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ABSTRACT: The surface plasmon resonance (SPR) excita-
tion by visible light in plasmonic nanostructures can be put to
work to mediate catalytic processes. However, the role of
composition in bimetallic nanoparticles over the SPR-
mediated catalytic activity remains unclear. We investigated
herein the SPR-mediated catalytic activity of AgAu nano-
particles as a function of composition toward the oxidation of

p-aminothiophenol to p,p’-dimercaptoazobenzene. Our results showed that a “volcano-type” relationship between composition
and product conversion was observed, with a maximum activity observed for Ag, 9Au, g, nanoparticles. The variations in catalytic
activity could be explained by the balance between the matching of the excitation wavelength with SPR position and the
plasmonic damping due to interband transitions above 500 nm. These data suggest that the precise control over composition
allows the fine-tuning of catalytic activity in SPR-mediated catalytic processes.
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B INTRODUCTION

Gold nanoparticles (Au NPs) display remarkable optical
properties in the visible range as a result of the excitation of
their surface plasmon resonance (SPR) as well as catalytic
activity toward a myriad of chemical transformations owing to
their large surface-to-volume ratios."™* However, when
applications in catalysis are regarded, several examples have
been demonstrated in which bimetallic nanoparticles have
superior catalytic activity relative to their monometallic
counterparts due to the synergism between the metal
components.”® In fact, a volcano-type relationship between
composition and catalytic activity has been reported for many
bimetallic systems and assigned to electronic and/or geometric
effects.”®

Plasmon-enhanced or plasmon-mediated transformations
(SPR-enhanced or SPR-mediated catalysis) represent a new
frontier in heterogeneous catalysis, in which light is employed
as a sustainable energy input to drive chemical reactions.®” "’
Plasmonic nanostructures, such as silver (Ag) and gold (Au)
NPs, can strongly interact with visible light as a result the SPR
excitation, which consists of the collective oscillation of their
conduction electrons at a characteristic frequency in response
to an oscillating electric field from an incoming electromagnetic
radiation (light)."® In the context of catalysis, the SPR
excitation can be put to work for enhancing or mediating
chemical transformations by several mechanisms including the
following: (i) by increasing the local electric field close to the
nanostructure surface that enhances absorption at the metal-
molecule interface; (ii) by generating electron—hole pairs that
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enable the occurrence of a charge-transfer process at the
metal—molecule interface; and (iii) by generating local heating
at the metal surface that provide energy for photothermal
conversions.'°~'* Although several successful examples on the
SPR-mediated chemical reactions have been described, most
studies have been focused on the utilization of monometallic Ag
or Au NPs, or the elucidation of reaction mechanisms.'>™'°
Even though bimetallic NPs have been widely investigated in
the context of heterogeneous catalysis, their role in SPR-
mediated catalytic processes is still unclear. For instance, would
they display better SPR-mediated catalytic activities relative to
their monometallic counterparts?> How would the SPR-
mediated catalytic activities vary as a function of composition?
Would they display a volcano-type relationship between
composition and activity as observed in heterogeneous
catalysts?

Some studies with regard to AgAu NPs associated with
semiconducting materials have shown higher photodegradation
rates than their monometallic counterparts under visible light
illumination.'” In these systems, it is generally accepted that the
SPR-mediated catalytic activities are maximized when the
excitation wavelength matches the SPR position.'"® In this
paper, we investigated the SPR-mediated catalytic activity as a
function of composition employing individual AgAu NPs as
catalysts for the oxidation of p-aminothiophenol (PATP) to
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p,p’-dimercaptoazobenzene (DMAB) by activated *0, as a
model reaction.'>*® More specifically, we investigated the effect
of the Au content in the NPs over the conversion of PATP to
DMAB mediated by the SPR excitation, and we compared
these results with those obtained for monometallic Ag and Au
NPs. AgAu NPs displaying controlled compositions, spherical
shapes, and relatively uniform sizes were synthesized by a facile
coreduction approach.'® They were chosen as catalysts because
it is well-known that the optical properties (wavelength for the
SPR excitation) in these systems can be tuned as a function of
composition, enabling a precise correlation between composi-
tion (optical properties) and SPR-mediated catalytic activities.*’
Moreover, AgAu NPs also display improved catalytic activities
relative to their monometallic counterparts, and light excitation
may provide a further means of manipulating/optimizing
catalytic activity in these systems.”'>

B RESULTS AND DISCUSSION

We started our investigations with the synthesis of AgAu NPs
with controlled compositions by a coreduction approach
employing AgNO; and HAuCl, as the Ag and Au precursors,
respectively, and sodium citrate as both the reducing agent and
stabilizer (see Supporting Information for experimental de-
tails).' In this case, the composition in the AgAu NPs was
controlled by manipulating the Ag"/AuCl,” molar ratios during
the synthesis to give Ag, AgysoAga0 Agos7At33 Ago4sAllo s
Ago3sAlges) Ago1oAlpsy AgoorAlgey and Au NPs (these
compositions were determined by FAAS — flame atomic
absorption spectrometry). Figure la—h display SEM and TEM
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Figure 1. (a—h) SEM and TEM (inset) images for Ag (a), AgysoAugag
(b), AgosrAugzs (), AgoasAtos, (d), AgossAuges (e), AgoioAugg (f),
Agy oAUy s (g), and Au NPs (h). UV—vis extinction spectra (i) and
SPR peak positions (j) as a function of the Au content (Au mole
fraction) in the NPs. The scale bars in (a) apply to all images/insets.

(insets) images for the obtained Ag, AgAu, and Au NPs. All
NPs displayed spherical shapes and relatively uniform sizes,
corroborating the formation of bimetallic systems rather than a
mixture of monometallic NPs. Also, the absence of mass
thickness contrast within individual AgAu NPs in the TEM
images (insets) suggests the formation of AgAu alloys rather
than core—shell architectures. Figure S1 depicts the Ag, AgAu,
and Au NP diameters as a function of the Au mole fraction. In
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agreement with previous reports, the diameter of the NPs
gradually decreased from 32 to 21 nm as the Au mole fraction
increased from 0 to 0.52, respectively, and then gradually
increased up to 30 nm as the Au mole fraction increased from
0.52 to 1. Figure 1i depicts the UV—vis extinction spectra
registered from aqueous suspensions containing the AgAu NPs
as a function of the Au mole fraction (together with those
obtained for monometallic Ag and Au NPs). Only one
extinction band assigned to the dipole plasmon resonance
excitation was observed in the spectra,”' in which the maximum
SPR position displayed a linear red shift from 410 nm (Ag
NPs) to 522 nm (Au NPs) with the increase Au content
(Figure 1j). This is also in agreement with the formation of
AgAu alloyed NPs as opposed to monometallic or core—shell
systems.”>**

After the synthesis of AgAu NPs displaying controlled
compositions and optical properties, we turned our attention to
the investigation of the effect of composition over their catalytic
activity toward the SPR-mediated oxidation of PATP to DMAB
by activated >0, as depicted in Scheme 1. The utilization of this

Scheme 1. SPR-Mediated Oxidation of PATP to DMAB by
0, Employing AgAu NPs as Catalysts”

“PATP molecules strongly bind to the Ag and Au surface via Ag—S
and Au—S covalent bonds. Upon irradiation, Ag—S and Au—S bonds
are not broken as PATP molecules are converted to DMAB. Here, a
laser irradiation (632.8 nm) using a Raman spectrophotometer is
employed as the excitation source as well as to monitor the product
conversion by the SERS effect.

reaction as a model to probe SPR-mediated catalytic activity
was due to several aspects. First, PATP can bind strongly to Ag
and Au surfaces via the formation of Ag—S or Au—S covalent
bonds, which are not broken upon PATP oxidation to yield
DMAB.""'*'* Also, this transformation can be easily performed
and monitored using a Raman spectrometer, in which the
incident laser can be employed both as the SPR excitation
source and to probe the product conversion by the SERS effect,
as PATP and DMAB display characteristic Raman bands at
distinct spectral positions.'*™'¢ Finally, the mechanism for the
selective oxidation of PATP to DMAB by activated *O, upon
SPR excitation has been recently established according to the
following equation:"®

2AuS — Ph — NH, + O, + hv

— AuS — Ph — N = N — Ph — SAu + 2H,0 (1)

We chose to employ 632.8 nm as the excitation wavelength
as it has been show that the yield of DMAB follows the order of
632.8 nm > 785 nm > 532 nm."”® In this case, the SPR
excitation by the incoming light results in the formation of hot
electrons that can be transferred from the nanoparticle to
adsorbed O, (from air) to produce strongly adsorbed *O,~
species at the nanoparticle surface. Although 0,  can
contribute to the PATP oxidation, local heating as a result of
the SPR excitation may also lead to the formation of surface Ag
or Au oxides and hydroxides species that can further oxidize
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PATP. Therefore, the >0, activation driven by the SPR
excitation play a pivotal role over this transformation, and we
were interested in investigating how this transformation was
dependent on the composition of AgAu NPs.

Figure 2 displays the irradiation-time-dependent SERS
spectra of Agy 0Augg; NPs functionalized with PATP acquired
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Figure 2. Irradiation-time-dependent SERS spectra acquired for
Agy19Augg; NPs functionalized with PATP employing 0.015 mW as
the laser irradiation power. The spectra were recorded under 633 nm
excitation, and all intensities were normalized with respect to the signal
at 1081 em™".

at a 0.015 mW laser power. Our results clearly show the
selective oxidation of PATP to DMAB by *O, mediated by SPR
excitation due to the appearance of the bands at 1142, 1390,
1433, and 1575 cm™ assigned to the Ay modes of DMAB.>>%¢
The bands at 1081, 1188, 1489, and 1593 cm™" are assigned to
A, modes of PATP.>**® In this case, the product conversion
can be detected by monitoring the DMAB/PATP intensity
ratios."* "¢ It can be clearly observed that the Raman intensities
assigned to DMAB increase with the laser irradiation time.
However, when the exposure time increased from 30 to 50 s
(or more), no significant changes in the relative DMAB/PATP
intensity ratios were observed. As longer laser exposure times
may result in the damage of probe molecules, we decided to use
the 30 s irradiation time for all subsequent measurements.

In order to confirm that the conversion was mediated by the
SPR effect, we studied the laser-power-dependent SERS spectra
of Agy0Augg; NPs functionalized with PATP as depicted in
Figure 3a. Figure 3b shows the DMAB/PATP 1433/1593 cm ™
intensity ratios as a function of the laser power. It can be
observed that the relative Raman intensities of modes
corresponding to DMAB as well as the DMAB/PATP 1433/
1593 cm™' intensity ratios increased steadily with the laser
power, in agreement with a SPR-mediated reaction mechanism,
as stronger light intensities will induce a larger population of
electrons at higher energy levels (that can be transferred to
molecules adsorbed at the surface), create a stronger electro-
magnetic field around the NPs, and/or induce higher local
heating at the proximity of the NPs surface.'’

Figure 4a shows the SERS spectra of Ag, AgAu, and Au NPs
functionalized with PATP nanoparticles as a function of the Au
mole fraction and employing 0.13 mW as the laser irradiation
power. The DMAB/PATP intensity ratios were calculated
employing the 1433/1593 cm™' Raman intensities and are
shown in Figure 4b. Our results indicated that the DMAB/
PATP intensity ratios and thus the SPR-mediated catalytic
activity displayed a strong dependence with respect to the
compositional variations of the NPs. While the relative signal
intensities and DMAB/PATP intensity ratios did not
significantly change as the Au mole fraction in the NPs was
increased from 0 to 0.20, they increased when the Au mole
fraction was above 0.20. Specifically, the DMAB/PATP
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Figure 3. (a) Laser-power-dependent SERS spectra of Ag, .Auyg,
NPs functionalized with PATP employing 30 s as the exposure time.
(b) Obtained DMAB/PATP 1433/1593 cm™! intensity ratios as a
function of the laser power. The spectra were recorded under 633 nm
excitation, and all intensities were normalized with respect to the signal
at 1081 cm ™.
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Figure 4. (a) SERS spectra as a function of composition (Au mole
fraction) employing Ag, AgosoAupzo AgoerAlosy AgoasAl sy
AgoisAuggs, Agoi9Algg), AgoorAlggs, and Au NPs functionalized
with PATP. (b) Obtained DMAB/PATP 1433/1593 cm™! intensity
ratios as a function of the Au content in the NPs. The spectra were
recorded under 633 nm excitation, and all intensities were normalized

with respect to the signal at 1081 cm™".

intensity ratios corresponded to 0.84, 1.03, and 1.69 for 0.33,
0.52, and 0.65 Au mole fractions, respectively. Interestingly, a
peak in the DMAB/PATP intensity ratios at 2.22 was detected
as the Au mole fraction corresponded to 0.81, followed by a
decrease to 2.07 and 1.02 as the Au mole fraction was further
increased to 0.93 and 1 (monometallic Au NPs). These results
indicate that bimetallic NPs having Ag,;sAugess, Ago.10AUggy,
and Agj,Augg; compositions displayed higher SPR-mediated
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catalytic activity as compared to their monometallic counter-
parts (Ag and Au NPs). Moreover, as often described for
heterogeneous catalysts and electrocatalysts, our results indicate
a “volcano-type” relationship between chemical composition
and SPR-mediated catalytic activity of AgAu NPs toward the
oxidation of PATP.

The observed variations in the catalytic activity as a function
of the composition can be explained by two factors that
influence SPR excitation: (i) the matching between the
excitation wavelength and the SPR position and (i) the
damping of plasmon oscillation due to Au interband transitions
above ~500 nm. Although an increased matching between
excitation wavelength and SPR position lead to stronger
plasmon excitation, which enable the generation of a larger
population of hot electrons® (that can be transferred to *0,) as
well as higher localized heating close to the NPs surface,
interband transitions hamper the generation of hot electrons
and local heating at the nanoparticle surface. As the Au mole
fractions in the AgAu NPs varied from 0 (Ag NPs) to 0.81, the
SPR position red-shifted from 410 to 494 nm, implying an
increased matching with the 633 nm excitation wavelength and
thus a stronger plasmon oscillation, which enable a higher SPR-
mediated catalytic activity toward the oxidation of PATP. As
the Au mole fraction further increases to 0.93 and 1 (Au NPs),
the SPR wavelength further red-shifted to 506 and 522 nm,
respectively. For Ag, the interband transitions have an edge at
3.8 €V, and this value reduces as the Au molar fraction in the
AgAu nanoparticles increases until it reaches at 2.5 eV for Au.*®
Thus, in these wavelengths, Au interband transitions start to
become an effective pathway for the damping of the plasmon
oscillation.”® In this case, although an increased matching is
observed between the SPR and the excitation wavelength, the
contribution of the interband transitions to the damping of
plasmon oscillation is strong enough to lead to a decrease in the
SPR-mediated catalytic activity. Therefore, we believe that the
“volcano-type” relationship between chemical composition and
SPR-mediated catalytic activity in AgAu bimetallic nano-
particles was dependent on the SPR excitation wavelength of
the NPs, its matching with the excitation wavelength, and
plasmon damping mechanisms (such as interband transitions).
It is important to note that surfaces with different Au/Ag
composition may have different interactions with oxygen, which
could also affect the catalytic performances. However, it is
plausible that these differences in surface sensitivity do not play
the major role over the observed variations in the catalytic
performance, as the SPR-mediated catalytic activity for some
AgAu bimetallic compositions were much higher relative to
either monometallic Ag or Au NPs.

B CONCLUSIONS

In summary, we described a systematic study on the effect of
composition (Au mole fraction) in AgAu NPs over their SPR-
mediated catalytic activity toward the oxidation of PATP to
DMAB by activated *0,. The Ag, AgysoAUga, AgoeAlgss
Ago.48AU 55, AGo35AU 651 Ao 19AUg 81 Ao o7AUgg3 and Au NPs
employed as catalysts displayed relatively spherical shapes,
uniform sizes, and their SPR band position gradually red-shifted
from 410 to 522 nm as the Au mole fraction in the NPs was
increased from 0 (in Ag NPs) to 1 (in Au NPs). Our results
showed that the SPR-mediated catalytic activity was strongly
dependent on composition. In addition to Agg;sAuges,
Agy9Auyg), and Agi;Augg; NPs having higher catalytic
activities than Ag and Au NPs (monometallic systems), a
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“volcano-type” relationship between chemical composition and
catalytic activity was observed, with a peak for the Agj Auyg;
composition. The variations in the SPR-mediated catalytic
activity could be explained by the balance between the
matching of the excitation wavelength with the SPR position,
that lead to stronger plasmon excitations, and the plasmonic
damping due to interband transitions above S00 nm. As
observed and described for heterogeneous catalysts and
electrocatalysts, these results suggest that the precise control
over composition allows the fine-tuning of catalytic activity in
SPR-mediated catalytic processes.
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Experimental details and size of the Ag, Au, and AgAu NPs, and
additional spectra. This material is available free of charge via
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