result confirms that the nanopores are virtualy opened
for the eectrochemica reaction of glucose when the ionic strength dlimbs over a specific concentration and implies
that the eectrochemica reactions on nanoporous electrode surfaces can be controlled by concentration of dectrolyte.
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1. Introduction

Since the nanoporous platinum (H;-ePt) electrochemically
deposited from hexagonal lyotropic liquid crystal (H;-LLC)
with pore diameter of 2.5 nm was first reported,” the interest
on the nanoporous interface between metal and electrolyte
has been continuously increased. The state-of-the-art tech-
niques to fabricate nanoporous metal surface are the electro-
chemical deposition in bulk or electricaly induced LLC,*?
dissolution of alloys>* and chemical plating on nanoporus
membranes.” Variety of metals such as platinum,*? gold,”
and tin® has been fabricated in nanoporous form using those
methods. Following the progress in fabrication techniques,
the eectrochemica phenomena &t the interface between nanopo-
rous metal and electrolyte are attracting interest of researchers.
The electrochemical reactions of glucose,” hydrogen peroxide?®
methanol,? and oxygen®? were studied on the nanoporous
metal electrode surfaces. The application aress proposed in
those studies were sensors, #1112 fud cells*? and batteries.®

In previous work in our group, it was proposed that the
electrochemically active area of the nanoporous electrode
surface can be regulated by adjusting the ionic strength of
the solution.®® That is, the area of the interface between the
electrical double layer and the bulk solution phase varies
depending on the ionic strength and thus the faradaic reactions
occurring across the interface can be critically controlled by
eectrolyte concentration for nanoporous electrodes. According
to Gouy-Chapman theory,™ the geometric area enlarged by
morphological porosity is not necessarily equivalent to elec-
trochemically active area of the electrode surfaces, which can
be described as a function of two variables. One is the pore
radius (r) and the other is the characteristic thickness of the
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double layer, so called Debye length (x7%). The x* character-
izes the spatia decay of potential a eectrode-electrolyte inter-
face. The Gouy-Chapman theory states

K= (3.29% 107)zC*¥2 (€]

where C* is the bulk concentration of z: z electrolyte (in
mol L™) and « is double layer thickness parameter (cm ™).
The Debye length is an equi-potential line that is far from
the electrode surface by x, which decreases as electrolyte
concentration increases. When x*<r, the equi-potential line
is so close to the surface of the pores that the active area
should be equivalent to the morphological porosity. On the
other hand, when x>, the pore is so narrow that the dectrical
double layer extends to outside of the pores and no substantial
potential drop occurs inside the pores. Thus, a critical change
in the shape of the eectric double layer and the decrease of
the active surface area take place to the surface of nanoporous
electrodes when the diameter of pores falls down to the
thickness of the electrical double layer. Fig. 1 shows the
schematic diagrams of the shapes of the electrical double
layers with different electrolyte concentrations.®® A virtual
pore closing happens at lower eectrolyte concentrations (Fig.
1 (a) and (b)), and a virtual opening of pores occurs at
higher eectrolyte concentrations. (Fig. 1 (c) and (d)).

It is known that the differential capacitance(Cy)™® can be
served as a good experimental indicator to probe the change
in effective electrode surface area for nanoporous Pt (pore
diameter of 2.5nm)Y and NaF.'¥ It was reported that the
C4's of nanoporous Pt electrode surfaces rise precipitoudly in
eectrolyte concentrations higher than 1102 M, where x*
is theoretically equal to r (1.25nm)."® It was proposed that
the control of faradaic current density for kinetic-controlled
reaction by altering supporting electrolyte concentration
could be realized, and the electrochemical reduction of diox-
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Fig. 1. Schematic diagrams of the shapes of the electrical double
layers and nanopores according to the change of the electrolyte
concentrations (from previous report'). (a) 1mM, (b) 10 mM, (c)
100 mM, and (d) 1000 mM.

ygen was demonstrated as an application example of the
unique behavior on the nanoporous Pt electrodes.*® In the
present study, this unique phenomenon is demonstrated again
for the oxidation of glucose. The electrochemical oxidation
of glucose is interesting issue for the development of nonen-
zymatic glucose sensors. The oxidation of glucose is kinetically
more sluggish than the reduction of dioxygen, therefore we
expect that the oxidation behavior of glucose on nanoporous
Pt surfaces with various dectrolyte concentrations clearly dem-
ongtrates the virtual pore closing/opening phenomenon. Fur-
thermore, it was reported that the nanoporous Pt electrode
surfaces selectively enhance the oxidation of glucose and this
phenomenon originates from the nanopore structure on the Pt
surfaces.” Thus, the eectrochemical behavior of glucose oxi-
dation depending on ionic strength is worth of investigation
to further understand the selective oxidation of glucose on
nanoporous Pt surfaces.

2. Experimental section

2.1 Reagents

Octaethylene glycol monohexadecyl ether CisEOg (Fluka),
hydrogen hexachloroplatinate hydrate (Aldrich), sulfuric acid,
D-(+)-glucose (Sigma), sodium fluoride, and sulfuric acid
were used without purification.

2.2 Instruments

Electrochemical experiments were performed using an
electrochemical analyzer (Model CH660, CH Instruments
Inc., Austin, TX 78733). A Ag/AgCl (3M KCl) or Hg/Hg,SO,
(sat'd) and a platinum wire were used as reference and counter
eectrodes, respectively. A gold rod electrode (0.0079 cn?) was
used as a substrate electrode for the Hi-ePt film deposition.
Small angle X-ray diffraction was measured using a small
angle X-ray scattering unit fitted with general area detector
diffraction (Bruker, Germany).

2.3 Preparation of LL C and electrodeposition of Hq-ePt

C16EOg (0.42 g), distilled water (0.29 g), and hydrogen
hexachloroplatinate hydrate (0.29 g) were mixed, and the
temperature was raised to 80°C, where the mixture became
transparent and homogeneous. Au electrodes were then

inserted into the homogeneous mixture, and temperature was
lowered to room temperature. At this stage, the mixture
became a highly viscous LLC materia. Platinum deposition
was carried out at constant potential (—0.06 V vs. Ag/AgCl).
The resulting nanoporous platinum electrode was placed in
distilled water for 1 hr to extract the residual C;sEQs, and the
extraction procedure was repeated 3-4 times. The electrode was
then electrochemically cleaned by cycling potential between
+1.2 and -0.22V vs. Ag/AgCl in 1M sulfuric acid until
reproducible cyclic voltammograms were obtained.

2.4 Electrochemical experiments

All electrochemical measurements were done in a 3-elec-
trode system. The surface areas of the Pt electrodes were
determined by measuring the areas under the hydrogen
adsorption/desorption peaks of the cyclic voltammograms
(scan rate, 0.2V sec™) in 1.0 M sulfuric acid solution. A
conversion factor of 210 uC cm was used to determine the
electrode area® The electrochemical oxidation of glucose
on the H;-ePt electrode was observed in N,-purged 5 mM
glucose solution containing sodium fluoride solutions with a
series of concentrations (0.001, 0.01, 0.05, 0.2, 1.0M) in a
temperature-controlled electrochemical cell (37.2+0.2°C).
Chronoamperometric curves were obtained for 100 s in a
quiescent solution after applying —0.04 V vs Hg/HQ,SO,.

3. Resaults and discussion

H-ePt films were electroplated on Au electrode surfaces
inthe H;-LLC at —0.06 V vs. Ag/AgCl. Hi-ePt dectrode sur-
faces as electroplated exhibit shiny dark gray colors, which
indicate their excellent flatness of the surface in the scale of
visible-light wavelength. Although the H;-ePt eectrode surface
appears to be flat in macroscopic view, it has a very large
surface area due to the naporous surface structure. Fig. 2
shows the cyclic voltammogram of Hj-ePt in 1M H,SO,
solution. The specific surface area of the ePt-H; can be mea
sured by integrating the area under the hydrogen adsorption
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Fig. 2. Cyclic voltammogram of Hj-ePt an electrode surface 1.0 M
H,SO, solution with scan rate of 0.2V/s. H;-ePt was deposited
eectrochemically by passing 25 mC of charge on a Au electrode
surface.
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peaks. The surface roughness of electroplated the H;-ePt film
was calculated to be 155. The shiny surface color and the
high roughness factor of the electroplated H;-ePt films imply
the existence of nanoporous structures on the surfaces. In
small angle X-ray scattering pattern, a single X-ray diffraction
peak appeared at 1.68A (26) corresponding to a pore-pore dis-
tance of 6.1 nm (for a hexagonal structure), which is a similar
value to that found previously by Gollas et d. (5.9 nm).1")
Fig. 3 shows the oxidative currents of 5mM glucose as a
function of time on Hj-ePt electrodes in N,-purged solutions
containing NaF concentrations of 0.001, 0.010, 0.050, 0.20,
and 1.0 M. The chronoamperometric curves exhibit fast
decrease in 20 s and reach quasi-steady current levels after
40 s. In the case of low NaF concentrations (0.001 and 0.01 M),
the magnitude of quasi-steady oxidative currents are negligible
compared to those obtained in pure NaF solutions without
glucose. On the other hand, steep increase in the oxidative
signal occurs as the electrolyte concentration passes over
0.05 M. Fig. 4 shows the dependence of oxidative signd (1),

8r ——0.001 M NaF
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= --- 1.0MNaF
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Fig. 3. I-t curves measured in Np-purged 5mM glucose solutions
with various NaF concentrations (0.001, 0.010, 0.050, 0.201, 1.0 M)
at —0.04 V vs Hg/Hg,SO,. Background correction was performed by
subtracting currents measured in NaF solutions without glucose
(blank solution). M easurements of glucose oxidation currents were
performed after electrochemical cleaning of the Hy-ePt filmsin 1M
H,S0, solution.
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Fig. 4. The effect of ionic strength on the glucose oxidation current.

The currents were sampled at 100 s of the corresponding curves of
Fig. 3.
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Fig. 5. Dependence of differential capacitances (open circles,
from data of previousreport™) and glucose oxidation current
density (filled circle, redrawn from Fig. 4) on electrolyte
concentrations.

measured at 100 s in chromoamperometric curves in Fig. 3,
on the electrolyte concentration. Abrupt increase of oxidative
signal is shown near an electrolyte concentration of 0.05M,
and the oxidative current becomes less dependent on the
electrolyte concentrations above 0.2 M. This indiciates that
the Debey length in the dectrical double layer(x™) is larger
than the pore radius (r) when the electrolyte concentration is
smaller than 0.05 M. Thus the equi-potential line cannot be
formed inside the nanopores, which results in a virtual pore
closing. (Refer to Fig. 1(a)) At higher eectrolyte concentra-
tions, on the other hand, x* values decrease as expected in
equation (1) and become smaller than the pore diameter.
Now the equi-potentia line can penetrate inside the nanopores
and as a result glucose oxidation occurs on the surface of the
inside pores (pore opening).

The results presented here coincide well with those previoudy
reported that the differential capacitance increases dramati-
caly between the electrolyte concentrations of 0.01 and 0.1
M. The open circles in Fig. 5 show a dependence of differ-
ential capacitance vaues on eectrolyte concentrations (from
data of previous report’¥) measured on a Hi-ePt electrode
surface with a roughness factor of 158 which is close to the
roughness factor for Hy-ePt electrode investigated in this
study. The oxidative current densities of glucose vs. the NaF
concentrations (log scale, redrawn from Fig. 4 for comparison
purpose) are shown as filled circlesin Fig. 5. Thereisa sim-
ilar tendency between the differential capacitance and glu-
cose oxidation currents. Both of the values remain almost at
background levels up to the electrolyte concentrations less
than 0.01 M, thereafter start to increase linearly with the log
eectrolyte concentrations. These results demonstrate the reg-
ulation of faradaic currents from glucose oxidation by adjust-
ing the electrolyte concentrations.

4, Conclusions

The electrochemical oxidation of glucose occurs across the
equi-potential line being far from the electrode surface by
Debye length. A virtual nanopore opening/closing by controlling
dectrolyte concentrations was demongtrated for glucose oxidation
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and compared to our previous report for dioxygen reduction.
These results suggest that the electrochemical event at the
interface of nanoporous surface and solution might be serioudy
sengtive to the ionic strength of the solution, and the eectrolyte
concentration could be significant variable for the electro-
chemical reaction.
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