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The activities of Au-modified Cu electrodes toward glucose oxidation are evaluated according to their
fabrication conditions and physico-chemical properties. The Au-modified Cu electrodes are fabricated by the
galvanic displacement of Au on a Cu substrate and the characteristics of the Au particles are controlled by
adjusting the displacement time. From the glucose oxidation tests, it is found that the Au modified Cu has
superior activity to the pure Au or Cu film, which is evidenced by the negative shift in the oxidation potential
and enhanced current density during the electrochemical oxidation. Though the activity of the Au nanoparticles
is a contributing factor, the enhanced activity of the Au-modified Cu electrode is due to the increased oxidation
number of Cu through the electron transfer from Cu to more electronegative Au. The depletion of electron in
Cu facilitates the oxidation of glucose. The stability of the Au-modified Cu electrode was also studied by

chronoamperometry.
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Introduction

The use of a disposable primary battery as a power source
for implantable medical devices has some drawbacks, such
as the necessity for the continuous monitoring of the battery
function and surgical re-implantation of a fresh battery. For
this reason, bio fuel cells (BFCs) using nutrients in the blood
as a fuel are drawing continuous attention as a semi-
permanent power source within the human body."? The early
type of BFCs was composed of two electrodes immersed in
an aqueous electrolyte, which are separated by a semi-
permeable membrane. Microbes or enzymes immobilized on
the electrodes act as catalysts for the oxidation of fuels and
the electrons generated during the oxidation move to the
cathode for use in the oxygen reduction at the cathode.>*
BFCs for implantable devices need to use fuels that are
water-soluble, bio-compatible, and easy to obtain within the
body, such as glucose.

Besides the BFCs application, the glucose oxidation has
been studied for the development of glucose sensors. Deng
et al. reported the electrochemistry of glucose oxidase using
boron-doped carbon nanotubes modification.’ Safavi et al.
investigated the glucose oxidation reaction on Ni(OH),
modified carbon ionic liquid electrode for the purpose of
fabrication of a non-enzymatic glucose sensors.® For non-
enzymatic glucose sensing, Rong ef al. also used Pt nano-
particles on carbon nanotubes for detecting glucose.” The
combination of enzyme and non-enzymatic catalyst (copper
oxide) for glucose biosensor was also reported by Luque et
al }

In both cases of BFCs and glucose sensors, glucose is
oxidized to gluconolactone, generating two electrons.” The
oxidation reaction requires enzymes such as glucose oxi-

dase.>>® However, enzymes are highly vulnerable to ex-
ternal shocks, such as changes in the chemical and thermal
conditions, and lose their activities. R. Wilson et al. reported
the deformation of the enzymes at temperatures higher than
40 °C and pHs lower than 2 or higher than 8.° In addition,
enzymes have low electrical conductivity and suffer from
poor efficiency for the conduction of generated electrons.
Besides their vulnerability and low conductivity, the im-
mobilization process of enzymes on the electrodes is further
complicated by the complexity of the electrode structure and
low stability.”!®!" Therefore, there is a growing necessity to
substitute the enzyme with metal catalysts having high
activity toward glucose oxidation and high stability.

There have been many studies into metal catalysts for
glucose oxidation using single metals or binary and ternary
alloys.'®?? In more detail, several single metal catalysts
using Au,!*1214161922 p 10121618 (041020 554 Nj101121 haye
been reported to have significant activities toward glucose
oxidation. Particularly, Pt is a well-known catalyst for proton
exchange membrane fuel cells and direct methanol fuel cells
as both anode and cathode catalysts. In this sense, it has also
been researched in the field of BFCs, though the high cost of
Pt and its relatively low tolerance to poisoning by reaction
intermediates during the glucose oxidation.”!”

Au, which is also a member of Pt group, is another candi-
date for catalysts having significant activity toward glucose
oxidation. Besides the use of Au as a single metal, binary
alloys based on Au have been widely investigated. C. Jin et
al. found that Au-Pt alloy has high activity toward glucose
oxidation at more negative potentials than pure Au."> Studies
on Au-Ag, Au-Ru, Au-Pb, and Au-Cd alloy catalysts have
also been reported.'*!3

Besides the noble metal catalysts, Cu and Ni are also
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known as metals having activity toward glucose oxidation.
Non-noble metals normally have more positive onset poten-
tials for glucose oxidation than Au or Pt, however the
cheaper price of the former is a great advantage. H.B.
Hassan et al. reported the enhanced activity of CuO toward
glucose oxidation”® and S.S. Mahshid er al. tested the
validity of using Pt/Ni nanowire as a catalyst.'' Combining
of noble metal catalyst and non-noble metal catalyst in
proper way, therefore, may have synergistic effects both in
the reaction over-potential and the catalyst price.

In this study, we fabricated Au particle-modified Cu elec-
trodes and tested their activity toward glucose oxidation for
possible application to BFCs or glucose sensors. Among the
various methods of synthesizing catalysts, such as impreg-
nation,”® colloidal synthesis,** electrodeposition,”>*” and
sputter deposition,”*? we used galvanic displacement de-
position®**! to fabricate Au particles on a Cu substrate. In
this reaction, the electrons generated during the dissolution
of the Cu substrate were used in the deposition of Au
particles. The morphology, shape and size, and surface
coverage of the Au particles on the Cu substrate were easily
controlled by adjusting the displacement conditions. The
deposited Au particles may contribute to the enhancement of
the activity toward glucose oxidation, either by their intrinsic
activity or by affecting the physico-chemical properties of
the underlying Cu substrate. The possible advantages of the
suggested electrode may include the arithmetic sum of the
individual catalyst activities (Au particles and the underlying
Cu substrate) and the modulation of electronic structures
caused by the electron transfer between the two metals. The
activities of the fabricated electrodes were characterized
using spectroscopic and electrochemical analysis and some
mechanisms of glucose oxidation on the modified electrodes
were suggested based on the results.

Experimental

Materials and Chemicals. Copper foil (thickness 0.25
mm, Sigma-Aldrich, 99.98%) and Gold(IIT) chloride hydrate
(HAuClyxH,O, Sigma-Aldrich, 99.999%) were used as a
substrate and an Au precursor for the displacement, respec-
tively. The supporting electrolyte for the displacement was
made from sodium chloride (NaCl, Daejung, 99%). D-(+)-
Glucose (C¢H 1206, Sigma-Aldrich) and sodium hydroxide
(NaOH, Daejung, 98%) were used for the glucose oxidation.

Preparation of Electrodes. Au-modified Cu electrodes
were prepared by immersing Cu foil in an aqueous solution
containing 3 mM of gold(IIl) chloride hydrate and 0.5 M
sodium chloride for different reaction times of 10s, 25s, 45s,
and 1 min. Au particles are deposited on the Cu foil by
displacement reactions; 2Au** + 6e” — 2Au (reduction) vs.
3Cu — 3Cu’" + 6e (oxidation). The Au-deposited Cu
electrodes were then washed in an ultrasonic bath for 30s,
followed by drying in an N stream. For comparison, a 120
nm thick Au film was also deposited on Cu foil by sputter
deposition. A DC-Sputter (PSPD-0710, PS TEK) was used
and the Au film was deposited at a DC power of 1 kW for
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30s under a base pressure of 5.5 x 107 torr.

Characterization of the Electrodes. The morphology,
size, and coverage of the Au-modified Cu electrodes were
observed by Field Emission Scanning Electron Microscopy
(FE-SEM, SIGMA/Carl Zeiss). An Electron Probe Micro
Analyzer (EPMA, JEOL JXA-8500F) was used to map the
distribution of Au particles on Cu. The electrocatalytic
activities of the Au-modified Cu electrodes toward glucose
oxidation were observed using cyclic voltammetry (CV) and
chronoamperometry (CA). A three-electrode cell system
attached to a potentiostat/galvanostat (Autolab, PGSTAT302F)
was used in all of the electrochemical measurements. A
saturated calomel electrode (SCE) and Pt wire were used as
the reference electrode and counter electrode, respectively.
CV was conducted in the potential range from —1.0 V to 1.0
V with a scan rate of 50 mV/s in an electrolyte composed of
0.3 M NaOH and various concentrations of glucose (0 mM,
5 mM, 10 mM, 15 mM, 30 mM). CA was performed at 0.6
V vs. SCE for 3600s and 0.3 M NaOH + 10 mM glucose
solution was used as the electrolyte. All of the electrolytes
were purged with N> gas for 30 min to remove any dissolved
gas prior to the electrochemical tests.

Results and Discussion

Figure 1 presents the FE-SEM images of the bare Cu foil
and Au-deposited Cu electrodes used in the study. The
surface of the bare Cu foil (Fig. 1(a)) consists of sparsely
distributed grooves and steps having dimensions of several
tens of nm. Voids or pinholes are also observed on the rough
surface. Once the Cu surface was covered with the sputter
deposited Au thin film (Fig. 1(b)), most of the grooves or
steps were buried and only a few pinholes remained, giving

= 200nm

Figure 1. FESEM images of Cu foil (a), sputter deposited Au film
on Cu (b), displacement deposited Au on Cu for 10s (c), for 25s
(d), for 45s (e), and for 1 min (f).
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a relatively smoother surface than the bare Cu. Instead of
sputter deposition, Au particles were deposited on the Cu
surface using galvanic displacement with different deposition
times in the range of 10-60 sec. In the case of 10 s deposition
(Fig. 1(c)), Au particles with a size of 20 nm were formed on
the surface, whose populations are much higher at the step
edges. As the deposition time was increased to 25 s, as
shown in Fig. 1(d), the population density of the Au particles
rapidly rose without any significant growth of the particle
size. Deposition for a longer time, ie. 45 s (Fig. 1(e)),
increased both the surface coverage and size (~50 nm) of the
Au particles. However, there was only a slight increase in
the surface coverage after deposition for 60 s (Fig. 1(f)), due
to the self-limiting nature of the displacement reaction. It
should be noted that even after a slight increase in the cover-
age, the deposit is still in the form of coalesced particles with
significant amounts of exposed Cu on the surface.

The surface composition of the Au-modified electrodes
was further examined by EPMA. The composition mapping
of the Au-deposited (for 60 s) Cu electrode is shown in
Figure 2. As clearly shown in the figure, Au is well distribut-
ed throughout the electrode and substantial amounts of the
Cu substrate are still exposed. Considering that the penet-
ration depth of the electron beam during the analysis is
normally in the range of several tens of nanometers to
several micrometers, it is not likely that the mapping results
reflect the surface information only. However, the SEM
images in Figure 1 and the EPMA analysis support the
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Figure 2. EPMA image of Au-modified Cu electrode by displace-
ment deposition of Au for 1 min; (a) Au distribution and (b) Cu
distribution.
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conclusion that the substrate Cu has a significant effect on
the catalyst activity, that is, the electrochemical glucose
oxidation on the Au-modified Cu electrode may exhibit
some combined behaviors originating from both Au and Cu,
as confirmed by the CV results. Another possible expecta-
tion from this structure is that there is electron movement
between the adjacent Au and Cu atoms, due to the difference
in their electronegativity (EN), i.e. electron transfer from Cu
(EN=1.9) to Au (EN=2.4). Its role in the oxidation of
glucose will be discussed in a later section.

The activities of the prepared electrodes, viz. Cu foil, Au
deposited Cu foil prepared by sputter deposition, and Au
modified Cu electrode prepared by displacement deposition,
toward glucose oxidation were tested by CV in a glucose
containing electrolyte. For comparison, the electrochemical
behaviors of the three electrodes in the absence of glucose
are shown in Figure 3. In the case of the Cu foil, distinct
peaks corresponding to the formation of CuOH and Cu(OH),
are observed at —0.4 V and —0.2 V, respectively, during the
forward scan. A more oxidized form of CuO(OH) is formed
at potentials more positive than 0.7 V. During the backward
scan, CuO(OH) is reduced to Cu(OH), at 0.52 V. Further
reductions to CuOH and Cu® are also monitored at —0.65 V
and —0.9 V, respectively. However, in the case of the sputter
deposited Au film, no such peaks related to Cu were observed
and several peaks relevant to Au appeared.”> A broad peak
starting at —0.4 V was representing the formation of AuOH
followed by further oxidation to form AuO. The generated
oxidized species of Au were sequentially reduced back to
AuOH and Au at 0.0 V and —0.25 V, respectively, during the
backward scan.”? Unlike the sputter deposited Au film on
Cu, the Au-modified Cu prepared by displacement deposition
exhibited much more complex behavior, resulting from the
combined characteristics of Cu and Au. In detail, a peak was
observed at —0.45 V corresponding to CuOH formation,
whose tail was connected to a subsequent rapid current
increase leading to two peaks at —0.2 V and —0.05 V corre-
sponding to the generation of Cu(OH), and AuOH, respec-
tively. The presence of less noble Cu on the surface might
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Figure 3. Cyclic voltammograms of various electrodes in the

absence of glucose. The electrolyte is 0.3 M NaOH solution and
the scan rate is 50 mV/s.
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Figure 4. Cyclic voltammograms of glucose oxidation on various
electrodes; (a) Cu foil, (b) sputter deposited Au film on Cu foil, (c)
displacement deposited Au on Cu foil for 1 min. The electrolyte is
composed of 0.3 M NaOH and 15 mM glucose. The voltammo-
grams recorded in the glucose-free electrolyte are also added for
comparison. The scan rate is 50 mV/s.

contribute to the shift of the AuOH peak in the positive
direction as compared to that of the sputter deposited Au
film on Cu. At potentials more positive than 0.6 V, the
anodic currents were due to the formation of CuO(OH) and
AuO. By changing the scan direction to backward, a series
of reduction reactions were observed at 0.55 V, —0.05 V,
-0.2 V, —0.6 V and —-0.8 V, which corresponded to the
reactions of CuO(OH) to Cu(OH),, AuO to AuOH, AuOH
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to Au, Cu(OH), to CuOH and CuOH to Cu, respectively. As
described in the previous section, this combined behavior is
evidence that the Au-modified Cu electrode reveals charac-
teristics of both Cu and Au, which would lead us to expect
some synergistic effects on the glucose oxidation.

The activities of each electrode toward glucose oxidation
were then tested in alkaline NaOH solution containing 15
mM of glucose by performing CV analysis and the results
are presented in Figure 4. In the case of the Cu foil shown in
Figure 4(a), distinctive differences in the peak shape and
positions were observed. The broad peak at 0.0 V at the heel
of the Cu(OH), formation peak corresponds to the adsorp-
tion of glucose on the Cu surface. The adsorbed glucose
starts to be oxidized at potentials more positive than 0.3 V,
having a peak potential of 0.6 V. However, as shown in
Figure 4(b), a different voltammogram for glucose oxidation
on Au was observed on the sputter deposited Au film, which
was in good accordance with the previous results on the
glucose oxidation on Au.**>** The adsorption of glucose and
subsequent oxidation to generate gluconolactone and gluco-
nate® occurs at 0.1 V and 0.4 V, respectively. The sharp
peak at around 0.0 V during the backward scan is probably
due to the further oxidation of gluconolactone, which was
preliminarily formed during the forward scan. If the surface
of Cu is modified by Au particles deposited by displace-
ment, the glucose oxidation characteristics are more like
those of the Cu electrode than those of the Au sputter film,
as shown in Figure 4(c). The combined peaks of hydroxide
formation, glucose adsorption and its partial oxidation on
both Cu and Au in Figures 4(a) and (b) are shown as a broad
peak ranging from —0.2 V to 0.2 V. Its subsequent further
oxidation starts at 0.25 V, having a peak potential of 0.6 V,
which is very similar to that on Cu in Figure 4(a). The
oxidation peak on Au at 0.4 V (see Fig. 4(b)) is probably
buried in this peak. The oxidation continues during the
backward scan after changing the scan direction at 1.0 V. If
we compare the forward voltammogram with that on pure
Cu, the glucose oxidation in this potential region has a more
negative onset potential and higher current than that on the
pure Cu electrode. For example, the oxidation current on the
Au-modified Cu electrode at 0.4 V is about 2.7 mA/cm?
higher than that on the pure Cu electrode. Most of the
glucose oxidation at this potential is induced by CuO(OH),
as discussed in the pure Cu case, however the Au particles
still play important roles in the adsorption of glucose and its
oxidation. In addition, unlike the sharp peak at 0.0 V in the
case of the Au sputter film, the height of the oxidation peak
of the preliminarily formed gluconolactone at around —0.1 V
is decreased, which implies that the amount of reaction inter-
mediate formed on the Au-modified Cu electrode is reduced.

The activity of the Au-modified Cu electrode was further
investigated by varying the concentration of glucose. Figure
5(a) and (b) exhibit the forward I-V curves and chronoam-
perometry of the Au-modified Cu electrode prepared by
displacement deposition for 1 min in the presence of 0 to 30
mM glucose. During the forward scan in Figure 5(a), the
oxidation peaks in the range from 0.25 V to 0.7 V slightly
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Figure 5. (a) Forward scan I-V curves (scan rate = 50 mV/s) and
(b) chronoamperometry of glucose oxidation (0.6 V vs. SCE) on
displacement deposited Au on Cu foil for 1 min with different
concentrations of glucose. The electrolyte is composed of 0.3 M
NaOH and various concentrations of glucose.

increased with increasing glucose concentration, while the
peaks in the range from —0.2 V to 0.2 V had no clear
relationship with the glucose concentration. This is because
multiple reactions of hydroxide formation, adsorption and
oxidation of glucose occur simultaneously in this potential
range. Therefore, the second oxidation peak in the potential
range of 0.25 V to 0.7 V is a more suitable indicator for
examining the activity of transition metal catalysts toward
glucose oxidation. Based on this, chronoamperometry for
glucose oxidation was performed at 0.6 V with different
concentrations of glucose (Fig. 5(b)). As clearly shown in
the figure, the current densities were gradually increased
with increase in the glucose concentration, which implied
that the potential range chosen above was successfully re-
presenting the glucose oxidation.

As mentioned above, the Au-modified Cu electrode ex-
hibited better activity toward glucose oxidation than the pure
Cu or Au film electrode. One of the reasons for this is the
synergistic effects caused by the intrinsic activity of the Au
nanoparticles. Besides this, we would expect the interactions
between the adjacent Au and Cu on the electrode to have a
positive impact. Figure 6 presents the Cu 2p3» XPS results
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Figure 6. XPS analysis of Cu 2p binding energy; (a) Cu foil and
(b) displacement deposited Au on Cu foil for 1 min.

from the Cu foil and Au-modified Cu electrodes. The Cu 2p
peaks of the Cu foil (Fig. 6(a)) were observed at 932.6 eV,
932.4 eV and at 933.3 eV, which correspond to Cu’, Cu* and
Cu*', respectively.*® This indicates that the Cu foil was
composed of metallic Cu and native oxide. However, in the
case of the Au-modified Cu electrode (Fig. 6(b)), the relative
height of the Cu?" peak was increased, while the Cu® and
Cu" peaks were diminished. This implies that the oxidation
state of Cu has been increased by the adjacent Au, due to
electronegativity and, consequently, the Cu in the electrode
became ready to oxidize the glucose.

As a final test, the stability of the Au-modified Cu elec-
trode was investigated using chronoamperometry.®’ Figure 7
presents the chronoamperometry results of the Au-modified
Cu electrodes with different displacement deposition times
obtained in the 15 mM glucose containing electrolyte at 0.6
V for 3,600s. As clearly shown in the figure, while the Cu
electrode exhibited a rapid decrease in the oxidation current
immediately after the start of the experiment, the superior
activity of the Au-modified Cu electrode was preserved at a
current of about 3.5 mA/cm? during the experiments, sug-
gesting the enhanced activity and stability of the latter
electrode. However, for practical applicability to BFCs, it is
necessary to consider the stability of Cu-based catalyst in
physiological condition (i.e., blood pH 7.2). The reported
bio-cathode open circuit potential (OCP) in phosphate buffer
(0.1 M, pH 7, 20°C) was 0.5-0.6 V vs. SCE.*® Considering
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Figure 7. Chronoamperometry of glucose oxidation at 0.6 V (vs.
SCE) according to the type of electrode. The electrolyte is com-
posed of 0.3 M NaOH and 10 mM glucose.

that the OCP of glucose BFC is normally in the range of 0.7
V-0.5 V,***! the anode OCP is roughly supposed to be value
around —0.2~0.1 V vs. SCE. The anode potential might be
more positive at the typical operation voltage of biofuel cell
and long term operation at this pH and potential might cause
the stability issue of Cu.

Conclusion

A galvanic displacement deposition method was used for
the fabrication of an Au-modified Cu electrode for glucose
oxidation. The morphology and composition of the Au-
modified Cu electrode were characterized and it was found
that spherical nano-sized Au particles were well dispersed
on the Cu electrode, exposing both the Au and Cu surfaces
to the test environment. The activities of the fabricated elec-
trodes toward glucose oxidation were tested using electro-
chemical analysis and compared with those of a pure Cu foil
electrode and sputter deposited Au film on Cu foil. While
the Cu foil and sputter deposited Au film exhibited their
inherent behavior during the glucose oxidation, the Au-
modified Cu electrode exhibited better activity, characterized
by a negative shift in the oxidation potential and increased
oxidation current. Besides the aid of the intrinsic activity of
Au, the electron transfer from Cu to the adjacent Au and
resulting increase in the oxidation state of Cu are considered
to be important reasons for the enhanced activity. The
superior stability of the Au-modified Cu electrode was also
confirmed by the chronoamperometry test.
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