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ABSTRACT: Localized surface plasmon resonance (LSPR) is a
phenomenon derived from the interaction between light and
nanostructures, and its outcomes have been explored mainly for
applications in surface-enhanced Raman spectroscopy (SERS),
phototherapy, and catalysis. Bimetallic nanostructures are able to
synergically combine the properties of two different metals to
create a tuned response to LSPR according to their composition,
shape, and morphology. In this study, an in situ synthesis of AgAu
bimetallic hollow nanoshells (NS) over layered graphene oxide
(GO) and silica submicrospheres (SiO,) is presented. The
synthesized structures acted as peroxidase-like nanozymes in the
plasmon-enhanced electrochemical sensing of H,0,. The nano-
zymes were submitted to 405, 533, and 650 nm laser irradiation
while performing the hydrogen peroxide reduction reaction (HPRR) with a fast response speed (4 s), exhibiting enhancements in
sensitivity of 122% (for Ag;eAu,;/GO at 533 nm, 787 yuA mM ™" cm™2), 105% (for Ag;sAu,,/GO at 405 nm, 725 yuA mM ™' cm™?),
and 119% (for Ags,Aus,/SiO, at 650 nm, 885 uA mM™' cm™2) compared to the dark conditions when matching the LSPR band
maximum for each synthesized structure. When laser stimuli did not match LSPR band maximum, lower enhancements were
achieved in both cases. According to Michaelis—Menten enzyme kinetics, the nanozymes I, followed the same LSPR bias and KiF?
was lowered after LSPR stimuli, showing the smallest values upon 405 nm irradiation (0.599 mM for Ag;sAu,;/GO and 0.228 mM
for Ags,Aus,/SiO,) demonstrating increased substrate affinity in comparison to values previously reported in enzymatic and
nonenzymatic biosensors of H,O,. Thus, we propose that LSPR is the main mechanism involved in the faster electron transfer rates
and the consequent enhancement of electrochemical H,O, sensitivities, I,,,, and K¥ by the bimetallic nanozymes synthesized by
this approach.
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H INTRODUCTION
Hydrogen peroxide (H,0,) is an important analyte, and its

Enzymatic and nonenzymatic electrochemical sensors are of

great interest due to their high activities and selectivity.

determination plays a key role in different fields, such as
biology, biomedicine, the food industry, and pharmaceutical,
biochemical, and environmental analyses.l’2 Moreover, it is
involved in several biological processes, and its excess can
affect the proper functioning of cells; thus, its accurate
determination is valuable.” Over the years, different techniques
have been explored for its determination, such as titrimetry,*
chromatography,’ spectrophotometry,® colorimetry,” fluores-
cence,® and electrochemistry.9 However, electrochemical
methods are preferred due to their rapid development, good
accuracy, lower detection limits, easy miniaturization, bio-
compatibility, low cost, simple instrumentation, high selectiv-

ity, and fast response.'*~"*
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Nonetheless, enzymatic sensors have some disadvantages, such
as poor stability, critical operating conditions, immobilization
procedures, and limited lifetimes.”'> To overcome these
challenges, nonenzymatic sensors using metallic nanoparticles
(NPs) have been explored as an alternative for H,O, sensing,

acting as peroxidase-like catalysts.'” Nanoparticles that
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perform biocatalytic reactions in the replacement of enzymes
have been called nanozymes in recent years.'®

Metallic nanoparticles are of great interest in several areas
due to their high surface area, quantum confinement effects,
and localized surface plasmon resonance (LSPR) effects, which
are not observed in their bulk counterparts.'”'® The LSPR is a
phenomenon that occurs mainly when the interaction between
plasmonic metal nanostructures and irradiated light takes
place. When the frequency of the light is resonant with the
normal oscillation frequency of free electrons in these
nanostructures, three major outcomes are reported: the
formation of electron—hole pairs at the nanostructure surface,
the local heat generated through the recombination of these
pairs, and the near-field enhancement.'” These effects have
been extensively explored, including for catalysis,”® photo-
thermic therapy,”" and surface-enhanced Raman spectroscopy
(SERS).”>** Recently, the enhancement of electrochemical
sensor sensitivity and responses through LSPR stimuli has
been demonstrated to be an effective tool to improve
sensitivity using a renewable source of energy'.%25

In particular, gold and silver have been extensively used as
plasmonic sensors since they are noble metals with intense
LSPR activity in the visible spectrum, mainly due to their
dielectric functions in combination with the surrounding
medium.*® Silver nanoparticles (AgNPs) are advantageous as a
result of their low rate of intrinsic energy loss with a high
oscillator strength.”” Although gold nanoparticles are more
stable and inert than silver, they present higher rates of
intrinsic energy loss, mainly in the short-wavelength regions,
where interband transitions occur.”®

The combination of more than one metal in bimetallic
nanomaterials has attracted attention, as there is an
opportunity not only to combine individual properties from
the elements but also to achieve some unexpected properties
arising from the synergy among them.”™* Typically, nano-
sized silver and gold are combined as core—shell or alloyed
bimetallic nanoshells (NS).***° Bimetallic hollow NS formed
by the galvanic replacement reaction (GRR) have a
considerable improvement in the ratio between the surface
area and volume, minimizing the amount of metals.>> Hollow
nanostructures enhance plasmonic effects by forming plasmon
hybridization between the cavity and sphere plasmon modes,
inducing a more stable hybridized mode with improved charge
separation on the structure.’® In addition, the GRR between
gold and silver progressively presents a redshift of the LSPR
band depending on the corrosion level, which requires fewer
energetic photons for plasmonic excitation than their
individual metal counterparts.*”*® There are still a few studies
in the literature exploring AgAu hollow nanostructures to
enhance electrochemical reactions, although none of them
were found to use LSPR stimulus outcomes.”~**

Oxide supports have been used to stabilize the nanoparticles,
preventing their aggregation through adhesion energy between
the metals and the oxide surfaces.”’ In our study, we anchor
metallic nanoparticles over layered graphene oxide (GO) and
submicrospheres of silicon dioxide (SiO,). Although GO-based
nanocomposites present an insulating nature, they have been
receiving attention in electrochemical sensing.**** This is due
to the fact that they offer a hydrophilic biocompatible
microenvironment with an increased surface area that
facilitates immobilization of electroactive species.”® A second
insulator, SiO, submicrosphere, was chosen in terms of
comparison because it displays an assemble with increased

exposition of nanoparticles. Besides, SiO, has been used in
many fields such as biomedicine and catalgrsis as an inert host
matrix of simple surface modification.*” ™"

In this work, we present an innovative in situ GRR between
Au precursor and Ag templates anchored over GO and SiO,
submicrospheres. The formed AgAu NS were evaluated as
nanozymes in terms of their plasmonic catalytic activity toward
the HPRR for H,0, sensing to assess the aspects of LSPR with
stimulation at specific wavelengths.

B EXPERIMENTAL METHODS

Chemicals. Hydrogen tetrachloroaurate trihydrate (HAuCl,:
3H,0, 48% in gold, Sigma-Aldrich), silver nitrate (AgNO;, >99%,
Sigma-Aldrich), tetraethyl orthosilicate (TEOS, 98%, Sigma-Aldrich),
ammonium hydroxide (NH,OH, 27%, Synth), 3-aminopropylethox-
ysilane (APTES, >98%, Sigma-Aldrich), poly(vinylpyrrolidone)
(PVP, Sigma-Aldrich, MW 55000 and 10000 g mol™), ethylene
glycol (C,HO,, 99.5%, Synth), acetone (C;H O, 99.5%, Synth),
ethanol (C,HO, 95%, Synth), toluene (C,Hg, 100%, Synth), sulfuric
acid (H,SO,, 98%, Synth), nitric acid (HNO,;, 65%, Synth),
hydrochloric acid (HCl, 37%, Synth), phosphoric acid (H;PO,,
85%, Synth), potassium permanganate (KMnO, 100%, Synth),
hydrogen peroxide (H,0,, 29%, Synth), potassium hydroxide (KOH,
90%, Sigma-Aldrich), graphite flakes (+100 mesh, Sigma-Aldrich),
Carbon Vulcan (XC-72R), Nafion 5% (C,HF30:S-C,F,, 15—20%,
Sigma-Aldrich). All chemicals were analytical-grade reagents.
Deionized water (18.2 MQ) was used throughout the experiments.

Instrumentation. Scanning electron microscopy (SEM) images
were obtained using a JEOL FEG-SEM JSM 6330F microscope
operated at S kV. Samples were prepared by drop-casting an aqueous
suspension of the particles on a Si wafer, followed by drying under
ambient conditions. Transmission electron microscopy (TEM)
images were obtained using a Tecnai FEI G20 operated at 200 kV.
Samples were prepared by drop-casting S uL from an aqueous
suspension of each sample in a lacey-carbon copper grid. UV—vis
spectra were obtained using a Shimadzu UV-2600 UV-vis
spectrophotometer and quartz cuvette with an optical path of 1 cm.
For each measurement, the cuvette was washed three times with
acetone and once with water. To determine the metal composition in
the samples, ICP-OES Spectro Arcos equipment was used. The
digestion of the samples occurred by aqua regia in a 1:1 ratio. Then, a
10-fold dilution with distilled water was performed before each
measurement. The X-ray diffraction (XRD) data were obtained using
Rigaku-Miniflex equipment and Cu Ka radiation. The diffraction
pattern was measured in the 26 range of 10—70° with a 1° min™"
angular speed scan. X-ray photoelectron spectroscopy (XPS) was
performed in a Specs FlexPS system equipped with a Phoibos 150 2D
CCD detector and using an XRS50 X-ray source with a non-
monochromatized Al Ka (1486.61 eV) source. The catalyst ink was
drop-cast over a Si substrate, covering properly the Si surface, as no Si
signal (main transition for SiO, is Si 2p at 103.3 eV)*® was detected.
All spectra were registered in a high-vacuum chamber at pressures
beIO\_A(f) _{0_9 mbar and were corrected by the C 1s signal (284.5
eV).>”

Silver Nanoparticle (AgNP) Synthesis via the Ethylene
Glycol Method. As previously described, 5.0 g of PVP with an MW
of 10000 was dissolved in 37.5 mL of ethylene glycol at room
temperature.”> Then, 200 mg of AgNO; was solubilized with
assistance from an ultrasonic bath. The system was heated by a
heating plate with magnetic stirring at a 1 °C min™" rate until 120 °C
and left reacting for 90 min. After cooling, the product was diluted
with distilled water to 125 mL.

AgAu Nanoshell (AgAu NS) Synthesis. Inspired by a previously
described procedure,® a solution of PVP with an MW of 55 000 (50
mL, 1 mg mL™") was heated to ebullition by a heating plate with a
magnetic stirrer, and 2.78 mL of AgNPs was added. After 10 min, S,
10, 20, or 30 mL of HAuCL-3H,0 (0.2 mmol L™') was added
dropwise for the galvanic replacement reaction to take place. Then,
the reaction was stirred for 10 min to be completed. The amount of
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Figure 1. Characterization of AgAu NS synthesis. TEM micrographs for AgNPs (A) employed as templates for the synthesis of Ags,Augy NS with
hollow interiors (B). UV—Vis spectra for AgNPs and different degrees of galvanization of AgAu NS, represented by the metal ratio in the subscript
(C). The subscription in the caption represents the molar ratio between the metals, and the colored stripes represent the absorbed colors

corresponding to that spectral region.

HAuCl,-3H,0 (0.2 mmol L™") dictated the degree of corrosion of the
structure, as depicted by the structural characterization.

Graphene Oxide (GO) Synthesis. A modified Hummer’s
method was used as previously described in the literature.>®
Therefore, a mixture of 360 mL of H,SO, and 40 mL of H;PO,
was prepared. To this mixture, a solid mixture of 18.0 g of KMnO, in
six equally divided portions and 3.0 g of graphite was added to an ice-
cold bath. The resulting solution was stirred for 12 h at 50 °C on a
stirring hot plate. Then, 3 mL of H,0, (30 v/v) and 400 mL of frozen
distilled water were added. The product was vacuum-filtered and
washed with a mixture of 1020 mL of distilled water, 180 mL of HCI,
and 600 mL of ethanol. The resulting material was left to dry at 70 °C
for 12 h.

Amine-Functionalized Submicrospheres of Silicon Dioxide
(SiO,) Synthesis. A modified Stober method was used for the
synthesis of Si0,-NH, *’ A mixture containing 35 mL of NH,OH, 75
mL of ethanol, and 15 mL of distilled water was added to 25 mL of a
solution of TEOS in ethanol (26% v/v) and stirred for 2 h. The
submicrospheres were separated by centrifugation (7000 rpm, 10
min) and washed twice with distilled water and once with ethanol.
The sample was dried at 100 °C and calcinated at 600 °C for 2 h. The
amine functionalization procedure was performed with some
adjustments from that previously described.”* Surface functionaliza-
tion promoted an optimized anchoring platform to metallic
nanoparticles compared to nonfunctionalized synthesis. Therefore, 1
g of SiO, submicrospheres was added to 150 mL of dried toluene and
sonicated for 30 min. Then, 1.5 mL of 3-aminopropylethoxysilane
(APTES) was added dropwise to the mixture under stirring at room
temperature and kept under stirring for 2 h. Finally, SiO,-NH, was
separated by centrifugation, washed once with toluene and twice with
acetone, and dried at 80 °C for 20 h.

Synthesis of AgNP/GO and AgNP/SiO,. To decorate GO and
SiO, with AgNPs, a dry impregnation method was used. Therefore, 10
mL of the as-synthesized AgNPs was washed three times in a mixture
of 10% water and 90% acetone for 15 min at 15000 rpm. Some
droplets of water were used to disperse the pellet, and 10 mL of
acetone was further added to remove the excess PVP used in the
AgNP synthesis. This procedure was performed three times. The final
redispersion was performed with 1 mL from a 1:1 mixture of water
and ethanol. Then, 200 mg of solid GO or SiO,-NH, was spread onto
a petri dish over a heating plate set at 60 °C. Aliquots of 70 uL were
sequentially dropped with a micropipette onto the solid, and with the
help of a spatula, the solid was homogenized until completely dried.
This process was repeated until the concentrated 1 mL was entirely
consumed.

Synthesis of AgAu/GO and AgAu/SiO,. The galvanic
replacement reaction proceeded for the in situ formation of AgAu
NS. Therefore, 10 mg of AgNP/GO or AgNP/SiO, was added to 8.4
mL of an aqueous solution of PVP with an MW of 55000 (1 mg
mL™") brought to boil on a heating plate with magnetic stirring. After
complete suspension, 1 mL of HAuCl,-3H,0 (0.2 mmol L™") was
added dropwise. Then, the reaction was stirred for an additional 10
min for completion.

Ink Preparation. For further electrochemical application, the
catalysts were deposited on Carbon Vulcan by wet impregnation. Five
milliliters of each catalyst and S mg of Carbon Vulcan were dispersed
in water. The mixture was sonicated for 1 h and stored for further
experiments.

Electrochemical Methods. A three-electrode electrochemical
cell was used for the electrochemical experiments, with Ag/AgCl (KCl
saturated) as a reference electrode and Pt wire as the auxiliary
electrode. The working electrode was a glassy carbon rotating-disk
electrode (GCE, d = 1.5 mm) modified by drop-casting 10 4L of the
previously prepared catalyst ink and S uL of Nafion 0.05%. Moreover,
70 mL of 1.0 mol L™' KOH solution was used as the electrolyte. The
cell was Nj-saturated to avoid reactive oxygen species formation.
Hydrodynamic conditions (1600 rpm, controlled by a Pine
AFMSRCE RDE) were used to keep the analyte concentration
(H,0,) homogeneous in the electrochemical cell.

Triangular and current step perturbations were controlled and
executed by a PGSTAT302N Autolab potentiostat/galvanostat to
investigate the catalyst H,O, sensing performance. All perturbation
programs are depicted in the figures. For the current step perturbation
investigation, a fixed potential of —0.3 Vg/a,c1 Was applied for S min,
followed by 20 additions of 50 umol L™' H,0, and 5 additions of 100
umol L™ H,0,. The additions were made every 20 s.

For the light experiments, 200 mW modular lasers of 405, 533, and
650 nm were positioned 7 cm from the working electrode. The laser
was turned on at least S min before the measurements, avoiding
possible fluctuations in power. The triangular and step perturbations
were performed as described previously for the light experiments. All
measurements were normalized by the electrochemically active
surface area (ECSA), which was estimated from the double-layer
capacitance (Cy) of each catalyst divided by the Cy of bare Carbon
Vulcan.

B RESULTS AND DISCUSSION

Synthesis of AgAu Nanoshells (AgAu NS). The
synthesis of AgAu NS was proceeded by the galvanic
replacement reaction (GRR), a strategy that has been used
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Figure 2. Micrographs of the supports. SEM micrograph of GO with a TEM micrograph as the inset (A) and SEM micrograph of SiO,

submicrospheres (B).

in the field of nanoparticles design to create hollow
nanostructures with tunable and well-controlled physical and
chemical properties.”>*® In this study, AgNPs were synthesized
by the ethylene glycol method as templates and HAuCl, as the
gold precursor. Different degrees of galvanization were
achieved by varying the amount of gold precursor added
from 5 to 30 mL of HAuCl,-3H,0 (0.2 mmol L™"). The molar
ratio among the two metals was determined by ICP-OES and
is represented as a subscript in the “AgAu NS” notation:
AggAugy, AggsAuyy, AgrAuys, and AggAus, NS. TEM
micrographs from the templates and the resultant AgsyAus
NS after GRR are presented in Figure 1A,B, respectively. The
size distribution before and after GRR for this sample is
represented in Figure S1. The AgNP templates presented a
spherical shape of 16 + 3 nm in diameter, whereas after the
GRR, the AgspAus, NS followed a spherical shape with hollow
interiors with a diameter of 20 & 4 nm and a shell thickness of
~4 nm. Both samples were relatively monodispersed in terms
of size and morphology. TEM images of AggAuy and
Ag;,Au,; are demonstrated in Figure S2, where a progressive
corrosion degree is noticeable, starting from a bulky
nanostructure with some defects (Figure S2A, AgyAug)
toward a thicker shell structure presented by Ag,,Au,; (Figure
S2B). Figure S3 shows HRTEM images of Ags,Aus, NS,
confirming the presence of 0.234 nm (111) lattice spacing after
averaging the distance of 15 fringes. This can be assigned to
the presence of fcc of either Ag or Au (ICSD 98-004-4362 and
98-004-4387). The center of the particle focused in HRTEM
shows no fringes, indicating the hollow interior of the formed
nanostructure. Energy-dispersive spectroscopy (TEM-EDS)
was performed over the same particle, indicating the coexistent
presence of both Ag and Au. Figure 1C shows the UV—Vis
absorption spectra of the different materials and reveals that
while the AgNP templates had their maximum at 413 nm,
represented by a narrow LSPR band, bimetallic AgAu NS
samples varied their maximum and presented band broad-
ening. The bands were centered at 413 nm for Agy Augy NS,
425 nm for AgggAu;, NS, 469 nm for Ag,,Au,; NS, and 678
nm for Ags,Ausy NS with a progressive LSPR band redshift and
broadening. The colored stripes on the UV—Vis extinction
spectra represent the absorbed colors corresponding to that
spectral region.

Both the redshift and broadening of the LSPR band are in
agreement with the increase in the Au ratio in the alloy and the
expected degree of corrosion resulting from the sequence of
GRR.*>’®7 The red-shifted LSPR band toward the near-

infrared (NIR) region has been demonstrated by previous
studies to be an interesting property concerning biological
applications related to maximized penetration in tissue, such as
photodynamic therapy.”>*” Moreover, the LSPR excitation of
the red-shifted alloy requires lower-energy photons than the
pure silver or gold nanoparticle counterparts with higher-
energy LSPR bands. In addition, band broadening provides the
opportunity to work with wider spectrum sources, such as the
solar light spectrum, with higher efficiency yields concerning
plasmonic outcome effects.”’

In Situ Synthesis of AgAu NS over Graphene Oxide
and SiO, Submicrospheres (AgAu/GO and AgAu/SiO,).
Two supports were chosen for the in situ synthesis of AgAu
NS. The first is graphene oxide (GO), a layered organization of
carbon functionalized with hydroxyl groups, and the second is
SiO,, a submicrometric material with a spherical shape
functionalized with amine groups. The synthesis of GO
followed an improved Hummer’s method, where the flake
graphite is exfoliated by a strong oxidizing mixture up to its
conversion to graphene oxide.”’ In turn, submicrospheres of
SiO, were synthesized by a slightly modified Stober’s method
with post-functionalization with APTES, with an amine
terminal group that improves the anchoring of further
synthesized metallic nanoparticles.”’ Micrographs of the
supports are shown in Figure 2. GO presented a layered
structure, and its Raman spectrum analysis suggests Raman
modes D (1353 cm™), 2D (2670 cm™), and G (1595 cm™),
as indicated in Figure S4. X-ray diffraction (XRD) patterns of
both supports are demonstrated in Figure SS. SiO, submicro-
spheres show a typical amorphous peak, whereas graphene
oxide shows a typical main peak at 20 = 9.3° indicating (001)
planes with 0.95 nm interlayer spacing, according to Bragg’s
law.”” The weak peaks at 20 = 23.0 and 42.6° may indicate
incomplete oxidation of graphite.””** Concerning the particle
size distribution, SiO, submicrospheres have a relatively
monodisperse distribution of 367 + 39 nm in diameter, as
indicated by the histogram in Figure S1.

To perform the in situ GRR, the supports were impregnated
with AgNPs in a first step, as shown by the TEM micrographs
in Figure 3A,B. The AgNPs maintained their original spherical
shape after the impregnation process, and their distribution
along the sample was homogeneous, apart from some clusters
over the SiO, microspheres, especially between the particles.
The opacity of AgNPs in GO sheets may indicate either an
uneven surface of GO or an overlap of graphene sheets in the
preparation of TEM grid, since AgNP probably would not be
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Figure 3. TEM characterization of the in situ synthesis of AgAu NS.
TEM micrographs of AgNPs over GO (A) and over SiO,
submicrospheres (B). After an in situ galvanic replacement reaction,
TEM micrograph of Ag,Au,;/GO, (C), also represented by the
micrograph of higher magnification (E) and Ags,Aus,/SiO, (D), with
the respective micrograph of higher magnification (F) were obtained.

able to interpenetrate GO layers. The GRR took place in situ,
that is, between Ag’, from the supported AgNPs, and Au*',
from the gold precursor added. The AgAu NS in GO and SiO,
are shown in Figure 3C,D, respectively. Higher magnifications
of the formed structures are represented in Figure 3E,F.
Concerning the formation of the AgAu NS, both materials
presented a similar morphology compared with the free
AgsoAug, NS (Figure 1), that is, a hollow interior of a
perforated metallic nanoshell. Nonetheless, as determined by
ICP-OES, the NS showed different compositions on each
support, Ag,eAu,; /GO and AgsyAus,/SiO,. In comparison, the
shells of Ag;oAu,,;/GO presented better monodispersion and
uniformity throughout the sample, whereas some larger NS
and agglomerates resided on AgsyAus,/SiO,. Anchored on the
supports, AgAu NS show a considerable improvement in the
sample stability, since after a couple of days free AgAu
nanoshells lost their original grayish color and a precipitated

was observed in the bottom of the conical centrifuge tubes,
whereas no significant difference was observed after at least 1
month in the TEM images of supported samples on GO and/
or Si0,, although mixing was required due to sedimentation.
Figure S1 shows the histograms of the formed AgAu NS on
each support. Although a composition discrepancy was found
between the two samples, there was no evident difference in
corrosion levels in the TEM images. This result indicates that
although the same amount of precursor was added in the
synthesis, GRR occurred in higher yields in the Ags,Aug,/SiO,
sample, possibly due to the limited access of precursor between
the GO layers or the adsorption of Au** on the high surface
area of GO layers. Moreover, a distinct plasmonic behavior
toward the plasmon-enhanced HPRR is expected in each case,
as different corrosion levels lead to distinct LSPR band shapes
and positions, as demonstrated in Figure 1C. Scheme 1
summarizes the routes used for the in situ production of
AgAu/GO and AgAu/SiO,.

These materials were also analyzed by XPS (Figure S6). The
Au and Ag signals in the survey measurements are much lower
than the ones observed for the other elements, which is related
to the low amount of these elements in the catalyst ink
composition. The Ag signals related to the Agsq transition were
observed at 367.7 and 373.5 eV for the GO supported material,
and 366.8 and 372.2 eV for the SiO,. The distance between
these peaks is always close to 6 eV, being 5.8 and 5.4 eV for
GO and SiO,, respectively. With these relations, it is possible
to assign these signals to the presence of Ag’ in the material.>’
In both cases, the signal located at lower binding energies is
always broader than that located at higher binding energies.
This can indicate the presence of Ag®, to some extent, but due
to the low signal-to-noise ratio observed, a deconvolution
could not be performed.®>®

For the Auy signals, the intensity was very low and the
proximity to the Si 2p signals made the analysis more difficult.
In this case, we decided to discuss just the Au 4f;,,, since the
signals which should be related to Au 4f;,, were too broad to
be distinguished from the baseline in the case of the SiO,
supported material. In both cases, GO and SiO, supported
materials, the signal was found to be centered at 82.8 eV. This
signal is lower than the 84.0 eV expected for Au’>" This
difference can be related to the cluster-sized material, which
already lead to works reporting Au’-related signals between
82.6 and 83.1 eV.*7%

Electrochemical Characterization. After material syn-
thesis and characterization, we focused on their application as

Scheme 1. Schematic Representation of the Routes for In Situ GRR Leading to the Formation of AgAu/GO and AgAu/SiO,

Sio,

AgAu/GO

AgNP/SiO, AgAU/SIO,
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Figure 4. Calibration curve for the HPRR by Ags,Aus,/SiO, (A) and AgyeAu,;/GO (B) under irradiation by a set of lasers. UV—vis spectra of
AgioAugy/SiO, and AgeAu,, /GO and the difference in sensitivity bar graph with and without each laser source incidence (C). All measurements

were performed at —0.3 Vjg/a5c; in KOH 1.0 mol L.

nanozymes for plasmon-enhanced H,O, electroreduction and
sensing. We are interested in evaluating the differences in the
plasmonic properties of AgsyAus,/SiO, and AgreAu,;/GO
toward the enhancement of the HPRR under different
wavelengths within the visible light spectrum. We started by
performing triangular potential sweeps at 100 mV s™" from 0.3
to —0.4 Vg agcr which is the potential range for H,O,
reduction in alkaline media.””’® They were performed before
and after H,0O, addition for the bare supports before and after
AgAu NS formation (Figure S7). It is noteworthy that the bare
supports only show current due to impregnation in Carbon
Vulcan, as both GO and SiO, present insulant behavior.

Bare SiO, (Figure S7A) showed no oxidation and/or
reduction peaks in the cyclic voltammetry. On the other hand,
SiO, modified with AgAu NS presented an increase in current,
indicating a higher conductivity due to metallic loading. After
H,0, addition to Ags,Ausy/SiO,, the catalyst showed an
increase in current density, starting at —0.20 Vjg/a,cy typical
from the HPRR.”"’* Bare GO and Ag,Au,;/GO showed no
characteristic peaks in the cyclic voltammetry (Figure S7B).
Nonetheless, the addition of the analyte Ag,0Au,,/GO
improved the current density toward HPRR. Thus, in both

cases, for SiO, and GO, the supports presented a low
contribution toward the HPRR and required a catalytic
counterpart to perform this reaction.

Although both materials showed improved activity,
Ag;Au, /GO presented a more capacitive electrochemical
profile and lower current density than AgsAusy/SiO,. To
assess this subject, electrochemical impedance spectroscopy
(EIS) experiments were performed with bare SiO, and GO
(Figure S8). The charge transfer resistance (R) was obtained
from the diameter of the semicircle in the Nyquist plot.”>”* A
lower R, indicates a higher rate of electron transfer kinetics
and, consequently, a higher activity.””~"’ Neither of the
measured Nyquist plots presented a closed semicircle, meaning
that both materials present expressive isolation properties and
low faradaic activity at the applied potential.”® However, GO
signal seems to present not only a tendency to close the
semicircle at higher real values (R,) but also higher —Z"
values, which can indicate higher capacitive behavior, if a
capacitor in parallel to a resistor (double-layer capacitance and
R, respectively) is assumed as an electrochemical equivalent
circuit.
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Plasmon-enhanced sensing for H,0, detection was inves-
tigated by monitoring the catalyst chronoamperometric
response at —0.3 V. a1 with and without light incidence
(Figure S9). We worked with modular lasers as a proof of
concept to evaluate the LSPR outcome effects, as this is a
wavelength-dependent property. Three wavelengths were
chosen, according to the maximum LSPR absorption of each
AgAu stoichiometric ratio as depicted in Figure 1C: 405 and
533 nm, located in the maximum LSPR absorption from a free
structure close to AgeAu, /GO composition, and 650 nm,
matching the maximum intensity of the free Ags,Ausy LSPR
band. The chronoamperometric response was recorded for the
clean GCE, bare SiO, and GO, and AgAu NS-modified
supports.

Before analyte addition, the current reached a steady state,
and as hydrogen peroxide solution was added, the current
increased proportionally. The calibration curves were derived
from the linear step perturbation (Figure S9) and are shown in
Figure 4. Negligible activity toward hydrogen peroxide
reduction was observed for the GCE, GO, and SiO, electrodes,
even under light irradiation, as shown in Figure S10.
Nonetheless, the supports modified with AgAu NS increased
the activity sharply with light, indicated by the rapid increase in
current density.

Both the Agg,Auso/SiO, and Ag;eAu,; /GO electrodes
showed a fast response to each H,O, addition, achieving a
steady-state current within 4 s after each aliquot. A fast
response indicates rapid diffusion, which can be facilitated by
hydrodynamic conditions.”* The Ags,Aus,/SiO, analytic curve
showed two linear ranges (Figure 4A), the first from 0 to 600
umol L' H,0, and the second from 600 pmol L' onward.
Ag;oAu,, /GO calibration curves (Figure 4B) also showed two
linear ranges, the first from 0 to 300 gmol L™ and the second
from 300 umol L™ onward. Ags,Aus,/SiO, and AgyeAu,, /GO
showed similar responses under dark conditions, with
sensitivities of 404 and 353 A mM™' cm™? respectively.
The similar sensitivity under dark conditions and the poor
response of the bare supports (Figure S10) indicate that NS
are primarily responsible for the observed electrocatalytic
reaction, acting as nanozymes in the HPRR.

AgsoAusg/SiO, achieved the highest sensitivity, considering
both the first and second linear ranges, under 650 nm laser
incidence. The slope concerning the first range indicates a
sensitivity of 885 yA mM™" cm™, with a 119% increase with
respect to the dark condition (Figure 4C). Both 40S and 533
nm lasers showed similar and worse responses, with increases
of 27 and 38% in sensitivity relative to the condition without
light, respectively. This result agrees with the NS LPSR band,
as both 405 and 533 nm are on the tail of the LSPR band for
the structure with equal metal ratios (AgspAus, NS) and
present only suboptimal improved activity. On the other hand,
650 nm is located at the maximum of the LSPR extinction
band, leading to an optimal response (Figure 1C). AgsoAu,,/
GO calibration curves showed its highest response under 533
nm laser irradiation, 787 gA mM™' cm™?, representing a 122%
increase under light incidence, followed by a 105% increase
with a 405 nm laser. As seen in the LSPR spectra of Ag;,Au,;
NS, the sample with the closest composition to Ag,sAu,,/GO,
at both 405 and 533 nm, shows similar LSPR intensities,
explaining the observed behavior. The 650 nm laser showed
the poorest improvement with light irradiation (1.08%) for
these electrodes. Sensitivities for each material and experiment
are summarized in Table 1.

Table 1. Linear Fit from the First Slope of Calibration
Curves and Kinetic Parameters according to Michaelis—
Menten Enzyme Kinetics for the Nanozymes

light Lnax Kee
catalyst source linear fit (A cm™)  (mM)
AgsoAusy/SiO,  dark y = 0.404x + 641, 743.1 1.327
R* = 0.997
405 nm  y = 0.513x + 13.0, 521.7 0.599
R* = 0.980
533 nm  y = 0.559x + 12.0, 898.0 1.147
R* = 0.993
650 nm  y = 0.885x + 3.93, 1177 1.021
R* = 0.995
AgroAu, /GO dark y = 0.353x + 108, 568.7 0.506
R* = 0.986
405 nm  y = 0.725x + 303, 864.7 0.228
R* = 0981
533 nm  y = 0.787x + 269, 1405 0.506
R* = 0.995
650 nm  y = 0.350x + 164, 5414 0.324
R*=0.976

In both cases, the enhancement in sensitivity is wavelength-
dependent, with the maximum increase with light following the
trends observed in the LSPR extinction spectra for NS with the
corresponding composition. Thus, for AgsAus,/SiO, and
AgAu, /GO, the plasmonic effect led to an improvement
toward the HPRR. The sensitivities found for our synthesized
nanozymes under dark conditions are in agreement with the
best materials performing the same reaction in previous
studies.”” However, with an enhancement of ~120% under
light exposure, our sensor demonstrated excellent performance
in comparison to previously reported nanozymes.

The enzyme-like activity of nanozymes are usually carried
out through Michaelis—Menten enzyme kinetics.'®* In our
study, this strategy was used to determine the maximum
response current (I,,.) and the apparent Michaelis constant
(K:PP) of the designed nanozymes as demonstrated in Table 1.
The hyperbolic response of peroxide concentration and the
amperometric signals are in agreement with the Michaelis—
Menten kinetics and can be described according to the
hyperbolic function 2= ax/(b + x), where a corresponds to
Lo and b to K2EP.2V% I values followed the sensitivity rank,
where the highest obtained sensitivities (650 nm to AgsoAugy/
Si0, and 533/40S nm to Ag;eAu,;/GO) presented higher I,
values. KPP showed lower values for the experiments
conducted with LSPR stimuli in comparison to dark
conditions, indicating that LSPR could play a role in increasing
the substrate affinity to the nanozymes. For both materials,
KEP presented lower values for the experiments conducted
with 405 nm. However, interestingly, I, obtained at 405 nm
for AgsyAus/SiO, was 30% lower in comparison to the
experiment performance with no LSPR stimulus. Following a
similar bias, even though similar high sensitivities were found
for 405 and 533 nm for Ag,eAu,,/GO, I, showed a 40%
lower value under 405 nm stimulus in comparison to the 533
nm. This result suggests that a laser source of higher energy
may be the one to most interfere either in the reaction
mechanism or stability of the system components.

The values found for sensitivity for both Ags,Aus,/SiO, and
Ag;9Au,,/GO are among the range described in the literature.
Zhao et al. reported a summarized table of sensitivity values
from different metal-containing composites for electrochemical
H,O0, sensing, showing a range that, in general, varies from
2227 to 3967 uA mM™' cm ™" Among 13 references
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brought in the survey, a single exception of PtNi supported on
multiwalled carbon nanotubes showed a sensitivity of 2123.1
#A mM™" cm™?, being the only one to perform better than our
best results after LSPR stimulus for both of our materials. Soto
et al. developed an iron nanomaterial coated with graphene
layers and supported on multiwalled carbon nanotubes, further
deposited on a catalase functionalized electrode acting as a
peroxidase for H,0, sensing.*” For this material, a sensitivity of
59 uA mM™' cm™? and a K¥P value of 17.9 mM were found.
Huang et al. determined a Ki¥P of 2.81 mM for catalase in a
gold NP-graphene composite.”* Even the K¥P of free catalase
was determined to be 34.07 mM, demonstrating a much lower
substrate affinity compared to our study with peroxidase-like
nanozymes.®” This outcome indicates that nanozymes have a
vast potential to perform better than enzyme-based materials,
with increased sensitivity and substrate affinity under
Michaelis—Menten enzyme kinetics approach. Moreover,
these parameters can be optimized after LSPR stimulus with
the use of plasmonic nanoparticles.

Based on these results and the reported literature for the
HPRR in alkaline media,*~®® Scheme 2 suggests a mechanism

Scheme 2. Schematic Representation of the Hydrogen
Peroxide Reduction Reaction in AgAu NS Under Light
Irradiation in Alkaline Medium*®

HO, + H,0

(..

“The hot electrons generated flow to adsorbed HO,™ ions, leading to
its reduction and OH™ production.

for the plasmon-enhanced HPRR in AgAu NS supported on
GO or SiO,. As the support showed no catalytic contribution
to the reaction, it was not considered in the scheme. As has
been reported in the literature, the plasmon-enhanced HPRR
leads to a kinetic improvement,” "' which has also been
described for other plasmon-enhanced reactions. After hydro-
gen peroxide is added to the electrolyte, it is transformed into
HO,™ and dioxidanide, as its pKa (11.7) is lower than the pH
of the electrolyte (pH = 13), as shown in eq 1.°**” Then,
HO,™ is adsorbed on the surface of the AgAu NS.** The
dioxidanide is then reduced, leading to hydroxide ions. Under
light irradiation, 533 or 650 nm for AgsAus,/SiO, and
AgroAu, /GO, respectively, hot electrons and holes are
generated from the LSPR of the AgAu NS and are injected
into the dioxidanide, accelerating the electron transfer
kinetics.”

The hot electrons are then transferred to dioxidanide,
leading to the overall reduction of hydrogen peroxide (eq 2).

H,0, + OH™ = HO,” + H,0 (1)

HO,™ + 2¢” + H,0 = 30H" )

B CONCLUSIONS

In summary, we have successfully developed an innovative
synthesis in situ of AgAu bimetallic hollow nanostructures onto
two different supports, GO and SiO,. These structures
presented different metallic ratios and, consequently, optical
properties concerning the LSPR band shape and maximum.
They were used as peroxidase-like nanozymes in the plasmon-
enhanced HPRR for H,0, electrochemical detection, in which
their optimized performance regarding sensitivity was reached
using laser matching of the wavelength at the maximum LSPR
extinction of these structures. For Ag;4Au,,/GO, the sensitivity
was improved by 122% at 533 nm and 105% at 405 nm
compared to dark conditions, although almost no improve-
ment (1.08%) was observed for the laser not matching the
LSPR (650 nm). For Ags,Aus,/SiO,, the sensitivity was
improved by 118% with exposure to the LSPR matching laser
(650 nm) compared to dark conditions, although worse
enhancements of 27% and 38% were obtained for the lasers
not matching LSPR (405 and 533 nm, respectively). The
materials presented high sensitivity values in comparison to
previously reported nanozymes under dark conditions, which
were optimized after LSPR stimulus. Under the Michaelis—
Menten enzyme kinetics approach, I, values for all
experiments in both materials followed the same bias as
sensitivity, reaching the highest values of 1177 yA cm™ for
Ags,Aug,/SiO, upon 650 nm stimulus and 1405 uA cm™> for
Ag9Au, /GO upon 533 nm radiation. Both nanozymes
presented lower Ki¥P values in comparison to free catalase
under dark conditions, indicating a high substrate affinity.
These values were lowered after LSPR stimulus, especially
upon 405 nm radiation, indicating better affinity than
previously described enzymatic and nonenzymatic composites.
The noticeable enhancement in the sensitivity, I,,,,,, and K? of
sensors promoted by nanozymes suggests the efficacy of LSPR
stimulus as an opportunity for the improvement of electro-
catalytic reactions.
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APTES, 3-aminopropylethoxysilane

ECSA, electrochemically active surface area
EDS, energy-dispersive spectroscopy

EIS, electrochemical impedance spectroscopy
GCE, glassy carbon electrode

GO, layered graphene oxide

GRR, galvanic replacement reaction

HPRR, hydrogen peroxide reduction reaction
LSPR, localized surface plasmon resonance
NIR, near-infrared

NP, nanoparticle

NS, nanoshell

SEM, scanning electron microscopy

SERS, surface-enhanced Raman spectroscopy
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