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a b s t r a c t

We report here preparation and characterization of an AuCu3 alloy electrochemical sensing platform fab-
ricated on an easy for mass production barrel-plated gold electrode (AuBPE). Note that the AuBPE consists
of Cu main body with successive plating of a very thin layer of Ni and Au (i.e., Cu–Ni–Au multilayer). By
suitably manipulating the grain boundary diffusion between individual metallic layers of Cu–Ni–Au by
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means of thermal annealing treatment, AuCu3 alloy film can be formed directly on the outer surface of
the AuBPE. Electrochemical activation in alkaline solution can further generate a nanostructured AuCu3

alloy film. This facile and novel approach is promising to prepare sensors for electroanalytical applica-
tions, e.g., glucose oxidation in pH-neutral solutions and simultaneous detection of uric acid, dopamine
and ascorbic acid.

m
om
lloy
u electrode

. Introduction

In recent years, our group has successfully applied the engi-
eering process of barrel platting technology for mass production
f a variety of metal electrodes in various analytical applications
1–5]. Among these, the barrel plated gold electrode (AuBPE) rep-
esents a useful platform for the development of a highly precise
lucose biosensor [6–9]. The anodic current of the glucose biosen-
or is linked to the enzymatic reaction and varies linearly with the
oncentration of glucose in a certain range. Note that an accurate
easurement of glucose level in blood has long been recognized as

n important clinical test for diagnosing diabetes mellitus. We also
uccessfully deposited a reticular and porous Ni film on the AuBPE
o enhance the catalytic activity towards glucose oxidation [10].
he electro-oxidation of glucose, however, is only possible under
lkaline conditions. In this study, we disclose a facile and novel
pproach to prepare AuCu3 alloy film directly on the AuBPE and
he as-prepared catalyst shows an interesting electrocatalytic oxi-
ation of glucose in neutral media as well as other electrochemical
ensing applications.

www.sp
The main body of the AuBPE is made of Cu with successive plat-
ng of a very thin layer of Ni and Au (i.e., Cu–Ni–Au multilayer)
nd the Ni layer acts as a diffusion barrier to prevent any inter-
ctions between Cu and Au layers. Previous study on multilayer
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Cr–Cu–Ni–Au thin films indicated that the Ni layer is not effective
as a diffusion barrier when annealing at 573 K for 900 s [11]. It is
because that the high mixing energy of Au–Cu system can lead both
Cu and Au diffuses towards each other across the Ni layer to exhibit
intensive redistribution by the mechanism of grain boundary dif-
fusion. Indeed, Au (rAu = 0.1442 nm) and Cu (rCu = 0.1278 nm) with
the radius difference is large, a complete statistical miscibility of Au
and Cu in the solid phase is observed and can be described as solid
solution [12,13]. Using the AuBPE with Cu–Ni–Au multilayer as a
substrate, by suitably manipulating the grain boundary diffusion
between individual metallic layers of Cu–Ni–Au, we demonstrate
the formation of AuCu3 alloy by a simple thermal annealing pro-
cess. We further applied an electrochemical cyclic voltammetric
activation process in alkaline solution to generate a nanostruc-
tured AuCu3 alloy film. The XRD, XPS, SEM and AFM studies were
executed to characterize the nanostructured AuCu3 alloy and the
results were discussed. Finally, the electrochemical sensing proper-
ties of the as-prepared nanostructured AuCu3 alloy electrode were
applied not only for electrocatalytic oxidation of glucose in neu-
tral media but also for simultaneous determination of uric acid,
dopamine and ascorbic acid.

2. Experimental

.c
2.1. Measurements

All compounds were ACS-certified reagent grade and used
without further purification. Aqueous solution was prepared with

dx.doi.org/10.1016/j.electacta.2011.01.071
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
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Fig. 1. Scheme and pictorial representation of the

illipore deionized water throughout this investigation. Cyclic
oltammetric and chronoamperometric experiments were per-
ormed at a CHI 703 electrochemical workstation (CH Instruments,
SA). Surface morphology of the film was examined with a field-
mission scanning electron microscope (SEM, JEOL JSM-6700F)
ith an accelerating voltage of 3 kV. The thickness of Ni layer

nd Au layer was measured by X-ray fluorescence spectroscopy
FISCHERSCOPE® X-RAY XUL, FISCHER, Germany). The AFM images
ere recorded with a multimode scanning probe microscope sys-

em operated in tapping mode using Being Nano-Instruments
SPM-4000, Ben Yuan Ltd. (Beijing, China). Synchrotron XRD pat-
erns were recorded with a large Debye–Scherrer camera installed
t beam line 01C2 (� = 1.033 Å or 12 keV) of National Synchrotron
adiation Research Center (NSRRC) in Taiwan. The flow injection
nalysis (FIA) system consisted of a high pressure microproces-
or pump drive (BAS, USA) and a Rehodyne 7125 sample injection
alve (20 �L loop) [3,5,10]. A flow cell (∼50 �L of volume capac-
ty), as shown in Fig. 1, was used for analytical measurements. It
onsists of an annealed-AuBPE working electrode, a stainless tube
ounter electrode (outlet), and an Ag/AgCl reference electrode. All
he experiments were performed at room temperature (25 ◦C).

.2. Electrode preparations

The AuBPE three-electrode system is the same as reported in
ur previous studies [6,10]. The AuBPE (1.25 mm diameter, 31 mm
ength) with an average weight of 392.4 ± 0.6 mg (n = 10) was fab-
icated by barrel plating nickel thin film onto a copper rod and
ubsequently plated gold thin film. The thickness of Ni layer and
u layer was measured as 7.39 �m and 0.11 �m, respectively. Note

hat the thickness of the outer Au layer can determine the rate and
xtent at which Ni should leach from the middle Ni layer. Also, the
hickness of the Ni layer is important in the formation of the Au–Cu

www.sp
lloy since it would dictate the extent of interaction between Au and
u layers. Annealing procedure was operated using a tube furnace.
he AuBPE was annealed by a thermal step as follows: room tem-
erature to 673 K for 40 min and then at 673 K for 2 h. The first low
emperature annealing step can largely increase the grain boundary
njection apparatus and the flow cell construction.

diffusion and the second high temperature step can help to form
the miscible structure of AuCu3. The optimum annealing conditions
were selected according to its electrocatalytic performance to glu-
cose oxidation. The annealed-AuBPE was activated by consecutive
scanning in the range of −0.4 to 2.0 V for 150 segments in 0.1 M
PBS (pH = 7) to leach out the Ni oxide component for generating
of the nanostructured AuCu3 film. Note that the activation condi-
tions generally follow our previous studies [3,5,10]. Henceforth, the
AuBPE prepared by thermal annealing followed by electrochemical
treatment was designated as annealed-AuBPE and nanostructured-
AuBPE, respectively.

3. Results and discussion

3.1. Structural characterizations

Fig. 2 shows the change in morphology of a bare AuBPE, the
annealed-AuBPE and the nanostructured-AuBPE by SEM and AFM.
As can be seen in the SEM pictures, compared to that of AuBPE, a
grainy surface film was formed after the annealing process. Further
electrochemical treatment was found to generate a nano-structure
on the AuBPE. In effect, during the annealing procedure and elec-
trochemical treatment, the appearance of AuBPE was observed to
change from gold to brown and finally to chocolate, as illustrated in
the inserted pictures. Both results of morphology and appearance
change clearly indicate a variation of the outmost Au film after the
thermal treatment.

Additional information regarding the variation in surface mor-
phology of the AuBPE can be revealed by AFM studies. According
to the AFM images, the smooth appearance of AuBPE was found
to change into a relatively coarse and fracture surface after the
annealing treatment. The electrochemical activation process fur-
ther increased the rough level with the formation of nanosized

.co
m

pores on the surface. The change was clearly differentiated by the
increase in surface contour level. Furthermore, based on the energy
dispersive spectroscopy (EDS) analysis, the increase of Cu from
0.0 to 20.9 wt% accompanied with a decrease of Au from 69.3 to
48.8 wt% after the annealing process again indicates a possible Au
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Fig. 2. AFM images, SEM images and pictures of AuBPE (a),

lloy film formation. Overall, all these studies verified that there is
ndeed grain boundary diffusion between Au and Cu layers with a
ossible Au alloy formation. It is interesting that an Au–Cu alloy film
an be achieved by a simple thermal annealing treatment followed
y an electrochemical activation process.

We next aimed to study the two essential questions of: (1) what
ind of Au alloy film is formed and (2) how the nanostructured film
s attained? Fig. 3 shows the observed XRD patterns of a bare AuBPE,
he annealed-AuBPE and the nanostructured-AuBPE, respectively.
ue to the very thin thickness of Au layer, both the peaks responsi-
le for the crystal reflections of Au and even the underneath Ni layer
ere observed at a bare AuBPE (i.e., before the annealing treatment,

ig. 3a). In accordance with the previous surface characterization
tudies, we observed new peaks corresponding to fundamental and
uperlattice reflections of AuCu3 phase after the annealing treat-

www.
ent, as shown in Fig. 3b [12]. The original Ni layer underneath,
n the other hand, was found to convert into Ni oxide during the
nnealing process. Note that the observation of very sharp diffrac-
ion peaks from the fundamental and superlattice reflections of
uCu3 phase also reveals a homogeneous alloy structure after the
led-AuBPE (b) and nanostructured-AuBPE (c), respectively.

annealing treatment. The relative ratio between the peaks related
to AuCu3 alloy and that of Ni oxide was found to increase after the
electrochemical treatment with the re-appearance of a relatively
smaller Au peak (Fig. 3c). We propose that it is the leaching of the
Ni oxide component on the outer surface during the electrochemi-
cal activation process that generates the nano-structure and at the
same time increases the relative ratio between AuCu3 alloy and Ni
oxide. Most importantly, the leaching of Ni oxide at the surface is
essential to induce the electroactivity of the AuCu3 alloy film as will
be discussed in later section.

3.2. Electrochemical behavior

Cyclic voltammetric studies recorded before/after the annealing
treatment and electrochemical activation process provide the most

useful information regarding the application aspects. As shown
in Fig. 4a, a typical Au redox peak (peaks a1/c1) at 0.81 V and
0.53 V was observed for the AuBPE before the annealing treat-
ment. It is surprised that virtually no peak was observed in the
voltammetric behavior of the annealed-AuBPE (Fig. 4b). During the
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Fig. 4. Schematic of fabrication process with the observed cyclic voltammograms of

backs such as enzyme stability problems, interfering effects of other
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ig. 3. XRD patterns for AuBPE (a), annealed-AuBPE (b) and nanostructured-AuBPE
c), respectively.

lectrochemical activation in pH 7 PBS, a couple of peaks (i.e., the
edox peaks of a2/c2 at 0.96 V and 0.44 V and a3/c3 at 0.25 V and
.18 V) were found to grow with successive cyclic voltammetric
canning (Fig. 4c). Most importantly, the much larger peak response
f the nanostructured-AuBPE (blue line) to that of a bare AuBPE
red line) was in consistent with the SEM and AFM observations of
hich the nanostructured-AuBPE possesses a very high electroac-

ive surface area. According to the disappearance/re-appearance of
he Au signal in the XRD analysis before/after the electrochemical
reatment, we believe that the peaks a2/c2 with a slightly shift in
eak potentials to those of peaks a1/c1 is in fact the Au redox peak.
he new peak a3/c3, on the other hand, should have something to
o with the AuCu3 redox peak.

Since the earlier XRD studies clearly verified the existence of
i oxide after the annealing process and also the increase of rela-

ive ratio between AuCu3 alloy and Ni oxide after electrochemical
reatment. The existence of Ni oxide is thus critical to the lack
f electroactivity for the annealed-AuBPE. Our previous investiga-
ion has demonstrated an activated Ni platform for electrochemical
ensing of phosphate based on the adsorption of phosphate at
he barrel plated nickel electrode (NiBPE) surface [5]. We sus-
ect that the leaching of Ni oxide in the PBS medium may be
he main driving force for such a phenomenon. As reported ear-
ier, the electrochemical characteristics of the NiBPE is the loading
ffect of an oxidation peak at 0.53 V and a reduction peak at
.38 V due to the activation of NiBPE in alkaline media to form
Ni(OH)2/NiO(OH) film [13]. To check the cyclic voltammetric

ehavior of the annealed-AuBPE and nanostructured-AuBPE in
lkaline solution can therefore provide the intrinsic information
egarding Ni oxide. As shown in Fig. 5a, the multilayer formation
henomenon at the annealed-AuBPE was indeed similar to the
lectrochemical characteristics of the activated NiBPE. The cyclic

www.sp
oltammogram for the nanostructured-AuBPE, on the other hand,
howed no such a loading effect corresponding to the character-
stic peak of Ni oxide (Fig. 5b). We thus conclude that it is the Ni
xide that blocks the electroactivity of the AuCu3 alloy film formed
AuBPE (a), annealed-AuBPE (b) and nanostructured-AuBPE (c, blue line) and AuBPE
(red line) plotted together for comparison at a scan rate of 10 mV/s in 0.1 M PBS
(pH = 7). (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of the article.)

during the annealing process. The electrochemical activation that
causes the leaching of the Ni oxide component is therefore essential
for the occurrence of nano-structure as well as the electroactivity
of the AuCu3 alloy film.

3.3. Electrocatalytic activities

To evaluate the ability of the nanostructured-AuBPE for use
in electrochemical sensing applications, nonenzymatic determi-
nation of glucose in neutral media was first demonstrated. Note
that enzyme electrodes using glucose oxidase have been widely
employed for the electro-oxidation of glucose, but with some draw-
electrooxidizable species and the competing electron accepting
reaction of O2 with respect to the electrode [14–18]. Sensors based
on the nonenzymatic direct oxidation of glucose would be expected
to avoid such problems. Indeed, gold nanoparticles and gold nanos-
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ig. 5. (a) Cyclic voltammogram for consecutive 50 cycles at the annealed-AuBP
anostructured-AuBPE.

ructured films modified electrodes have recently been introduced
or the direct determination of glucose in neutral solutions [19–22].

eanwhile, the conventional gold electrodes provided similar elec-
roanalytical benefits after they were activated by cycling their
otential between −0.20 V and 0.80 V [23]. The cyclization of elec-

rode potential in PBS generates the gold–oxygen species on the
lectrode surface that catalyze the oxidation of glucose. In our case,
he electrocatalytic behavior for glucose can be observable without
ctivation. As shown in Fig. 6, there is an electrocatalytic peak for
xidation of glucose mediated by the a3/c3 redox couple at ∼0.25 V

ig. 6. Cyclic voltammograms of nanostructured-AuBPE at a scan rate of 10 mV/s in
he absence (black line)/presence (red line) of 10 mM glucose in 0.1 M PBS (pH = 7).
For interpretation of the references to color in this figure legend, the reader is
eferred to the web version of the article.)

www.sp
m

scan rate of 100 mV/s in 0.1 M NaOH solution. (b) The same experiments at the

vs. Ag/AgCl. The mediation of glucose by the AuCu3 redox couple is
thus confirmed in this study.

Compared to the chronoamperometric signals at a bare AuBPE,
the nonenzymatic direct oxidation of glucose in neutral media
is only possible at the nanostructured-AuBPE. At the detection
potential of 0.25 V vs. Ag/AgCl, the amperometric responses of the
nanostructured-AuBPE increased with successive additions of glu-
cose. The excellent performance depicts the high electrocatalytic
ability of the AuCu3 alloy film not only with a large current enhance-
ment but also with a largely decreased overpotential. Subsequently
this characteristic of glucose at the nanostructured-AuBPE was
employed for the detection of glucose by FIA. Note that impor-
tant practical features of FIA include the simplicity, lower cost
and better analytical characteristics. Besides, the instrumentation
is lightweight, compact, easily be taken into the field and read-
ily be automated. By taking 0.1 M, pH 7 PBS as the mobile phase,
the mediated current of electrocatalytic oxidation of glucose at the
nanostructured-AuBPE was utilized to electroanalysis of glucose.
Fig. 7A shows typical FIA responses and calibration plot for glucose
under the optimal conditions of Hf = 300 �L/min and Eapp = 0.30 V
vs. Ag/AgCl. A good linearity in the window of 20 �M to 10 mM
with sensitivity of 1.75 �A/mM and regression coefficient of 0.999,
respectively, was observed. The reproducibility of the proposed sys-
tem was further checked by 10 continuous injections of 20 �M,
500 �M and 5 mM glucose (Fig. 7B). The relative standard devi-
ations are 1.92%, 1.05% and 4.28% for 5 mM, 500 �M and 20 �M
glucose, respectively. The fact that all relative standard deviations
are <5% in the high to low concentrations of glucose indicates good
reproducibility of the proposed system.

We further demonstrate simultaneous detection of uric acid,
dopamine and ascorbic acid due to their importance in biologi-
cal systems [24]. Simultaneous electrochemical detection of these
three biomolecules is generally difficult at a bare carbon elec-
trode because of the interference with one another. So far, many
chemically modified electrodes including Au nanoparticles have

.co
m.
been reported for this task [25–33]. Nonetheless, these modified
electrodes generally are complicated and difficult to remain the
stability. Fig. 8 compares the observed voltammetric responses
for simultaneous detection of uric acid, dopamine and ascorbic
acid at a bare AuBPE and the nanostructured-AuBPE. As can be
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ig. 7. (A) Typical FIA responses of glucose at a detecting potential of 0.3 V (vs. Ag/Ag
f 20 �M (a), 500 �M (b) and 5 mM (c) glucose for 10 continuous injections..sp
een, three distinguishable and much improved signals can only
e observed at the nanostructured-AuBPE. Simultaneous detection
f uric acid, dopamine and ascorbic acid without a separation step
s thus promising using the nanostructured-AuBPE.

ig. 8. Linear scan voltammograms at a bare AuBPE (dashed line) and the
anostructured-AuBPE (solid line) for 2 mM each of uric acid (UA), dopamine (DA),
nd ascorbic acid (AA) at a scan rate of 10 mV/s in 0.1 M PBS (pH = 7).

www
d flow rate of 400 �L/min with 0.1 M PBS (pH = 7) carrier solution. (B) FIA responses

4. Conclusions

In conclusion, the AuCu3 alloy film with nanosized pores have
been prepared based on the AuBPE substrate by a simple thermal
annealing procedure and electrochemical activation process. This
facile approach is promising in manufacture on a mass scale and
represents a useful platform for electroanalytical applications. We
further demonstrated the application of the nanostructured-AuBPE
for direct oxidation of glucose in neutral media with excellent elec-
trocatalytic responses. The AuCu3 alloy film is also an advanced
material to catalyze the oxidation of uric acid, dopamine and
ascorbic acid with improved voltammetric peak separation and
sensitivity. Such an electrocatalytic property of the AuCu3 alloy
is anticipated to be used as anode in sugar–air battery with good
energy densities [34–36]. The research is currently under investi-
gation in this laboratory.
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