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Abstract

The presence of hydroquinone (HQ), a phenol, ubiquitous in nature and widely used in
industry needs to be monitored due to its toxicity to the environment. Here we
demonstrate efficient detection of HQ using simple, fast and non-invasive
electrochemical measurements on ITO electrodes modified with nanoparticles
comprising bimetallic Au-In cores and mixed Au-In oxide shells. While bare ITO
electrodes show very low activity for the detection of HQ, their modification with Au-In
core-shell nanoparticles induces a pronounced shift of the oxidation peak to lower
potentials, i.e., facilitated oxidation. The response of the different electrodes was
correlated with the initial composition of the bimetallic nanoparticle cores, which in
turn determined the amount of Au and In stabilized on the surface of the amorphous Au-
In oxide shells available for the electrochemical reaction. While adding core-shell
nanostructures with different compositions of the alloy core facilitates the
electrocatalytic (reduction-) oxidation of HQ, the activity is highest for particles with
Auln cores (i.e., a Au:ln ratio of 1). This optimal system is found to follow a single
pathway, the two-electron oxidation of the quinone-hydroquinone couple, which gives
rise to high oxidation peaks, and is most effective in facilitating the electrode-to-analyte
charge transfer and thus detection. The limits of detection (LOD) decreased when
increasing the amount of Au exposed on the surface of the amorphous Au-In oxide
shells. The LODs were in the range of 10°-10° M and were lower than those obtained

using bulk Au.
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1. Introduction

Phenolic compounds are a large family of molecules, which have attracted great
interest in the food industry due to their antioxidant capacity and potential health
benefits.! On the negative side, phenolic compounds occur as byproducts of a variety of
industries and are ubiquitous in the environment. They are classified as hazardous
materials and are particularly toxic to the environment. Hydroquinone (HQ) is one
example of this broader class of phenolic compounds that is important in a number of
biological processes, as well as in industrial products including dyes, cosmetics,
pesticides, paper manufacturing, and photographic developers.? The detection and
assessment of hydroquinone can be carried out using traditional techniques such as
fluorescence,® chemiluminescence,* and high performance liquid chromatography,’
among others. Compared to these methods, which require complex instrumentation,
electrochemical methods could provide compact and relatively inexpensive setups with
fast response for real-time analysis in the field. Conventional (i.e., metallic or glassy
carbon) electrodes, however, are not suitable for the detection of phenols due to their
poor electrochemical response.® One possible strategy for preparing efficient sensing
devices is the modification of the electrode surface with nanomaterials. Electrodes
modified with metal nanoparticles are very promising as they show unique electronic
and catalytic properties.” Au nanoparticles among other noble metals, have

demonstrated electrocatalytic enhancement in various processes: fuel cells,?®

1213 and photovoltaic devices.**> Au nanoclusters provide

sensors,'®** food analysis,
even higher catalytic activity’™ as well as other benefits, for instance stabilization
against dissolution under potential cycling regimes of oxygen-reduction fuel-cell
electrocatalysts.’” Small Au nanoparticles and nanoclusters require complicated

synthesis and are hard to stabilize in their active configuration, as they sinter easily and

their catalytic properties degrade as a result of the size increase. We recently developed
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a simple approach for the formation of stable Au-based catalysts, in which the active
sites are small gold clusters anchored in an amorphous Au-In oxide matrix. Au-In alloy
nanoparticles prepared by metal evaporation (or other methods) transform into metal
alloy-oxide core-shell structures during oxidation at room temperature.’® Auln alloy
nanoparticles terminated by gold-containing oxide shells were found to be active in the
conversion of CO and O, to CO;, near room temperature, as well as stable against
sintering up to high temperatures (>300°C), and thus show promising properties for
heterogeneous catalysis.

Here we use arrays of high-surface area Auyln; y core-shell nanostructures with
different alloy composition, x, prepared by room temperature oxidation of Au-In alloys
with different composition, to modify standard indium tin oxide (ITO) electrodes and
investigate the oxidation of hydroquinone in aqueous solutions. Our results show that
oxidized Au-In core-shell nanoparticles present electrocatalytic activity towards the
detection of hydroquinone. We find that the electrocatalytic properties are directly
influenced by the Au:ln ratio, as demonstrated by a significant decrease in the oxidation

potential at which oxidation of hydroquinone takes place.
2. Materials and Methods

Bimetallic Au-In alloy nanoparticles with different compositions were formed
by sequential room temperature magnetron sputtering of controlled amounts of Au and
In onto different substrates: indium tin oxide (ITO) electrodes (for electrocatalytic
measurements), as well as Ge (111) and amorphous carbon and few-layer graphene
membranes supported on standard TEM grids for materials characterization. Pure In and
Au nanoparticles for control experiments were prepared by sputtering of only In and
Au, respectively, under the same conditions. Different compositions of the Au-In alloy
in the nanostructures were obtained by depositing a fixed amount of Au (2nm

equivalent thickness), followed by sputtering of different amounts of In to obtain the
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desired composition. The as-deposited nanoparticle ensembles were exposed to ambient
conditions after removal from the growth reactor, which led to their oxidation in air and
formation of mixed oxide shells encapsulating the bimetallic alloy cores.®?° The
morphology and composition of the nanoparticles were investigated by transmission
electron microscopy (TEM) in a JEOL 2100F field-emission microscope equipped with
energy dispersive X-ray spectroscopy (EDS), in scanning TEM mode (beam size: 2A).
Laboratory X-ray photoelectron spectra (XPS) on nanoparticle ensembles deposited on
Ge(111) were acquired at room temperature using a Specs Phoibos 100 MCD
hemispherical analyzer, using excitation by Al Ka (hv(J= 1486.6 eV) radiation at 300 W
(10 keV; 30 mA). XPS spectra were acquired with pass energy of 25 eV and energy step
of 0.05 eV. The base pressure in the analysis chamber was in the range of 2-6 x 107
Torr. The C 1s binding energy (284.8 eV) was used as binding energy reference. To
determine the composition in the outermost surface layer, low-energy ion scattering
spectroscopy (ISS) measurements were carried out in a UHV system with 1-3 x 10™°

Torr base pressure, using 2 keV He ions (Specs IQE 12/38 ion source).

Cyclic voltammetry (CV) of ITO electrodes modified with Au-In alloy-oxide
core shell nanoparticles, prepared as described above, was carried out in an Autolab
PGSTAT128N potentiostat/galvanostat using a three-electrode cell. Ag/AgCl KCI 3M
was used as a reference electrode; the counter electrode was a platinum plate. ITO
glasses covered with Au-In nanostructures with different compositions were used as the
working electrode. Experiments were carried out in the bias range from -0.8 to 1.0 V
using KCI 0.1 mol L™ as supporting electrolyte in which hydroquinone (HQ) was
dissolved to obtain a final concentration of 10 mol L™. The scan rate used in CV was
100 mV s, with the influence of the scan rate analyzed in the range from 25 to 500 mV
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3. Results and Discussion

Figure 1 summarizes the structure and morphology of nanostructured Auxln;x alloys
with different compositions, produced by sequential vacuum deposition of Au and In, as
well as pure Au nanoparticles. The TEM images show that magnetron sputtering yields
discrete Au nanoparticles with a large variety of sizes (figure 1 (a)), while the typical
morphology that we obtain for a wide composition range of Au-In bimetallic alloys
following room temperature oxidation in air (figure 1 (b) — (d)) are elongated,
meandering nanostructures and nanoparticles exhibiting a high-surface area
morphology. The TEM images also show the partial dewetting of the Au-In alloy into
stripes, between which the amorphous C support is exposed. High-resolution TEM
(figure 1 (b) — (d), inserts)) shows that the meandering nanostructures consist of a
crystalline core with darker contrast and interspersed areas with brighter contrast that
stem from the amorphous oxide shells, similar to our earlier observations.'® Scanning
electron microscopy (SEM) investigation on ITO electrodes and crystalline Ge
substrates confirms that the Au-In nanostructures have the same morphology,
independent of the support. The surface coverage increases with the increase of In
content, both because the amount of deposited metal was larger and because the
resulting oxides were thicker (see figure 2 (b) and (c), below). Experimental electron
diffraction patterns for the four different samples (figure 1 (a’) — (d’)) are compared to
simulated diffraction patterns for Au, orthorhombic AusIn,”' and cubic Auln,”
structures and confirm the crystal structure and compositions of the cores.
Crystallographic studies of bulk Augsings found that it adopts a pseudo-orthorhombic
structure®, however the atomic positions have not been reported so far, so we could not
simulate the DP for this composition. The Augslngs nanostructures were identified
unambiguously from the EDS and XPS measurements (see figures 2 and 3 below). It is

worth noting that we find the structures with Augslngs composition showing distinct
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diffraction patterns different from the DPs of the other alloys, which confirms that
AugslIng s represents a distinct crystalline phase and can be used for the identification of

this alloy as well.
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Figure 1: Overview TEM images of the characteristic structure of (a) Au and (b)-(d) Au-In
samples with different compositions ((b) Ausln; (c) Auln; (d) Auln,) prepared by magnetron
sputtering. High-resolution TEM images showing details of the crystalline Au nanoparticles and
Au-In nanostructures terminated by amorphous surface oxides are shown in the insets of figures
(a) — (d). (@’) — (d’) Electron diffraction patterns from the nanostructures in (a) — (d) taken with a
150 nm aperture. The experimental diffraction patterns shown in the left half of each panel are
compared to simulated diffraction patterns (right half) calculated using the software package

JEMS for nanoparticles with Au, orthorhombic Ausin,?* and cubic Auln,*? structures.

EDS measurements were used to confirm the different compositions of the
nanostructures depending on the amounts of Au and In deposited. Figure 2 (a) shows
characteristic EDS spectra from Ausln, Auln, and Auln, nanostructures. The spectra
confirm the alloying of the sequentially deposited metals at room temperature.'® 2
Following air exposure, amorphous oxide shells that contain both Au and In cover the
surface of the Au-In alloy nanostructures (figure 2 (b)). Analysis of the TEM images
(figure 2 (c)) shows that the thickness of the oxide shells depends on the composition of

the initial Au-In alloy: 1.0 £ 0.4 nm for AusIn; 1.8 + 0.8 nm for Auln; and 2.8 £ 1.2 nm
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for Auln, nanostructures. This trend in the oxidation rate with alloy composition is the
same as the one established for discrete Au-In particles.'® The amorphous mixed oxide
forming on the surface of the particles during room temperature oxidation in air scales

with In content, i.e., the oxide shells are thicker for In-rich nanoparticles.
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Figure 2: (a) EDS spectra from Au-In nanostructures with different alloys compositions (Ausln,
Auln, Aulny). (b) High-resolution TEM image showing detail of the crystalline Auln
nanostructures terminated by an amorphous surface oxide after exposure to air at room
temperature. (c) Thickness distribution of the amorphous oxide shells formed after oxidation in
air for 28 days for three different as-deposited alloy compositions.

We further investigated the core-shell Auyln;«x oxide nanostructures using XPS
to determine the composition and chemical environment, and ISS to identify the
elements in the outermost layer of the oxide shell. Both investigations were performed
on oxidized nanostructures on Ge support. XPS (in conjunction with TEM) is used to
monitor the thickening of the oxide on the surface until the oxide reaches its limiting
thickness, identified by the absence of further changes in the XPS spectra. For the Au-In
alloys investigated here, this limit was reached after ~21 days in air. XPS on all Ausln,
Auln, and Auln; nanostructures reveals the presence of Au, In, and O. The Au 4f and In
3d XPS spectra for these three alloy compositions together with reference spectra for a 2
nm Au film and pure In,O3 nanoparticles (on Ge) are shown in figure 3 (a) and (b),
respectively. As expected the Au 4f spectra of the oxidized alloys are shifted to higher

binding energy compared to the Au reference and the observed shifts increase with

increasing In content, in good agreement with previous results on Au-In alloys.?® The In



3d peaks for the three alloys are also shifted compared to the spectrum of pure In,O3

nanoparticles.
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Figure 3. (a) X-ray photoelectron spectra of the Au 4f core levels of the composite Au-In-
amorphous oxide core-shell nanostructures compared to a reference spectrum of Au
nanoparticles. (b) X-ray photoelectron spectra of the In 3d core levels from the nanostructures
compared to a reference sample of In,O3 nanoparticles on Ge substrate.

Because of the high energy of the exciting photons from a laboratory XPS
source, the kinetic energy of the Au 4f and In 3d photoelectrons is high, which
translates into a large escape depth. As a result the XPS measurements probe both the
alloy core and the mixed oxide shell of the nanostructures and are of limited use for
characterizing the near-surface composition of the Au-In oxide structures, which is key
to their electrocatalytic properties. We thus used ISS to determine the constituents of the
surface of oxidized Au-In alloy nanoparticles (figure 4 (c) — (e)), with a bulk Ge crystal
(with native oxide, figure 4 (a)), a Au film on Ge (figure 4 (b)), and In,O3 nanoparticles

on Ge (figure 4 (f)) serving as reference samples.
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Figure 4. lon scattering spectra of: (a) Reference Ge wafer, used as a substrate for the
nanostructures. (b) Reference Au film. (c) — (e) Auzln-, Auln-, and Auln,-amorphous Au-In

oxide core-shell nanostructures, respectively. (f) Crystalline In,O3 nanopatrticles.

ISS on the nanostructured Au-In oxide samples shows the presence of Au, In, Ge, and O
in the surface layer (figure 4 (c) — (e)). This confirms that all oxidized Au-In
nanostructures contain Au at the surface of their oxide shells. The Ge signal stems from
the exposed substrate between the nanoparticles. In the alloy nanostructures with higher
In content (i.e., larger overall coverage of deposited metal) the Ge peak is not well
resolved due to the small remaining area of the bare support in these samples (figure 1
(d)). These samples have the thickest oxide shells (see figure 2 (c)), which contribute to
the almost complete shielding of the substrate from the incoming He ions. The (Au:In)

peak ratios in samples with different In content show a clear trend in Au content, which
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follows the composition of the initial Au-In alloy: the oxide surface of particles with
Augsln cores contains significantly more Au (Au:ln = 0.79) than that of particles with
Auln cores (Au:ln = 0.22), which again is larger than that of particles with Auln; cores
(Au:ln = 0.11). From the ISS measurements, we conclude that the outermost atomic
layer of the amorphous oxide shells contains Au, In and O. The amount of Au exposed
at the oxide surface is not fixed, but can be varied by adjusting the Au concentration in
the initial Au-In binary alloy. This provided us access to working electrodes with
systematically different concentrations of near-surface Au, stabilized on the amorphous
Au-In oxide shells, for electrochemical characterization.

The electrocatalytic properties of the Au-In alloy nanostructures for the detection
of hydroquinone were measured in aqueous solutions containing 10 mol L™ HQ. This
particular concentration was chosen to facilitate comparison with other means of
detection, as it is the one usually targeted for HQ detection. Cyclic voltammograms
were measured using ITO electrodes modified with the core-shell nanostructures with
different (Au:In) ratios. Reference voltammograms were recorded for unmodified ITO
and bulk Au electrodes, as well as working electrodes modified with Au nanoparticles.
According to the literature, in aqueous solution with neutral pH and using carbon
electrodes, para-hydroquinones undergo a two-electron single-step oxidation?® that
appears as a broad and irreversible anodic peak in the 0.7 — 1.0 V region. The
characteristic voltammograms registered using unmodified 1TO-on-glass electrodes,
bulk gold and Au nanoparticles modified ITO electrodes are compared in figure 5 (a).
The voltammograms measured with unmodified ITO and ITO modified with the Au-In
nanostructures as the working electrode, are shown in figure 4 (b). In figure 4, all
voltammograms are shown on the same scale to allow direct comparison of the currents.
In figure 5, the voltammograms registered with the different electrodes are shown on

different scales, so that their details can be clearly seen. The characteristic
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voltammogram registered using unmodified ITO as the working electrode, is shown in
figure 5 (a) (black curve) and figure 6 (a). Starting at 0.75 V, a small increase in the
current is observed, indicating that with an unmodified ITO working electrode HQ
oxidation starts at high voltages, probably due to the difficulty of the electron transfer to
the ITO glass. Thus, unmodified ITO electrodes are not suitable for the detection of

hydroquinone.
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Figure 5. Cyclic voltammograms of (a) ITO (black), bulk Au electrodes (dark blue) and Au
nanoparticle modified ITO electrodes (yellow curve) and (b) ITO electrodes (black), and
electrodes modified with Auln, (blue), Auln (red) and Ausln (orange) core-amorphous mixed
oxide shell nanostructures immersed in an agqueous HQ solution (1 mmol L'l). Scan rate 100
mv s™.

The voltammogram recorded with a bulk gold working electrode is shown in
Figure 5 (a, dark blue curve) and 6 (b). The entire curve presents very low intensity.
Despite the low overall intensity, the voltammogram (figure 6 (b)) shows a well-defined
redox pair at ~ 0.7 V and ~ 0.2 V (labeled I, and I;), respectively. This redox process is
associated with the two-electron (reduction-) oxidation process of the quinone-
hydroquinone couple in buffered aqueous media®® (Scheme 1) that can be written as:

QH, > Q+2H +2¢.
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Scheme 1: Two-electron two-proton reduction of quinone in aqueous buffer.

For the bulk Au electrode, several additional peaks are observed as well. The
most important is the redox pair Ill, which is related to a weak dimerization process of
the quinoid form. Notice that peak Ill, can be clearly observed, whereas peak Ill.
overlaps with peak I.. In addition, several cathodic peaks arising from redox processes
associated with adsorbates on the gold surface (usually —OH of the solvent linked to the
gold surface) are detected.?” Importantly the current densities recorded with the bulk Au
electrode are very low, rendering it almost inert and not suitable to efficiently detect the

oxidation of HQ.

The coverage of the ITO/glass electrodes with nanoparticles induced new
reaction mechanisms leading to significant changes in the cyclic voltammograms. The
voltammograms registered using 1TO/glass electrodes with Au nanoparticles with broad
distribution of sizes in the range between 1 nm and 20 nm, (Figure 5 (a, yellow curve)
and 6 (c)), was characterized by a drastic increase in intensity. In addition, the presence
of gold nanoparticles changes the mechanism of oxidation and the HQ molecules
undergo a two-step one-electron oxidation. This leads to a new peak (Il;) which is
clearly observed at ~0.0 V corresponding to the first one-electron oxidation, while the

second one-electron oxidation corresponds to peak la.

12



Current (pA)
=]
-]

B0 s 0 00 0E
Potentlal (V)

104
8]
6
4]
2]

0.0

2]
4
6

Current (nA)

I+III

Potentlal (V)
15001 ©

-
= o
o o
S s

Current (pA)
ol
?

én
=]
2

1+,

08 -04 00 04 08 12
Potential (V)

-1000-

@ ~
S o
2.°

Current (uA)
N W oA
=]
2.2

-
e o
e.2

-100'

4 potential (V)

,_,200-

I

= 150

t

@ 100

3 50
0.0
501

Potentlal (V)

Current (pA)
h 2 o
e S =

Y
=]
s

C10TTE 04 00 04 08 12
Potential (V)

Figure 6. Cyclic voltammograms of (a) ITO, (b) bulk Au electrodes, and electrodes modified
with (¢) Au nanoparticles, (d) Auln,, (e) Auln and (f) Ausln core-amorphous mixed oxide shell
nanostructures immersed in HQ (1 mmol L™). Scan rate 100 mV s™
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In this case, the number of dimers is higher justifying the change in the relative
intensities /11, Other cathodic peaks observed are related to the redox process
associated with adsorbates on the gold surface, similar to the bulk Au electrode. The
current densities are large and thus there is high electrocatalytic activity stemming from
the Au nanoparticles. However, the CV is quite complicated due to the activation of

several processes such as HQ oxidation, dimerization, etc.

We now discuss results for ITO working electrodes modified with Au-In
nanostructures with bimetallic core and oxide shell. A characteristic voltammogram
recorded with a working electrode modified by oxidized Auln, is shown in figure 5 (b)
and figure 6 (d). The voltammogram is rather simple. The onset of the oxidation peak is
shifted by ~0.3 V to lower potential compared to the ITO electrode, and the increase of
the current is much larger.

The changes in the voltammograms are even more pronounced for ITO
electrodes modified with Auln core-oxide shell nanoparticles (Figures 5 (b), 6 (e)). Here
the onset of oxidation is again shifted to lower potentials, similar to the Auln, modified
electrode. In addition, a well-defined peak with an onset at 0.25 V and maximum at
~0.55 V is observed. This behavior is consistent with the two-electron oxidation of
quinone-hydroquinone couples in buffered aqueous medium.?®

On the extreme Au-rich side, finally, 1ITO electrodes modified with oxidized
Auzln core-shell nanoparticles produced a fundamentally different response. Two
separate anodic waves I, and Il, accompanied by their corresponding reduction peaks I.
and 1l were observed (figures 5 (b), 6 (f)). This behavior is consistent with two
successive one-electron oxidation steps (Scheme 2) in which the first step is completely
reversible, leading to the formation of semiquinone, and the second quasi-reversible

step gives rise to the quinone. Such a behavior has previously been reported in aprotic
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solvents,? but this is the first time that this two-step oxidation process has been found in

aqueous media.

+1e+1H’ +1e+1H’
——— —

< ! || =

o} OH OH
Scheme 2: Two-electron two-step one-electron oxidation of quinone in aqueous buffer.

From the above results, it can be concluded that Au-In core-shell nanoparticles
show clear electrocatalytic effects that depend on the Au/In ratio of the initial alloy,
which in turn determines the amount of Au stabilized in the near surface area of the
oxide on the surface of these nanostructures. ITO working electrodes modified with
nanoparticles with moderate Au content (Auln, and Auln) caused a shift of the
oxidation peak to lower potentials (i.e., facilitated the oxidation) and showed much
higher activity than unmodified ITO electrodes. Importantly for the detection of HQ, the
electrocatalytic (reduction-) oxidation of HQ on these electrodes follows a single
pathway, the two-electron oxidation of the quinone-hydroquinone couple. This contrasts
with the behavior of Au nanoparticle modified ITO electrodes, which also showed large
current densities (i.e., high activity) but were not selective to a single reaction
mechanism and instead showed a number of concurrent processes. Au-rich Ausln
nanoparticle electrodes not only facilitated the oxidation, but they also provided a
different pathway, a two-steps mechanism involving two successive one-electron
oxidation steps, to the oxidation of hydroquinone. In general, dimerization and
polymerization are avoided when Au-In nanoparticles are used in working electrodes,
showing more stables responses and clearer curves. Finally, we note that the Au/In ratio
influenced the intensity of the responses. The intensity of the oxidation peaks was
higher when the mechanism was a two-electron process, and the intensity was much

higher at low Au content.
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The influence of the scan rate on the peak height was also investigated in the 25-
500 mV-s" range. The redox peak currents increased progressively with the scan rate
(figure 7 (a)). The intensity of the peak current (measured at the voltage of oxidation or
reduction of hydroquinone) scales with the square root of the scan rate (figure 7 (b)),
which indicates a diffusion controlled mechanism for the oxidation/reduction of the
antioxidant. This indicates that the high surface area of the nanostructured electrode

material facilitates a rapid electron transfer between electrode surface and the analyte.
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Figure 7. (a) CVs obtained for HQ (10™° mol L™) at a Ausln modified electrode at different scan
rates (25-500 mV s™). (b) Plot of peak current, measured at the voltage of oxidation or reduction
of hydroquinone, as a function of (scan rate)"?.

(Scan Rate)"”

The slopes obtained of the peak current vs. (scan rate)”2 characteristics for the
oxidation peak are different for the different alloys (Table 1). A higher value of the
slope indicates faster charge transfer. The highest value was found for Auln
nanoparticles, indicating that Auln modified working electrodes were most effective in

facilitating the electrode-to-analyte charge transfer.

Sensor Slope (pA-(mV/s)™*? R?
Oxidation Reduction Oxidation Reduction

Auln, 2.4+0.2 - 0.993 -

Auln 55.0+3.8 - 0.994 -

Ausln 13.4+0.2 9.4+0.1 0.992 0.998

Table 1. Slope and regression coefficient of linear fits of the intensity of the anodic and cathodic
peaks of the hydroquinone redox process as a function of the square root of the scan rate
(between 25 - 500 mV-s™).

The effect of the concentration of HQ on the response of the sensors was

investigated in the range of 10™ to 10 M. The sensitivity was obtained from the slope
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of the graph. The corresponding Limits of Detection (LOD) were calculated according
to the 3sp/m criterion, where m was the slope of the calibration graph, and s, was
estimated as the standard deviation (n = 5) of the signals at the concentration level
corresponding to the lowest concentration of the calibration plot. The obtained results

are shown in Table 2.

Auln, Auln Auzln Au NPs Au bulk
Sensitivity - 0.201 0.075 0.487 0.005
LOD - 1.33x10° | 357 x10° | 549 x 10° | 5.05 x10*

Table 2. Sensitivity and LOD towards HQ for ITO working electrodes modified with different
oxidized Au-In nanostructures, compared to Au NP and bulk Au electrodes. Relative standard
deviation: 1.8% (Auzln) and 7-8% (Auln, Au NPs, bulk Au).

The detection limit decreased when increasing the amount of Au exposed on the
amorphous oxide surface. The LODs were determined to be in the range of 10°-10° M
and were lower than those obtained using bulk Au. However, it is important to note that
the nanostructures with Auln, cores did not show good electrocatalytic properties and
the peaks associated to HQ shifted to even higher potentials when increasing the
concentration of antioxidant. For this reason, the limit of detection could not be

calculated accurately for Auln, films.

To establish the reproducibility of the measurements with the different
electrodes the determination of 1.0 mM HQ was repeated six times. The first cycle was
always different from the rest of the scans and was not included in the results. Such a
behavior is typically observed in chemically modified electrodes and is due to the
diffusion of ions inside/outside the films. In the case of Ausln, subsequent cycles
achieved a good reproducibility with a relative standard deviation (RSD) of 1.8%. For
the remaining nanostructures the intensity of the signals decreased progressively and the

RSD calculated was in the range of 7-8%.

4. Conclusions

17



Oxidized Au-In core-shell nanoparticles with different compositions were
investigated as electrocatalysts for the (reduction-) oxidation of hydroquinone. The
nanoparticles were characterized by TEM, XPS and ISS measurements and these
combined measurements demonstrated that the amorphous mixed oxide shells formed
on the Au-In nanoparticles with different alloy compositions have different amount of
Au and In on the surface. ITO electrodes modified with oxidized Au-In core-shell
nanostructures present different electrocatalytic activity depending on the amount of Au
stabilized on their surfaces. Nanoparticles with Auln, and Auln core surrounded by
oxide shells produced a displacement of the onset of the peak to lower potentials,
whereas Auzln samples caused two separate anodic peaks with their corresponding
cathodic waves. We can conclude that among the investigated alloy compositions the
oxidized Auln core-shell nanoparticles promise the best performance for the analysis of
antioxidants due to the excellent range where the redox peaks are detected, the excellent
definition of the redox peaks with high intensity, and enhancement of the charge

transfer.
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