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ABSTRACT: High synthetic costs of noble metal nanostructures, which are broadly used for plasmonic catalysis, triggered an
interest in the use of less expensive metals such as copper for their fabrication. Catalytic properties of copper nanoparticles can be
expanded by their doping with catalytic metals such as ruthenium or palladium. However, the catalytic properties of these novel
bimetallic catalysts remain poorly understood. In this study, we used tip-enhanced Raman spectroscopy to investigate plasmon-
driven transformation of 4-nitrobenzenethiol (4-NBT) to 4,4’-dimercaptoazobenzene (DMAB) on copper@ruthenium
nanoparticles (Cu@RuNPs). We found that the presence of RuNPs on Cu nanoplate (CuNPt) surfaces drastically enhances
catalytic reactivity of Cu@RuNPs compared to their monometallic analogues. The kinetics of the catalytic reaction have been
studied, and the reaction rate constant for Cu@RuNPs is higher than that of CuNPts for hot-carrier-driven reduction of 4-NBT to
DMAB. Our findings can be used to design novel bimetallic nanostructures with the desired catalytic properties.

B INTRODUCTION

Plasmon-driven photocatalysis is based on the localized surface
plasmon resonances (LSPRs)—coherent oscillations of con-
ductive electrons on the metallic surfaces.'™® LSPRs are
generated on the nanostructures by light and can decay
producing heat or hot carriers, which are highly energetic
species that drive the chemical transformation in molecules
present on the metal surfaces.””'” For instance, noble metal
nanostructures could catalyze O, and H, dissociation,
reduction of 4-nitrobenzenethiol (4-NBT), and oxidation of
4-aminothiophenol (4-ATP) to p,p’-dimercaptoazobisbenzene
(DMAB).13_15

High fabrication costs of noble metal nanostructures catalyze
the search for less expensive metals.

Several research groups offered an elegant solution to this
problem.'®™"® For instance, Halas’s group showed that
aluminum (Al) nanostructures could catalyze a large number
of chemical reactions due to their strong LSPRs in visible and
ultraviolet regions of the electromagnetic spectrum.'”” Linic’s
group discovered that copper nanoparticles (CuNPs) can be
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used to catalyze the conversion of propylene to propylene
oxide.”! The researchers found that CuNPs demonstrated a
nearly 3 times higher selectivity compared to thermally driven
catalysis.”" In addition, Li and Kurouski demonstrated that Cu
nanowires (CuNWs) and nanocubes (CuNCs) could be used
to reduce 4-NBT to DMAB as well as 4-mercapto-
phenylmethanol (4-MPM) to 4-mercaptobenzoic acid (4-
MBA).>*

Cu nanostructures can be also coupled with other materials
such as semiconductors, metal—organic frameworks, or
catalytic metals to expand their catalytic properties.”*~>* For
instance, Ye and co-workers found that Cu/ZnO nanostruc-
tures could be used to reduce CO, into CH;OH.”® Atwater’s
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Figure 1. Topographical studies of CuNPts, RuNPs, and Cu@RuNPs: 2D and 3D AFM images of (a, d) Cu NPs, (b, e) RuNPs, and (¢, f) Cu@
RuNPs with the corresponding height profile of (g) CuNPts, (h) RuNPs, and (i) Cu@RuNPs.

group found that p-type nickel oxide (p-NiO) enhanced the
catalytic efficiency of CuNDPs, enabling a separation of hot
carriers generated by the CuNPs.”” These hot carriers then
converted into a CO, anion that yielded CO, which in turn
produced HCOO™. Halas’s group recently reported that Cu@
Ru single-atom alloy nanoparticles were highly efficient and
coke-resistant plasmonic photocatalysts for methane dry
reforming.'® The researchers also found that catalytic efficiency
of these nanoparticles directly depends on the interplay
between Cu and Ru atoms as well as the nanoscale architecture
of these nanostructures. Among several precious metals,
ruthenium (Ru) is a promising less expensive metal that has
a high surface area and can effectively catalyze a wide range of
reactions.”® Specifically, it is an excellent oxidation catalyst in
heterogeneous catalysis. Bimetallic catalysts that are precisely
designed are one of the best ways to have a high impact on
reactivity, better selectivity, and high stability. Alternatively,
LSPR of Cu results in visible range absorption, which generates
hot-electron excitations in metal and promotes charge transfer
in heterogeneous nanoscale junctions.”

Tip-enhanced Raman spectroscopy (TERS) is a modern
analytical approach that can be used to reveal plasmonic and
photocatalytic properties of mono Cu nanoplates (CuNPts)
and bimetallic Cu@RuNPs catalysts at the nanoscale.”"™** In
the current study, we use TERS to investigate plasmonic and

photocatalytic properties of Cu@RuNPs at the nanoscale.
Using 4-NBT as a molecular reporter, we determine the extent
to which different surface sites of Cu@RuNPs and their
monometallic analogues (CuNPts) were able to reduce this
molecular analyte into DMAB.

B EXPERIMENTAL METHODS

Chemicals. For this study, we used copper(1l) chloride
dihydrate (CuCl,-2H,0), ruthenium(III) chloride hydrate
(RuCly-«H,0), sodium borohydride (NaBH,), polyvinylpyr-
rolidone (PVP), hexadecylamine (HAD), glucose, and ethanol
(EtOH). All chemicals were obtained from Aldrich Chemical
Co. and further used without any purification.

Cu@RuNPs Synthesis. Initially, Cu nanoplates (CuNPts)
and nanocubes (CuNCs) were prepared as described in
previous work published by Li et al.”* The prepared nanoplates
and nanocube solutions were centrifuged at 8000 rpm several
times to remove impurities and byproducts with distilled water
and ethanol. In the next step, the as-prepared CuNPts (50 mg)
and RuCl; (3 mg) were dissolved in distilled water (20 mL)
under continuous stirring at room temperature. Then, 1 mg of
NaBH, was injected into the solution, and further PVP (0.2 g)
was added as a stabilizer to avoid the agglomeration of RuNPs
and kept stirring for 20 min. Within 12—15 min, the mixed
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Figure 2. TERS imaging of plasmonic and photocatalytic properties of CuNPts. (a) TERS spectra were acquired from the surface of CuNPts
coated with 4-NBT (color-coded in (g)). (b, c) Lorentz-fitted curves of the vibrational bands in the acquired TERS spectra that originated from 4-
NBT and DMAB. TERS maps of 4-NBT at 1333 (d) and 1572 cm™" (e) and of DMAB at 1384 and 1426 cm™ (f), with the overlay of all three
maps (g). (h) AFM image of CuNPts and their height profile (i). Scale bars are 0.5 ym.

solution color was changed from dark brown to reddish black,
resulting in the reduction of Ru*" to Ru’. UV—vis spectroscopy
was used to confirm Ru®* reduction to Ru’ (Figure §1).3%%
After stirring, the solution was kept for 10 min for
ultrasonication and then centrifuged at 10000 rpm with
distilled water and ethanol 4—35 times.

Modification of the Monolayer of 4-NBT on Cu@
RuNPs. A fresh silicon (Si) wafer (0.5 cm?) was cleaned with
acetone and ethanol and dried with nitrogen gas before use. A
drop of the as-prepared CuNPts and Cu@RuNPs stock
solution was first deposited on a precleaned Si wafer and dried
at room temperature for 1 h. After 1 h, a monolayer of 2 mM
4-NBT ethanolic solutions was formed on CuNPts and Cu@
RuNPs and kept for further drying for 1 h at room
temperature. To remove uncoordinated molecules on the
nanostructures, the modified sample was washed with ethanol
multiple times and dried by nitrogen gas in the final step.

Preparation of TERS Probe. The commercially available
silicon AFM probes were purchased from OPUS with the
parameters of a 2 N/m force constant and resonance frequency
of 70 kHz. Further, AFM probes were modified by coating
them with a layer of gold (70 nm) by using metal evaporation
(MBrown, Stratham, NH). The metal deposition parameters
such as pressure were kept at ~1 X 107° mbar and 0.1 A/s
deposition rate, and the deposition chamber temperature was
54 °C. After achieving 70 nm thickness of Au on the AFM tips,
the evaporation was stopped and continued to cool to room
temperature.

Instrumentation. The AIST-NT-HORIBA system was
equipped with a 632.5 nm continuous-wavelength laser for
AFM-TERS and AFM scanning. A 100X Mitutoyo microscope
objective was used to bring laser light to the sample surface in
side-illumination geometry. TERS maps were also collected
with the same objective and directed introduced to a fiber-
coupled Horiba iHRS50 spectrograph equipped with a Synapse

EM-CCD camera (Horiba, Edison, NJ). The surface micro-
structures of the prepared samples were captured by using a
JEOL JSM-7500F- field emission scanning electron microscope
(FE-SEM) equipped with a high brightness conical FE gun and
a low aberration conical objective lens.

B RESULTS AND DISCUSSION

First, we utilized atomic force microscopy to examine the
topography of Cu@RuNPs, CuNPts, and ruthenium nano-
particles (RuNPs) (Figure 1). The fabricated Cu NPs had a
height of 350 + 2 nm, whereas RuNPs were 30 + 2 nm in
diameter, as shown in Figure lab. Cu@RuNPs exhibited a
high density of RuNPs on their surfaces with well-defined
boundaries between CuNPts and RuNPs (Figure 1c). We used
UV—vis spectroscopy to determine the optical properties of
the developed nanomaterials (Figure S1). We found that
CuNPts exhibited an absorption maximum ~63S nm that was
broadened and red-shifted as a result of CuNPts decoration
with RuNPs.**** In addition, FE-SEM images of the CuNPt
and Cu@RuNPs are demonstrated in Figure S4, evidence of
nanostructure of the prepared materials.

In Figure 2, TERS imaging was used to examine catalytic
properties of CuNPts with a monolayer of 4-NBT on their
surfaces. The TERS spectrum of 4-NBT exhibited distinct
vibrational bands at 1067, 1104, 1333, 1384, 1426, and 1572
cm™!. Vibrational bands at 1067, 1333, and 1572 cm™!
correspond to C—H bending modes, NO symmetric
stretching, and the ring C=C stretching vibration of 4-NBT,
respectively.‘%s"?’6 Moreover, the vibrational band at 1104 and
1141 cm™" was attributed to 5(C—H) for 4-NBT and DMAB,
respectively.”” TERS revealed the formation of DMAB on the
surfaces of CuNPts. This conclusion could be made by the
observation of N=N vibrations (1384 and 1426 cm™) in the
acquired TERS spectra (Figure 2b,c).”* TERS imaging reveals
a high distribution of DMAB on the surface of Cu NPs (Figure
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Figure 3. TERS imaging of plasmonic and photocatalytic properties of Cu@RuNPs. (a) TERS spectra were acquired from the surface of Cu@
RuNPs coated with 4-NBT (color-coded in (g)). (b, c) Lorentz-fitted curves of the vibrational bands in the acquired TERS spectra that originated
from 4-NBT and DMAB. TERS maps of 4-NBT at 1332 cm™ (d) and 1579 cm™ (e) and of DMAB at 1385 and 1420 cm™" (f), with the overlay of
all three maps (g). (h) AFM image of Cu@RuNPs and their height profile (i). Scale bars are 0.5 ym.
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Figure 4. TERS kinetic measurements of 4-NBT to DMAB reduction on (a) CuNPts and (b) Cu@RuNPs at different reaction times. (c) Based on
the intensity ratio of the bands 1425 cm™' (DMAB) to 1333 cm™ (4-NBT) in TERS spectra, rate constants of 4-NBT to DMAB reduction were

calculated.

2f). The assessing reactivity distribution of 0.32 further
calculated considering the ratio of DMAB/NBT. These
findings demonstrated that unlike CuNWs and CuNCs
which demonstrated a great yield of DMAB at their edges
and corners,”” the entire surface area of CuNPts was highly
reactive.

Next, we performed TERS imaging of Cu@RuNPs with the
monolayer of 4-NBT on their surfaces (Figures 3 and S3). We
found that Cu@RuNPs were able to dimerize 4-NBT into
DMAB (Figure 3a—c). We also found that some surface sites
of Cu@RuNPs were far more reactive than others (Figure 3d—
g). Although no direct correlation with the topography of Cu@
RuNPs was observed, we infer that sites with a high catalytic
reactivity could be occupied with RuNPs. We also found
substantial differences in the intensity of N=0 (1332 cm™)
and C=C (1579 cm™") bands in the spectra acquired from
Cu@RuNPs. In our previous study, we demonstrated that the
ratio between these two bands directly depended on the

orientation of 4-NBT on the metallic surfaces.”®* Thus, we can
conclude that 4-NBT had drastically different orientations on
the surfaces of Cu and Ru metals present in Cu@RuNPs.

Figure 4 shows the kinetic studies for the reduction of 4-
NBT to DMAB on CuNPts and Cu@RuNPs. The intensity of
the typical 4-NBT band at 1333 cm™', which is attributed to
(NO),, in comparison to the intensity of the DMAB band at
1425 cm™', was utilized for quantification to measure the
reaction over time. By measuring the change in intensities
between 1425 cm™' (DMAB) and 1333 cm™' (4-NBT), we
plotted a natural logarithm of their ratio at different reaction
times using the equati0n40’41

_ m[ (Taas/Ti333)i=0
(Lns/ D333 (1)
where 4-NBT,_, and 4-NBT, are the concentration at initial

and final reaction times, respectively. The intensities of the
bands DMAB at 1425 cm™' and 4-NBT at 1333 cm™' are

(4-NBT),_,
(4-NBT),
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Figure S. (a) Schematic illustration of the plasmon-driven surface-catalyzed reaction of 4-NBT on the Cu@RuNPs. (b) Histogram of the calculated

yield of DMAB on CuNPts and Cu@RuNPs.

denoted by I,4,¢ and 333, respectively. The rate constant is k,
and the reaction time is t. It has been observed that after 80 s
of reaction time, the rate constant of the reactions catalyzed
marginally decreased in both cases. The rate constant for
CuNPts and Cu@RuNPs is 0.01 and 0.04 s™', respectively,
which are calculated from Figure 4c by linear fitting the data
curve. These results indicate that Cu@RuNPs has a higher hot-
carrier-driven reduction rate of 4-NBT to DMAB than
CuNPts.

A schematic illustration for the plasmon-driven catalyzed
reaction on Cu@RuNPs is shown in Figure Sa. Finally, we
calculated the number of TERS spectra that exhibit the
vibrational signature of DMAB on both CuNPts and Cu@
RuNPs, as shown in Figure Sb. Based on these results, we can
conclude that the presence of Ru drastically increased the
catalytic reactions of CuNPts. One can expect that molecular
orientation in addition to the high catalytic properties of Ru
can contribute to the substantially greater yield of DMAB on
Cu@RuNPs compared to CulNPts.

B CONCLUSIONS

TERS imaging revealed that both CuNPts and Cu@RuNPs
were capable of performing plasmon-driven reduction of 4-
NBT into DMAB. We also found that unlike CuNWs and
CuNCs, the entire surface of CuNPts was found to be
catalytically active. Our results also showed that the presence
of Ru drastically altered the plasmonic and photocatalytic
properties of CuNPts. Specifically, RuNPs on Cu@RuNPs
altered the orientation of 4-NBT and drastically increased the
yield of DMAB. These findings open new avenues for the
improvement of the catalytic properties of nanomaterials.
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